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Abstract

Cardiac output (CO) is expected to affect elimination and distribution of highly extracted and perfusion rate-limited drugs.
This work was undertaken to quantify the effect of CO measured by the pulse pressure method on pharmacokinetics and
pharmacodynamics of propofol and fentanyl administrated during total intravenous anesthesia (TIVA). The data were
obtained from 22 ASA III patients undergoing abdominal aortic surgery. Propofol was administered via target-controlled
infusion system (Diprifusor) and fentanyl was administered at a dose of 2-3 pg/kg each time analgesia appeared to be
inadequate. Hemodynamic measurements as well as bispectral index were monitored and recorded throughout the surgery.
Data analysis was performed by using a non-linear mixed-effect population modeling (NONMEM 7.4 software). Three
compartment models that incorporated blood flows as parameters were used to describe propofol and fentanyl pharma-
cokinetics. The delay of the anesthetic effect, with respect to plasma concentrations, was described using a biophase
(effect) compartment. The bispectral index was linked to the propofol and fentanyl effect site concentrations through a
synergistic E,,,, model. An empirical linear model was used to describe CO changes observed during the surgery. Cardiac
output was identified as an important predictor of propofol and fentanyl pharmacokinetics. Consequently, it affected the
depth of anesthesia and the recovery time after propofol-fentanyl TIVA infusion cessation. The model predicted (not
observed) CO values correlated best with measured responses. Patients‘ age was identified as a covariate affecting the rate
of CO changes during the anesthesia leading to age-related difference in individual patient’s responses to both drugs.
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Introduction

Providing an adequate level of anaesthesia is challenging
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that “too deep” anesthesia may increase long-term post-
operative mortality in cardiac surgery patients [1, 2].
Therefore understanding the pharmacokinetics and phar-
macodynamics (PK/PD) of drugs used in anesthesia is
crucial, especially for rarely studied groups of patients or
conditions.

Propofol is a short-acting hypnotic widely used for
induction and maintenance of general anesthesia as well as
for postoperative sedation in patients undergoing abdomi-
nal aortic surgery [3-5]. Different pharmacokinetic (PK)
models of propofol have been presented for healthy
patients, critically ill patients, as well as for animals
[5-16]. The 3-compartmental models published by Marsh
[15] and Schnider [16] are incorporated into the target-
controlled infusion system (TCI) and serve as a guide for
propofol administration. These models were developed
based on healthy adults without any additional drug co-
administrated. However, propofol is usually combined with
an opioid drug to ensure adequate analgesia during total
intravenous anesthesia. As a consequence various PK/PD
interactions can occur [17-19]. For molecules with high
hepatic extraction ratio, such as propofol and fentanyl, it is
expected that changes in cardiac output (CO) influence
their elimination clearance by affecting liver blood flow.
Also, the distribution rate of drugs exhibiting perfusion
rate-limited distribution, such as propofol and fentanyl, is
expected to be affected by tissue blood flow [13, 20-22].
This mechanism was confirmed for several drugs used in
anesthesia [20, 21, 23] and for some of them the impact of
cardiac output values on the adequate dosing scheme of
anesthetic drugs was confirmed under experimental con-
ditions?'. However, there is still very little clinical data to
support dose-adjustments based on CO measurements.
Upton et al’® have shown that after a short infusion of
propofol, its initial concentrations are determined by car-
diac output. On the other hand, in a pilot study by Peeters
et al. [4] no significant relationship between measured CO
and propofol clearance in ICU patients was observed.
Therefore, it is still an open question as to whether CO may
really by useful to predict the concentrations of propofol or
fentanyl. Cardiovascular surgery ensures specific condi-
tions which may be useful to study the influence of CO on
propofol/fentanyl PK/PD, as it is characterized by changes
in CO [24-27]. Today, the minimally invasive methods of
the cardiac output monitoring have become more popular
in the clinical practice [28] especially during cardiovas-
cular surgeries, thus continuous CO monitoring might be
useful in understanding PK/PD of propofol and fentanyl
and consequently in guiding adequate drugs’ dosing.

The aim of this work was to build a PK/PD model for
propofol-fentanyl TIVA in patients undergoing vascular
surgeries. The model included CO as a dependent variable
and included a relationship between CO and the PK
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parameters of both drugs. Further we examined whether
CO measurements by minimally invasive pulse pressure
method could be useful for clinical decision regarding the
propofol and fentanyl dosing.

