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Background: The aim of this retrospective study was to compare the clinical performance of the modified Marsh model
for propofol between underweight and normal-weight patients with Crohn’s disease.

Methods: The medical records of 50 patients who underwent elective surgery for Crohn’s disease were reviewed retro-
spectively. Propofol and remifentanil were administered using target effect-site concentration (Ce)-controlled infusion
with the modified Marsh and Minto models. Target Ce values of propofol were adjusted within a range of 2.5-3 pg/ml
to maintain a bispectral index (BIS) value of less than 60 during anesthesia maintenance. Dosages of anesthetic agents
administered during surgery were compared between underweight and normal-weight patients. The infusion profiles of
patients were applied as inputs to calculate the Ce values in the Schnider model.

Results: The total midazolam and remifentanil dosages required for underweight patients were higher than those re-
quired for normal-weight patients to maintain BIS values at less than 60 within a target propofol Ce range of 2.5-3 pg/
ml. Simulation results suggested that the Schnider model may be an appropriate pharmacokinetic model for target-con-
trolled infusion in underweight patients, as the clearance was consistently higher in the Schnider model than the modi-
fied Marsh model, particularly in underweight patients.

Conclusions: The modified Marsh model might cause inadvertent propofol underdosing in underweight patients. Future
studies are necessary to compare the predictive performance of the modified Marsh and Schnider pharmacokinetic mod-
els in underweight patients.
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Introduction

The target-controlled infusion (TCI) system allows for in-
travenous administration of anesthetic agents with a pump by
incorporating pharmacokinetic models [1]. Users can control
target plasma concentration (Cp) or effect-site concentration
(Ce) of propofol using a TCI system. Currently, only the modi-
fied Marsh and Schnider pharmacokinetic models are used for
propofol in commercially available TCI pumps [2-5]. In general,
as Ce represents the effect of propofol, the target Ce-controlled
infusion is more commonly used than the target Cp-controlled
infusion during anesthesia using propofol [6].

In general, adults with a body mass index (BMI) of less than
18.5 kg/m” are defined as underweight according to the World
Health Organization [7]. Crohn’s disease is an inflammatory
condition involving the gut, with consequent absorption dis-
orders found in 70% of the patients. Malnutrition has been re-
ported in 65-75% of patients with Crohn’s disease [8], and sub-
sequent weight loss is common [9]. In our clinical experience,
administration of propofol and remifentanil using target Ce-
controlled infusion with the modified Marsh and Minto models
was associated with insufficient anesthesia in underweight pa-
tients with Crohn’s disease [3,10,11]. Additional administration
of midazolam was required to maintain bispectral index (BIS™,
Covidien, Boulder, CO, USA) values at less than 60 during an-
esthesia induction and maintenance, compared to conventional
anesthetic dosing strategies employed at our hospital. Although
external validation studies previously demonstrated that the
modified Marsh and Schnider models were clinically acceptable
[12,13], the predictive performance of these two models has not
been evaluated in underweight patients.

The aim of this retrospective study was to compare the clini-
cal performance of the modified Marsh model for propofol
between underweight and normal-weight patients with Crohn’s
disease, before evaluating the predictive performance of the
modified Marsh and Schnider pharmacokinetic models in un-
derweight patients.
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Materials and Methods

Dosing strategies for propofol and remifentanil using
TCl

We retrospectively reviewed the medical records of 50 pa-
tients who underwent elective surgery for Crohn’s disease at our
hospital. The Institutional Review Board of the Asan Medical
Center approved this retrospective review (approval number:
2016-1327). The anesthetic dosing strategies employed in these
patients were as follows. Two milligrams of midazolam was
administered intravenously prior to propofol infusion, and ad-
ditional midazolam was administered to maintain BIS values
at less than 60 during induction and maintenance of anesthesia
if necessary. Patients received long-chain triglyceride (LCT)
propofol (Pofol®, Jeil Pharmaceutical, Seoul, Korea) via target
Ce-controlled infusion using the modified Marsh model [3,10],
whereas remifentanil was administered via target Ce-controlled
infusion using the Minto model [11]. Propofol and remifentanil
were infused using the Asan Pump TCI software (version 2.1.3,
Bionet, Seoul, Korea, http://www.fit4nm.org/download, last ac-
cessed: Aug 27, 2012), and the infusion profiles for all patients
were automatically recorded in a .csv file format. Target Ce
values of propofol were adjusted within a range of 2.5-3 ug/ml
to maintain BIS values at less than 60 during anesthesia main-
tenance. Target Ce values of remifentanil were titrated within a
range of 3-20 ng/ml to maintain stable hemodynamics (systolic
blood pressure > 80 mmHg and heart rate > 45 beats/min).

