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ABSTRACT

This study aimed to describe the pharmacokinetics of midazolam and its CYP3A medi-
ated metabolite 1-OH-midazolam in morbidly obese patients receiving oral and intrave-
nous midazolam before (n=20) and one year after weight loss surgery (n=18), thereby
providing insight into the influence of weight loss surgery on CYP3A activity in the gut
wall and liver.

In a semi-PBPK model in which different blood flow scenarios were evaluated, intrinsic
hepatic clearance of midazolam (CL;, ) was 1.5 times higher compared to morbidly
obese patients before surgery (p<0.01). Midazolam gut wall clearance (CL;,¢) was slightly
lower in patients after surgery (p>0.05), with low values for both groups.

The results of the semi-PBPK model suggest that in patients after weight loss surgery
CYP3A hepatic metabolizing capacity seems to recover compared to morbidly obese
patients, while CYP3A mediated intrinsic gut wall clearance was low for both popula-
tions and showed large inter individual variability.
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INTRODUCTION

Weight loss surgery or bariatric surgery is widely and increasingly applied to treat
morbid obesity (body mass index > 40 kg/m?)"*>, This type of surgery may profoundly
affect drug pharmacokinetics, as the procedure reduces the stomach to a small pouch
and, in case of a Roux- and Y-gastric bypass (RYGB), 75-150 cm of the initial part of the
small intestines including the duodenum is bypassed *°. In addition, patients lose on
average 32% of their body weight within 1 year , which may affect clearance and the
distribution of drugs as well .

Previously, we showed in a population PK analysis that plasma clearance (CL) of the
cytochrome P450 3A (CYP3A) substrate midazolam is 1.7 times increased in patients
after a weight loss procedure in comparison to morbidly obese patients, while oral
bioavailability (F...;) was unaltered ®. Similar results have been reported before for RYGB
patients in comparison with age- gender- and BMI matched control patients °. While it is
well known that CYP3A resides both in the gut and in the liver, these analyses that use
total oral bioavailability (F.) as parameter do not allow for a distinction between the
contribution of pre-systemic gut and pre-systemic liver metabolism. More specifically,
oral bioavailability (F..) may be deduced to its individual contributors, which are the
fraction absorbed (F,), the fraction escaping gut wall metabolism (F¢) and the fraction
escaping first pass hepatic metabolism (F.). As midazolam is a highly soluble and perme-
able drug, F, is assumed to be equal to 1 in morbidly obese patients before and after
surgery '*"'. Keeping in mind the reported increase in midazolam systemic plasma clear-
ance after a weight loss surgery *'?, Fy, is expected to decrease after weight loss surgery.
So, given the unchanged total bioavailability (F..) identified in these patients '? it may
be hypothesized that the midazolam fraction escaping gut wall (F¢) increases one year
after weight loss surgery (Supplementary information 1). In theory, such an increase in
Fc upon weight loss surgery may be attributed to the 75-150 cm bypass of the small
intestine during an RYGB surgery * potentially causing reduced (intrinsic) CYP3A clear-
ance in the gut.

Knowledge on the exact influence of a weight loss surgery on hepatic and gut wall
CYP3A clearance is important because approximately 30% of all clinically used drugs are
metabolised via this enzyme . To fully characterise the influence of weight loss surgery
on CYP3A mediated drug metabolism in both the gut wall and the liver, a semi physio-
logically-based pharmacokinetic (semi-PBPK) model taking into account these distinct
processes needs to be applied to both midazolam and the CYP3A mediated metabolite
1-OH-midazolam concentrations obtained after oral and intravenous administration in
these populations '* ®. Such a semi-PBPK model consists of a compartment represent-
ing the gut wall, the portal vein and the liver, and an empirical compartment model
for midazolam and 1-OH midazolam, representing the rest of the body. The model is
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parameterized on the basis of intrinsic clearance (CL;,) for both the gut and the liver,
blood flow (Q) and fraction unbound (fu) in the blood or gut wall. In this model, intrinsic
midazolam clearance in the liver or gut wall represents the capacity of the liver or gut
wall to metabolize midazolam into 1-OH-midazolam and therefore represents CYP3A
activity in these respective organs.

In this study we aimed to describe both midazolam and its CYP3A mediated me-
tabolite 1-OH-midazolam in morbidly obese patients before and one year after weight
loss surgery after both oral and intravenous administration using a semi-PBPK model,
ultimately to evaluate how the intrinsic CYP3A activity in the gut wall and liver are af-
fected by weight loss surgery and (loss of) body weight. In addition, the results are used
to explore to what extent these results may affect other CYP3A substrates used after
weight loss surgery.

METHODS

Study design and patients

In this study, data are used from a prospective observational cohort study in 20 morbidly
obese patients at the day of laparoscopic weight loss surgery of whom 18 patients were
studied again one year later (NTC01519726, EudraCT 2011-003293-93). Study design
and characteristics have been described before and are repeated briefly below .