Methods
Patients

After the approval from the local Research Ethics Com-
mittee and written informed consent, 22 patients under-
going major aortic surgery, classified as ASA III according
to the American Society of Anesthesiologists (ASA)
physical status classification system, were enrolled in the
study. We analyzed data collected in two studies in which
propofol-opioid TIVA was used during major aortic sur-
gery. In both of them CO was continuously measured
during anesthesia and the same surgical and anesthetic
procedures were applied as well. The only difference was
related to more frequent measurement of CO, as well
as propofol and fentanyl concentrations in the second
study. The data from Study 1 were obtained from a pre-
vious publication published by our group?*, nevertheless
due to sparse data, we were unable to assess the influence
of CO on the PK/PD of propofol and fentanyl. As clinical
conditions of the studies were identical, we pooled all the
data to better characterize propofol and fentanyl pharma-
cokinetics in these patients.

The exclusion criteria in both studies were: previous
cardiac surgery, ejection fraction < 40%, valvular heart
disease and myocardial infarction within 3 months prior to
surgery, significant renal (serum creatinine > 1.5 mg/dL
check units) or hepatic dysfunction (aspartate and alanine
transaminase > 50% above normal level), cerebrovascular
and central nervous system diseases, history of drug or
alcohol abuse, morbid obesity and hearing disorders. No
sedative or opioid drugs were administered before the
induction of anesthesia. All surgeries were performed under
propofol-fentanyl TIVA. The target-controlled infusion
(TCI) system Diprifusor® (Astra Zeneca, UK) was used to
administer propofol. In the operating room, intravenous and
arterial lines were inserted under local anesthesia, and
standard monitors were applied (ECG, SpO2). Hemody-
namic measurements were carried out with a FloTrac/Vig-
ileo TM System (Edwards, USA). The system consists of a
sensor unit (FloTrac) and a stand-alone monitor (Vigileo). It
is a pulse wave analysis technique allowing continu-
ous cardiac output measurement. This system uses the
arterial pressure waveform to measure the CO detected
through a proprietary transducer (FloTrac) attached to a
standard arterial line connected to the Vigileo monitor
[28, 29] After the surgery, the patients were mechanically
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ventilated in the intensive care unit (ICU) until full recov-
ery. Simultaneously propofol infusion was maintained until
extubation. Pancuronium 0.1 mg/kg was injected to facili-
tate intubation and then administered as required. This study
was initiated with a bolus injection of fentanyl (1.5 pg/kg).
The propofol infusion started 5 min later and was main-
tained with intermittent injections of fentanyl (2-3 pg/kg)
administered whenever inadequate analgesia was assessed
throughout the surgery, ie. whenever episodes of tachycar-
dia/hypertension in response to surgical stimuli were noted.
The bispectral index (BIS; A-2000, Aspect Medical System,
Newton, MA) was used to measure the depth of anesthesia
and propofol dosage was adjusted to maintain the BIS level
between 40 and 60. The BIS uses highly processed elec-
troencephalographic (EEG) signals, acquired from a single
self-adhesive forehead sensor, to measure the depth of
sedation and hypnosis which is expressed on a unitless scale
ranging from O to 100 (0, coma or absence of brain elec-
trical activity; 0—40, deep hypnotic state; 40—60, general
anesthesia; 60-90, deep to light sedation; and 90-100,
awake). The BIS is a complex parameter composed of a
combination of time domain, frequency domain and high
order spectral subparameters. It is a unique quantitative
electroencephalogram parameter (QEEG) which integrates
several disparate descriptors of the EEG into a single vari-
able based on a large volume of clinical data, to synthesize a
combination that correlates behavioral assessments of
sedation and hypnosis yet insensitive to the specific anes-
thetic agents chosen [2]. During the surgery, crystalloid and
colloid fluids were infused according to the following pro-
tocol: continuous infusion of crystalloid at a rate of
[10 x body weight (kg)] ml/h, interventional colloid infu-
sion to preserve normovolemia (stroke volume variation
(SVV) < 12) compensatory to the volume of blood loss.
Arterial blood samples (3.5 mL) for plasma propofol and
fentanyl concentration measurements were drawn before
propofol infusion i.e. 1, 3, 5, 10, 15, 30 min after the
beginning of the infusion, then every 30 min until the end of
anesthesia and also after 1, 3, 5, 10, 15, 30, 60 min after the
termination of propofol infusion for Study 1 and 1, 3, 5, 10,
15, 30, 60 90, 120, 240 min after the termination of
propofol infusion for Study 2. The blood samples were
transferred into heparinized tubes and centrifuged immedi-
ately after collection. Plasma was divided into two equal
volumes. Half was stored at 4 °C (propofol analysis) [30]
and another half in — 70 °C (fentanyl analysis). The BIS
values as well as hemodynamic parameters were recorded
continuously throughout the study.