Simulations

The infusion profiles of the patients were used as input to
the Schnider model [14]. Simulations were performed using
the Asan Pump software to calculate the simulated Ce of the
Schnider model. Deterministic simulations, which considered
neither inter-individual nor intra-individual random variability,
were performed. Clearance, as calculated by the modified Marsh

Table 1. Pharmacokinetic Parameters and Blood-brain Equilibration Rate Constant (k,,) Used in the Modified Marsh and Schnider Model

Parameter Modified Marsh model Parameter Schnider model

V, (ml/kg) 228 V, (L) 4.27

ko (1/min) 0.119 V, (L) 18.9 — 0.391 x (age — 53)

k,, (1/min) 0.112 Vv, (L) 238

k,; (1/min) 0.0419 CI (L/min) 1.89 + 0.0456 x (weight — 77) — 0.0681 x (LBM — 59) + 0.0264 X (height — 177)
k,; (1/min) 0.055 Q, (L/min) 1.29 - 0.024 x (age — 53)

ks, (1/min) 0.0033 Q, (L/min) 0.836

k., (1/min) 1.2193 k., (1/min) 0.459

V,: central volume of distribution, k: microrate constant, V,: rapid peripheral volume of distribution, V;: slow peripheral volume of distribution, CI:
metabolic clearance, Q;: inter-compartmental clearance between central and rapid peripheral compartments, Q,: inter-compartmental clearance
between central and slow peripheral compartments, k,;: blood-brain equilibration rate constant, LBM: lean body mass.
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and Schnider models according to the changes in body weight,
was simulated in a hypothetical underweight patient. The effects
of height, age, weight, and sex on propofol clearance were com-
pared using simulation in the Schnider model. The pharmaco-
kinetic parameters and blood-brain equilibration rate constant
(k,y) for the modified Marsh and Schnider models are presented
in Table 1 [2-5].

Data collection

Demographic data of patients, duration of anesthesia, and
total doses of midazolam, propofol, and remifentanil were col-
lected. Mean infusion rates of propofol and remifentanil were
calculated by dividing the total anesthetic agent dosages by body
weight and anesthesia maintenance time. In addition, Crohn’s
disease activity index (CDAI) was calculated [15].

Statistical analyses

Statistical analyses were conducted using R (version 3.1.2, R
Foundation for Statistical Computing, Vienna, Austria) or Sig-
maStat version 3.5 for Windows (Systat Software, Chicago, IL,
USA). Data were expressed as mean + SD for normally distrib-
uted continuous variables, medians (25-75%) for non-normally
distributed continuous variables, and numbers and percentages
for categorical variables. P values of less than 0.05 were consid-
ered statistically significant for all analyses.

Results

Demographic and clinical characteristics of the patients and
the dosages of anesthetic agents administered during surgery
are shown in Table 2. The total midazolam and remifentanil
amounts required for underweight patients were larger than
those required for normal-weight patients, indicating that the
target propofol range of 2.5-3 pg/ml determined by the modi-
fied Marsh model is insufficient to satisfy the anesthetic require-
ment in underweight patients. This assumption was supported
by a simulation study based on the Schnider model, which
used the infusion profile of propofol administered via target Ce-
controlled infusion based on the modified Marsh model (Fig. 1).
The differences in Ce values at identical time points between the
Schnider and the modified Marsh models were larger among
underweight patients. Specifically, the Ce values of the Schnider
model were consistently lower than those of the modified Marsh
model.

The simulated clearances, which were based on changes in
weight using the modified Marsh and Schnider models, are
shown in Fig. 2. The propofol clearance was consistently higher
in the Schnider model than in the modified Marsh model,
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particularly in subjects with a BMI of less than 18.5 kg/m’. A
simulation showing the effects of height, age, weight, and sex on
propofol clearance using the Schnider model is shown in Fig. 3.
Female sex as well as 10% and 20% increases in height led to
marked increases in propofol clearance using the Schnider mod-
el, whereas 10% and 20% increases in age and weight resulted in
minor changes.

Discussion

In the current study, a dosing strategy established by a pre-
vious study was utilized to adjust target Ce values of propofol
within a range of 2.5-3 pg/ml and to maintain BIS values at less
than 60 [16]. The mean (SD) Ce associated with a 95% probabil-
ity of loss of consciousness (Ce,;) was 2.22 (0.44) pg/ml for LCT
propofol [16]. In addition, the response surface model demon-
strated the additive effects of propofol and remifentanil on BIS
[17]. In particular, remifentanil concentrations greater than 4
ng/ml significantly reduced the propofol concentration required
to blunt the response to a noxious stimulus [17]. Based on these
findings, target Ce values of propofol were titrated within a
range of 2.5-3 ug/ml in the clinical setting.