Analytical method

The propofol concentration in the plasma was measured
within 8 weeks by means of high-performance liquid

chromatography with fluorescence detection [30]. The limit
of quantification was estimated at 10 ng/ml. The within-
day coefficients of variation were less than 10%. The
fentanyl samples were measured by a validated high-
pressure liquid chromatography (Waters 2695 Separation
Module, Milford, USA) coupled with a triple quadrupole
mass spectrometer, equipped with an electrospray ioniza-
tion source (ESI+4) (Waters Quattro Micro, Milford, USA).
The mass spectrometer operated in the multiple-ion mon-
itoring (MRM) mode. Fentanyl and internal standard (IS)
were monitored by means of the fragment ions at
387.1— 238.0 and 532.0— 219.1, respectively. The col-
umn used was a Thermo BDS Hypersil C18 100 x 2.1 mm
3 um (Thermo Scientific, Waltham, USA). The mobile
phase was: formate buffer pH4.0 [A] and acetonitrile
[B] (J.T. Baker, Avantor, the Netherlands). The flow rate
was 0.2 ml/min, isocratic separation was applied — the
mobile phase was used as follows: 70% [B] and 30% [A].
Fentanyl and terconazole (IS) were extracted using a sin-
gle-step liquid-liquid extraction (LLE) with a mixture of
ethyl acetate and hexane. The lower limit of quantification
was 0.05 ng/ml for fentanyl using a 0.250 ml sample vol-
ume, with a bias of 4.6% and RSD of 5.4%. The calibration
curves were linear (12 > 0.990) over the working range of
0.05-50.0 ng/ml, using 1/x 2 as a weighting factor.
Quality control samples at three concentration levels (LQC
0.2 ng/ml, RSD = 9.9%; MQC 1.50 ng/ ml, RSD = 9.7%;
HQC 15.0 ng/ml, RSD = 9.4%) were used for validation
purposes of the analytical run.

Model

The population nonlinear mixed-effect modelling was done
using NONMEM® (version 7.4 ICON Development,
Ellicott City, MD, USA)) and the gfortran compiler.
NONMEM runs were executed using Wings for NON-
MEM (WEFN743, https://wfn.sourceforge.net). The FOCE
estimation method with the interaction option in NON-
MEM was applied. The minimum value of the NONMEM
objective function (OFV), typical goodness of fit diagnostic
plots, and evaluation of the precision of the PK/PD
parameter and variability estimates were used to discrim-
inate between various models during the model-building
process. The NONMEM data processing, simulations, and
plots were carried out using Matlab® Software version 7.0
(The MathWorks, Inc., Natick, MA, USA). The model
predictive performance was assessed by means of Visual
Predictive Checks (VPC). The VPC calculation was based
on 1000 datasets simulated with the final parameter esti-
mates. Different dosing regimens and variable infusion
length required the use of prediction corrected VPC
(pcVPC) [31]. The pcVPCs were created by correcting the
observed and simulated values for the average population
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prediction in the time-bin divided by population predic-
tions for each observed and simulated value. In this study
the 10th, 50th and 90th percentile were used to summarize
the data and VPC prediction. The pcVPC enables a com-
parison of the confidence intervals obtained from predic-
tion with the observed data over time. If the corresponding
percentile from the observed data falls outside the 95%
confidence interval derived from predictions, it indicates
the model misspecification. Since the PK/PD data deviated
from nominal times to some extent, binning across time
was used. A nonparametric bootstrap was performed to
evaluate the uncertainty of final model parameters. Indi-
vidual patients were randomly sampled with replacement
from original dataset to form 300 new data sets with the
same number of patients as original dataset. Each new
dataset was fitted to the final model and all model param-
eters were estimated. The bootstrap empirical parameter
distributions were summarized as a median with 90% (5th-
95th percentile) confidence intervals.

A schematic representation of the proposed PK/PD
model is given in Fig. 1. A three-compartment model was
used to describe the PK of both propofol and fentanyl. It
was parametrized using systemic clearance, distribution
clearance and volumes of distributions. The delay of the
anaesthetic effect, with respect to plasma concentrations,
was described by an effect compartment. The bispectral

Cco

Q;pQzpCLp

TkeO,P

-

Ce, P

Fig. 1 The proposed PK/PD model of propofol, fentanyl, CO and BIS
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index (BIS) was linked to the propofol and fentanyl effect-
site concentrations (C,p and C, ) through the following
E,.. model [32-35]:

Emax( Cep + Cer +u Cep Cer )"/
1 _

Cesop * Cesor Cesop Ceso r

7
(1 + Ce.P + C(e.F _|_ o Ce.P Ce.F)

Cesop ' Cesor Cesop Cesor

BIS = BISy

(1)

where C,sop and C,spr denote the concentrations of
propofol or fentanyl in the biophase compartment that
produce half-maximal decrease in the BIS response, BIS,
denotes the baseline BIS score (fully awake), E,,.. is the
maximal effect fixed to 1 in this work (BIS value of zero at
sufficiently high concentrations of propofol or fentanyl), y
is a Hill coefficient also fixed to 1, and o is a first order
interaction term (o = 0 suggests additivity, oo # 0 suggests
nonadditivity). The additive and nonadditve model for drug
interactions was explored during the model building pro-
cess resulting in an estimate of the o parameter not sig-
nificantly different from 0, suggesting that the interaction
between propofol and fentanyl beyond additivity was not
supported by the data.

CO was fitted to an empirical linear equation based on
the visual inspection of the data:
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COy + acot

- if t<300min
o) = { COy + 20300

if t > 300 min (2)

where CO, is a baseline CO and oo is a linear rate of
change of CO during the surgery. Due to the lack of data,
the model assumed that CO was constant after 300 min.
This is a very crude assumption and the model should not
be extrapolated beyond 300 min, as CO likely returned to
the baseline values.

The CO was a priori assumed to affect the distribution
and elimination clearances of both drugs. A proportional
relationship was assumed (here presented for propofol
clearance only):

CLp;(t) = QCLP%?eXp(”CLP) 3)

Inter-individual variability (IIV) for all PK/PD parameters
was modelled assuming log-normal distribution:

P; = Opexp(np,) (4)

where P; is the set of PK/PD parameters for iy, individual,
0p is the population estimate of PK/PD parameters, #p; is a
random effect for a particular parameter with mean 0 and
variance (1)])2.

Further, any j” observation of propofol and fentanyl
concentration, BIS and CO values for the i individual,
Cp obs,ij» CF,obs,ij» BISops,ij» and CO,,g;; measured at time ¢,
were defined by the following equations:

Co(Pi, ;) (1 + &p )

CF.obs,ij = CF(Pia tj)(l + HF-,ij)

BISobs,ij = B[S(Pi, lj) + &BIs,ij
(Pi, )

COupsij = CO(P;, 1j) + €co,ij

Cp obs,ij =

(5)

where C,, Cp, BIS and CO denote the basic structural
population model. P; are pharmacokinetic parameters for
the i individual, and pij» EFij» €BIS,ij» €co,ij Tepresent the
proportional or additive residual intra-individual random
error. We assumed that € was symmetrically distributed
around a mean of 0, with variance denoted by G2,

Covariate analysis

Initially, the base model described above was compared to
the model with no relationship between CO and PK
parameters. For comparison, also the observed values of
CO were regressed with PK parameters. Under this sce-
nario, the missing covariates for an individual were
obtained by carrying forward the last measured value.
Further the classical covariate search was performed by
plotting individual (post-hoc) estimates of the PK/PD
parameters against covariates (weight, age) to identify their
potential effects. Categorical covariates (i.e. study type)

were included into the model based on indicator variables.
The covariates were added based on biological plausibility
and clinical relevance. Also the statistical significance was
calculated based on the difference in the minimum of the
NONMEM OFV obtained for the two hierarchical models
(likelihood ratio). This statistic is approximately x2 dis-
tributed and when the difference in OFV between two
nested models is estimated near to 3.84 for one degree of
freedom, it corresponds to p < 0.05.

Model simulations

The final PK/PD model with estimated fixed- and random-
effect parameters was used to simulate the concentrations
of propofol and fentanyl, the BIS index and CO for an
exemplary dosing schemes and patients. Context-sensitive
detrimental-time (CSDT) was used to assess the influence
of propofol and fentanyl administration on the time
required for a decline in the effect compartment concen-
tration upon infusion cessation in relation to patients’ age
[36]. The CSDT is the time necessary for a certain decline
in virtual effect-site concentration (and consequently
increase in BIS) after termination of a continuous infusion
of a given duration. This virtual effect-site concentration
represents the sum of normalized effect-site concentrations
of propofol and fentanyl, assuming an additive interaction
between the drugs (Cp /Cespp + Cro/C.s50,r). The con-
text-sensitive decrement times were simulated based on
typical parameter estimates of the final PK/PD model
assuming dosing scheme that leads to constant concentra-
tions of propofol and fentanyl (equivalently certain BIS
values).

Results

The data were collected from 22 patients with the demo-
graphic characteristic presented in the Table 1 and
Tables 1S. The raw observations are presented in Fig. 2.