In general, low body weight simply indicates that a person’s
weight is low, whereas the definition of underweight usually
applies to a person whose weight is low for their height. The
modified Marsh model includes body weight as the only co-
variate that significantly affects the volume of distribution in
the central compartment [10]. In contrast, height, lean body
mass, body weight, and age are all included as covariates in the
Schnider model [4]. In particular, height, lean body mass, and

Table 2. Characteristics of the Patients and Dosages of Anesthetic
Agents Administered during Surgery

Underweight Normal-weight
(n=24) (n=26)
ASA PSI/IT 3/21 2/24
Sex (M/F) 12/12 17/9
Age (yr) 26 (20-31)* 30 (26-40)
Height (cm) 165.2 £ 8.7 167.8 £ 8.1
Weight (kg) 45.3 (40.8-49.5)*  59.1 (52.4-66.9)

BMI (kg/m’) 16.4 (15.1-17.0)*  21.0 (19.7-23.3)
Duration of anesthesia (min) 152.5 (66.5-206.0) 146.5 (53.0-177.0)

Amount of midazolam ' (mg) 3 (2-4)* 2 (2-3)
Mean infusion rate
Propofol (mg/kg/h) 58+0.9 5.6+0.7

Remifentanil (pg/kg/min)  0.58 (0.32-0.85)*  0.39 (0.24-0.52)

Data are expressed as the means + SD, median (25-75%), or numbers,
as appropriate. Patient characteristics are compared using the two-
sample t-test, Mann-Whitney rank sum test, or chi-square test, as
appropriate. ASA PS: American Society of Anesthesiologists Physical
Status, BMI: body mass index. *P < 0.05 vs. normal-weight patients,
*dose administered during the entire anesthetic period.
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Fig. 1. Simulation based on the Schnider model using infusion history data for propofol administered via target effect-site concentration (Ce)-controlled
infusion based on the modified Marsh model in normal-weight (upper panel) and underweight (lower panel) patients. Dotted and solid lines indicate
the target Ce values of the infusion using the modified Marsh model and the predicted Ce values in a simulation based on the Schnider model,

respectively. BMI: body mass index.
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Fig. 2. Simulated clearance calculated by the modified Marsh (dotted
line) and Schnider (solid line) models relative to the change in body
weight of a 40-year-old female participant who is 165 cm tall. BMI:
body mass index.
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body weight are significant covariates for clearance, which is an
important pharmacokinetic parameter for determining the rate
of infusion to maintain a target concentration:
Infusion rate = C, X clearance (equation 1)

where C,; is the steady-state drug concentration in plasma. As
depicted in Fig. 2, the discrepancy of Ce between the Schnider
and the modified Marsh models in underweight patients can be
explained by differences in clearance.

Sex, age, height, and weight of hypothetical persons were
used as covariates to evaluate their influence on the amount of
propofol required to maintain a certain Ce level. The simulation
showed that the clearance of propofol was positively associated
with increasing height as well as with female sex (Fig. 3). In par-
ticular, height was the most significant covariate in determining
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Fig. 3. Simulation showing the effects of height, sex, age, and weight on clearance in the Schnider model. (A) Male participants are 35 years old. (B)
Participants are 35 years old and 165 cm tall. (C) Male participants are 165 cm tall. (D) Male participants are 35 years old.

the amount of propofol required to maintain a target Ce.

A fundamental limitation of the current study was its retro-
spective design. Several confounding factors including Crohn’s
disease severity and concurrent medications could affect the re-
sults of the current study. Crohn’s disease severity is commonly
evaluated using CDAI [15]. CDAI values were 286.5 + 101.2
and 252.4 + 76.3 for the underweight and normal-weight pa-
tient groups, respectively (P = 0.302). Additionally, concurrent
medications in the current cohort, which included sulfasala-
zine, azathioprine, methotrexate, cyclosporine A, tacrolimus,
and mercaptopurine, did not differ significantly between the
underweight and normal-weight patients with Crohn’s disease.
Furthermore, there were no significant differences in laboratory
parameters including aspartate transaminase, alanine transami-
nase, alkaline phosphatase, serum albumin, and total bilirubin
between the two groups. Despite the presence of many covari-
ates that could affect the findings in the current cohort, the
simulation results explained the cause of higher dosage require-
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ments for midazolam and remifentanil in underweight patients
receiving propofol via target Ce-controlled infusion using the
modified Marsh model. This finding highlights the necessity of
clinical research to evaluate the predictive performance of the
modified Marsh and Schnider pharmacokinetic models in un-
derweight patients.

In conclusion, the total midazolam and remifentanil dosages
required for underweight patients were higher than those re-
quired for normal-weight patients to maintain BIS values at less
than 60 within a target propofol Ce range of 2.5-3 pg/ml. This
finding suggested that the utilization of the modified Marsh
model caused inadvertent propofol underdosing in underweight
patients. Simulation results suggested that the Schnider model
may be an appropriate pharmacokinetic model for TCI in un-
derweight patients, as the propofol clearance in the Schnider
model was consistently higher than that in the modified Marsh
model, particularly in underweight patients. Future studies are
necessary to compare the predictive performance of the modi-
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fied Marsh and Schnider pharmacokinetic models in under- ORCID
weight patients.
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