PK/PD model

In agreement with the literature the disposition of propofol
and fentanyl were described by three compartment
mamillary model. The CO was assumed to be proportion-
ally related to the distribution and elimination clearances of
propofol and fentanyl. It is consistent with the assumption
that both drugs are high-extraction drugs with perfusion
limited distribution. The effect compartment and the
additive model (Eq. 1 with o fixed to 0) was able to
describe the pharmacodynamics response (BIS). The
propofol-fentanyl interaction beyond additivity was not
supported by the data, likely due to the limitations of the
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Table 1 Demographic characterization of patients. Results are
expressed as median and range

Parameter, unit Median [range] n = 22

Age, years 64 [51-80]
Height, cm 170 [164-185]
Weight, kg 70 [57.5-105]
BSA, m? 1.85 [1.62-2.27]
BMI 24.8 [18.1-35.9]
CI, L/min/m? 3.8 [2.5-4.6]
CO, L/min 8.2 [5.0-11]
SYST, mmHg 139 [101-177]
DIAS, mmHg 68.1 [38.4-88.5]

HR, beats/min

75.4 [52.2-94.9]

experimental design (e.g. lack of sufficient concentration
range of both drugs). Different models regarding CO
effects were tested during model building process as
summarized in Table 2. A substantial improvement in
model fit was noted when model predicted CO was inclu-
ded into the PK/PD model (AOFV = 83.349, df = 0). The
inclusion of observed CO improved model fits slightly
when compared to the model without CO effects on
propofol and fentanyl PK (AOFV = 5.713, df = 0). Thus,
there is a slight benefit of using a model with measured CO
as a covariate. Further the addition of patients’ age and
study number was found to improve the model fits to the
data.

The typical goodness-of-fit plots of the final PK/PD
model are presented in Fig. 3. The individual predictions
for propofol and fentanyl concentrations as well as CO and
BIS values were organized around the line of identity. Also
weighted residuals showed that the model was reasonably
unbiased with respect to the data. The pcVPC plots for the
PK/PD measurements are presented in Fig. 4. No major
misspecifications were noted for the propofol PK, fentanyl
PK, BIS values and CO values indicating agreement
between the observation and model prediction. The pcVPC
confirms that the model has sufficient predictive perfor-
mance and can be used to simulate different clinical sce-
narios if one agrees to all model assumptions. The
predicted and measured responses vs. time profiles for each
individual are presented in Figs. 1S—4S.

Table 3 shows the final parameter estimates along with
the inter- and intra-individual variability. Majority of
parameters were estimated with low (lower than 50%)
coefficients of variation (CV). The bootstrap confidence
intervals show higher uncertainty, especially for between-
subject variability parameters. However it can be expected
given the overall complexity of the model and a small
number of patients included in the study.

@ Springer

Figure 5 presents the relationship between the CO rate
of change during the surgery and two covariates included
into the final model: study and patients’ age. There was a
significant and consistent decrease in the rate of change of
CO during the surgery (ocp) with patients’ age estimated at
about 3.23% per year of age. The difference in the
observed CO values between two studies was also noted.
Patients in Study II had CO rate of change decreased by
about 50.9% in comparison to patients in Study L.

Simulations

Figure 6 presents the dependence of the CSDT on patients’
age for a propofol-fentanyl infusion that led to propofol
and fentanyl biophase concentrations of 3.0 mg/l and
1.5 ng/ml for 200 min. These concentrations correspond to
the BIS values of about 35. The CSDT corresponds to time
needed to decrease the effect-site concertation (and con-
sequently increase BIS) by a given percent. The CSDT
increases with age of the patients. Also some between-
study difference was noted. As an example, BIS value of
61 (corresponding to 60% in Fig. 6) was achieved in
41 min (Study I) and 48 min (Study II) for a 50 years of
age patient, and 53 min (Study I) and 57 min (Study II) for
a 80 years old patient after infusion cessation that was kept
at BIS value of 35 for 200 min. The time required to
achieve 80% decrease was 129 min (Study 1) or 183 min
(Study 2) for a 50 years of age patient and 206 min (Study
1) and 221 min (Study 2) for a 80 years of age patient.

Figure 5S presents the simulation using the final model
of propofol and fentanyl concentrations i.e. BIS values and
CO values after intravenous infusion of both drugs in
relation to 50, 65 and 80 years old patient (patients are
shown for Study II) for the artificial dosing protocol. The
patients’ age related differences can be observed in this
plot. The CO increased most rapidly for the youngest
subjects. This difference influences the recovery from
anesthesia. Basically, the higher CO values in younger
patients, the lower the propofol and fentanyl concentrations
and higher the BIS values, especially at the end of surgery.
Figure 6S shows the influence of different fentanyl doses
on the responses measured in a 65-year-old patient. For the
same propofol dosing scheme, the BIS values showed
small dose-dependent variations around each fentanyl dose.
Also different rates of BIS increase after infusion cessation
were predicted.

Discussion

To our best knowledge, this is the first study assessing the
influence of CO on the PK/PD of propofol and fentanyl
during TIVA in patients undergoing abdominal aortic
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Fig. 2 The individual propofol PK, fentanyl PK, BIS and CO time profiles. The dots represent raw measurements. They are connected with

straight lines

surgery. To assess the usefulness of CO measurement for
propofol and fentanyl dosing, we proposed a PK/PD model
that took blood flow into account and used BIS as an

efficacy response.

Model structure and parameters

The influence of fentanyl on the recovery from propofol-
fentanyl TIVA has already been demonstrated by our group
[23] however without the inclusion of CO effects. In the
present study, a three compartment model was used to
describe the concentration—time profiles of both propofol
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Table 2 Nonmem objective
function (OFV) for key

modeling steps

Model OFV AOFV

Model without CO effects on propofol and fentanyl PK 7198.025 83.349,df =0

Base model with observed CO as a covariate: CO,,,/6.5 7192.312 77.636, df =0

Base model: CO/6.5 7114.676 0

Covariates: CO/6.5, aco ~ AGE 7103.829 —10.847,df = 1

Covariates: CO/6.5, aco ~ AGE + STUDY (Final Model) 7097.754 —16.922, df =2
Propofol, mg/L ®  Fentanyl, ng/ml e BIS ®» CO, L/min

Fig. 3 Goodness-of-fit plots for °
the final PK/PD model: the
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and fentanyl. It clearly removes bias in model parameters
introduced by using a two compartment model. As an
example, the elimination clearance of propofol was esti-
mated at 1.54 L/min, whereas in our earlier studies at
2.64 L/min and 2.22 L/min [23, 38]. Eleveld et al. in study
based on 21 previously published data sets [39] used a
three-compartment PK model for propofol PK with the
elimination clearance estimated at 1.53 L/min, which is

@ Springer

very close to our typical value of CL (1.54 L/min). Con-
sidering the distribution of propofol, a membrane barrier
has been postulated to separate the slow distribution
compartment [13], assuming flow dependent distribution to
the well-perfused tissues and membrane permeability lim-
ited distribution to the second tissue compartment. In our
study, for propofol the sum of peripheral compartment
clearence (Q; p + O p) was smaller compared to fentanyl
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Fig. 4 The prediction-corrected
VPC plots for the final PK/PD.
The VPC plots show the
simulation-based 90%
confidence intervals around the
10th, 50th, and 90th percentiles
of the PK data in the form of
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90th) areas. The corresponding
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(2.50 L/min vs 7.26 L/min) and smaller than the CO value
(6.5 L/min) therefore some contribution of permeability
limited kinetics (not dependent on CO) might be expected
for propofol.

The typical values of C,sy of propofol (2.25 mg/L) and
fentanyl (8.77 ng/ml) are consistent with the literature data
regarding PD of both drugs with the narcotic EEG effect as
a PD response. For propofol C,s, for BIS as a PD effect
was estimated at 2.71-3.44 mg /L [40], whereas for fen-
tanyl the C,sp with EEG power spectrum analysis is equal
to 7-10 ng/ml [41].

The influence of patients’ age

The patients’ age was shown to be a significant covariate
associated with the rate of change of CO during the sur-
gery. The same phenomenon was noted by Heilbrunn and
Allbritten [37] who examined the cardiac output changes
during and after surgical procedures. However, in our
study, the time-related elevation in CO was smaller for

older patients. This can be explained by the decrease in the
cardiac functional reserve occurring as an effect of aging
[42, 43]. In our study, CO changes directly influenced
propofol and fentanyl disposition and thus also affected the
BIS values. However, due to the age-related blunting of the
CO increase at the end of the surgery, older patients
achieved higher propofol and fentanyl concentrations
resulting in lower BIS values (Figs. 5 and 5s) which further
affected the recovery profile. This is in agreement with the
theoretical paradigm related to age related changes in PK,
which points to the diminished liver blood flow being
responsible for the slower elimination rate of highly
extracted drugs [44, 45]. However, this effect was not large
within the range of infusion durations under study. As
presented in Fig. 6, the difference between 50 and 80 years
of age patients in the 60% and 80% decrement times of
propofol-fentanyl infusion is estimated at about 10 or
25 min, respectively. This effect could be much more
significant for infusions lasting more than 4 h, due to
fentanyl accumulation. However, due to a small impact of
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Table 3 The parameter
estimates of the final PK/PD

model of propofol and fentanyl.

RSE denotes relative standard
error of estimate. CI
corresponds to bootstrap [Sth-
95th] confidence interval

Parametr [unit]

0 (RSE, %), CI

%CV (RSE, %) [shrinkage, %], CI

Ver [L]

Clp [L/min]
Q; p [L/min]
Vri, p [L]

Q5 p [L/min]
Vrap [L]

Ver [L]

CLy [L/min]
Q, r [L/min]
Vrir [L]

Q> r [L/min]
Vr2r [L]

BISy [1

Ceso,p [mg/L]
Ceso,r [ng/ml]
Keop = keor [L/min]
C0p, L/min
dco, (L/min)/h

2.42 (40.8), 2.45 [1.43-5.16]
1.54 (9.2), 1.50 [1.06-1.72]

1.89 (24.7), 1.95 [1.40-2.70]
54.4 (31.6), 53.8 [30.3-88.3]
0.607 (19.6), 0.680 [0.407-1.00]
482 (33.2), 466 [247-3000]

25.8 (28.7), 25.8 [16.4-35.9]
0.569 (45.7), 0.555 [0.078-0.917]
5.78 (16.3), 5.7 [4.23-8.18]

98.9 (16.6), 93 [68.8-139]

1.48 (17.4), 1.50 [1.10-1.91]

478 (46.2), 491 [274-939]

88.6 (3.6), 89.0 [85.2-93.4]

2.25 (12.0), 2.34 [1.83-2.86]
8.77 (124), 8.40 [3.90-26.8]
0.105 (57.1), 0.109 [0.068-0.188]
5.59 (4.5), 5.62 [5.26-5.98]

1.09 (15.2), 1.06 [0.703-1.40]

119 (25.3) [29.7], 124 [53.1-192]
37.7 (23.4) [1.8], 37.1 [24.1-59.5]
92.1 (24.7) [11.9], 80.2 [38.9-103]
48.5 (36.0) [27.5], 49.0 [15.8 —87.5]

37.7 (37.0) [40.7], 38.6 [0.4-72.5]
52.2 (35.2) [14.9], 52.6 [32.7-146]
54.3 (68.5) [21.6], 44.7 [0.5-104]

42.0 (42.6) [17.51], 39.0 [0.4-75.2]

46.9 (26.8) [6.61, 47.9 [26.7-66.2]
122 (47) [26.5], 114 [44.2-181]
134 (29.4) [4.8], 129 [76.4-192]
19.2 (12.0) [3.0], 18.6 [ 15.0-22.5]
42.8 (23.7) [13.3], 38.0 [16.1-66.9]

Pace, Yolyear

— 3.23 (24.2), — 3.38 [-4.75-( -1.33)]

Bsrupy, % — 509 (27.5), — 44.6 [-66.8~(— 7.62)] -
o%p, %CV 38.6 (10.6), 38.4 [31.2-44.1] -
&%, %CV 31.0 (9.3), 31.1 [26.0-35.9] -
OBiss 8.42 (6.7), 8.36 [7.33-9.38] -
Gco, L/min 1.41 (6.0), 1.42 [1.28-1.54] -

fentanyl on BIS values when compared to propofol, the
differences in recovery of consciousness would be less
visible [46]. Another issue is the recovery of spontaneous
breathing which is known to be affected by opioids.
Unfortunately, this aspect cannot be assessed based on this
data only.

Model simulations and clinical significance

The clinical consequences of the results of this study are
presented in Figs. 5S and 6S which show some examples
of simulations performed based on the final PK/PD model.
At the age of 50, higher CO values were achieved at the
end of surgery when compared to the age of 65 and 80.
This resulted in lower propofol and fentanyl concentra-
tions, higher BIS values and as a consequence faster
recovery (Fig. 5S). The differences were most visible at the
recovery period which is consistent with the physiologi-
cally-based, recirculatory model of the kinetics and
dynamics of propofol in a man and developed by Upton
and Ludbrook [13]. In this model, similar to our result, the
changes in CO had only minor effect on the time of loss of
consciousness but largely affected the time to recovery.

@ Springer

The proposed PK/PD model might be useful in opti-
mizing the dosing of propofol and fentanyl during TIVA in
patients undergoing abdominal aortic surgery. The model
suggests that the predicted CO values could be more pre-
cise in adjusting the propofol and fentanyl doses than CO
values directly measured throughout the surgery. The less
significant impact of the measured CO on PK of studied
drugs can be related to the fact that (a) the measured CO
only approximates organ blood flow and (b) it is a mea-
sured variable that is stochastically related to the true value
of liver and tissue blood flow of each subject. The inclusion
of CO into the model led to a small decrease (less than
about 20%) in inter-individual variability of PK parameters
as presented in Table 2S. It indicates rather limited clinical
applicability of the final model in predicting drug dosing in
comparison to a simple model (without CO effect on PK/
PD parameters). Please note that in the final model the
variability in dose-rate leading to similar steady-state
concentration across the subjects is a combination of inter-
individual variability in PK and CO parameters. The latter
source of variability can be decreased by conditioning
propofol and fentanyl dosing decisions on the previously
measured CO in an individual subject. In principle, it could
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Fig. 5 Relationship between the 2r
rate of CO output changes

versus age and study number for
all patients included in the study
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lead to more precise dosing for an individual subject.
However, based on model simulations, even an exact
knowledge of CO changes in an individual subjects, would
lead to a decrease in drug-dosing variability of at most
20%. It makes CO measurements of rather limited use-
fulness in guiding propofol and fentanyl dosing, despite
clear casual effect of CO on clearances of both drugs.
The elimination and distribution clearance of highly-
extracted and perfusion limited drugs is flow-dependent.
The hepato-splanchnic blood flow reaches 25-30% of the
CO [47]. However, some changes in the distribution of CO
during cardiovascular surgeries cannot be excluded due to
the different adaptation processes [22]. Peeters et al. [4] in
a pilot study, examined the influence of the CO and liver
blood flow on the clearance of propofol in five critically ill
patients. They noted that liver blood flow is a more pre-
dictive indicator of propofol clearance than measured CO
in the studied population. It is in agreement with our study,

60 65 70 75 80
Age, years

as the model predicted CO is a better surrogate of liver
blood flow than measured CO. Similarly, the animal
studies confirm the significance of CO in predicting
propofol concentrations during constant infusion [48-50].
In all these studies the plasma remifentanil and propofol
concentrations were influenced by CO during continuous
infusions, with concentrations decreasing with increased
CO and increasing with decreased CO. In our study CO
changes occurred as a result of inter- and intra-patient
variability connected with patients’ individual character-
istics and clinical scenario, whereas in the animal studies
by Kurita et al. [48-50], the animals were divided into
groups based on the CO maintained throughout the study.
Also, it is consistent with the physiologically-based models
of propofol or fentanyl [13, 51] which show CO as a main
determinant of drug clearances. Another clinical implica-
tion of our study is related to the interaction between
propofol and fentanyl. The interaction between propofol

@ Springer



594

Journal of Pharmacokinetics and Pharmacodynamics (2020) 47:583-596

Fig. 6 Context-sensitive effect-
site decrement times (CSDT)
for propofol-fentanyl infusions
showing the time for decreasing
the effect-site concentrations of
a given percentage (20-80%)
from the maintained effect-site
concentration after propofol/
fentanyl infusion cessations for
subjects of different age. The
solid and dashed lines
corresponds to study I and study
11 predictions. The propofol and =
fentanyl biophase 8 150"
concentrations were kept at 'S

3.0 mg/l and 1.5 ng/ml
respectively for 200 min, which
corresponds to the BIS values of
about 35. CSDT of 80%, 70%,
..., 20% corresponds to
achieving a BIS values of 77,
68, 61, 55, 50, 46, 43

350
300
250

c
' 200

80%
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and opioids was studied extensively in the literature where
the differences in propofol hypnosis were observed
depending on the type of opioid used [18, 52, 53]. One of
the proposed reasons of such differences is the pharma-
cokinetic hypothesis related to the opioid-driven changes in
CO. In our work we were unable to show the effects of
either propofol or fentanyl on CO, instead we used an
empirical relationship describing the surgery-related
increase in CO.

In summary, we illustrated the widely recognized the-
oretical paradigm of the relationship between CO and the
clearance of highly extracted drugs and distribution clear-
ance of perfusion-rate limited drugs, under real clinical
scenarios. For that purpose a PK/PD model was built to
describe the relationship between propofol and fentanyl
dosing, the measured CO and BIS values in patients
undergoing abdominal aortic surgery. The uncertainty and
the indirectness of the measured CO to liver and tissue
blood flow required using a model predicted CO values as a
predictor. The measured CO values were shown to be of
rather limited usefulness for propofol and fentanyl dose-
adjustment in patients undergoing abdominal aortic sur-
gery. The patients‘ age was identified as a covariate for the
observed CO changes during anesthesia. Thus, patients’
age can be associated with different PK profiles, depth of
anesthesia and recovery profiles.
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