In the study, morbidly obese patients undergoing a laparoscopic gastric bypass or
sleeve surgery were eligible for inclusion. Patients were excluded if they used CYP3A
inducing or inhibiting medication ', used products containing grapefruit, wild grape,
banpeiyu, pomegranate, star fruit or black berry with in two weeks before the study, were
pregnant, gave breastfeeding or suffered from renal insufficiency (eGFR MDRD4 <60
mL/min). Before participation, all patients gave written informed consent. One year
after the weight loss procedure 18 of the 20 patients were restudied using the same
study design. At both occasions, patients received 7.5 mg oral and 5 mg intravenous
midazolam separated by 160 + 48 minutes. Per patient and occasion, a mean of 22 blood
samples were collected to measure both midazolam and 1-OH midazolam concentra-
tions. Plasma concentrations were measured using a method described before . For
1-OH midazolam, the lower limit of quantification was 0.9 ng/ml and intra assay and
inter assay coefficients of variation were 6.3% and 4.5%.

The study was approved by the local human research and ethics committee
(NL35861.100.11) and was conducted according to the principles of the Declaration of
Helsinki (version 22-10-2008) and in accordance with the Medical Research Involving
Human Subjects Act (WMO) of the Netherlands.
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Population pharmacokinetic modelling

Population pharmacokinetic modelling was performed using NONMEM 7.3 '® ADVAN 6
and (PsN version 3.6.2), Pirana (version 2.9.0) and R (version 3.1.2) to visualize the data.
Different structural models were tested to fit the midazolam and 1-OH-midazolam data
from morbidly obese patients before and after weight loss surgery.

First, a regular population pharmacokinetic (PK) model was applied with a two-
compartment model for 1-OH-midazolam, a three compartment model for midazolam
and a transit compartment model for midazolam oral absorption in which oral absorp-
tion rate (Ka) was set equal to the transit compartment rate (K;) (Intermediate model,
Figure 1a). This model was based on earlier work on the pharmacokinetics of midazolam
not involving the 1-OH-midazolam metabolite ™.

Second, a semi physiologically based pharmacokinetic (semi-PBPK) model was ap-
plied to describe the data (Semi-PBPK model, Figure 1b). The structural semi- PBPK
model was adopted from Yang et al. (2003) and Frechen et al. (2013) and consisted of a
compartment representing the gut wall, the portal vein and the liver, and an empirical
compartment model for midazolam and 1-OH midazolam, representing the rest of the
body " ™. In order to reduce runtimes, midazolam and 1-OH-midazolam were assumed
to reach an instant equilibrium in the gut wall, portal vein and liver compartment which
resulted in a simplified semi-PBPK model (Supplemental information 2). For midazolam,
a three compartment model was used and for midazolam oral absorption a transit com-
partment model in which the oral absorption rate was equalized to the transit compart-
ment rate (K,) '° was used. For 1-OH-midazlam, a two compartment model was applied.

In the semi-PBPK model, hepatic (E;) and the gut wall extraction (Eg) of midazolam
were defined as the input for the liver and gut wall compartment of the 1-OH-midazolam
model, respectively. Hepatic extraction of midazolam (E;) and 1-OH-midazolam (E,; 1.ox)
was defined by the well-stirred model:

CL;, fi
EH = v > (Eq 1)
Qs + (CLingy X fug)

where CL;,.4is the intrinsic hepatic clearance based on unbound blood concentrations,
fugis the unbound concentration in blood and Q,sis the hepatic blood flow.
The fraction escaping hepatic metabolism (F,;) was defined as:

FH:1—EH (qu)

For gut wall midazolam metabolism into 1-OH-midazolam (E;) the Qg model was used *:
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CLin X fU
E.= e T e (Eq.3)
Qgut + (Clings X fug)

where Cl;,;¢is the intrinsic gut wall clearance based on unbound blood concentrations,
fugis the unbound drug concentration in the gut wall and Qg is defined by **:

Qvilli X CLperm
Qo= ——— (Eq. 4)
Qvil/i + CLperm

where, Qi is the villous blood flow and ClLyerm, is a term defining the permeability of the
drug through the enterocytes in the gut wall. The fraction escaping gut wall metabolism
was defined as:

Fo=1-E; (Eq.5)
Gut wall extraction of 1-OH-midazolam (Eg ;.0n4) Was defined by:

Cling,10n==0n X fug,0m
Eci-on= - (Eq. 6)
Quini X (CLing, 101 + fUg,101)

Systemic plasma clearance (CL) was derived from the hepatic midazolam intrinsic clear-
ance and hepatic blood flow using *":

Q X fU X CLin
L= B B tH (Eq.7)
Que + fug x Clingn /(Cg / Cp)

In which Cg/Cpis the blood to plasma ratio.

Values used for the drug parameters are listed in Table 1. The fraction of midazolam ab-
sorbed (F,) was fixed to 1 and it was assumed that no protein binding occurred in the gut
wall (Table 1). As midazolam is an intermediate extraction ratio drug (Ey= ~0.4 %), for
the hepatic blood flow (Qy) three different scenarios were explored including Qy based
on allometric scaling (scenario 1)*, Qy based on a model for cardiac output in obese and
morbidly obese patients (scenario 2)**? and a Qy that was the same before and after
weight loss surgery (scenario 3), see Table 1.

Discrimination between different structural models was made by comparison of
the objective function value (OFV, i.e. -2 log likelihood [-2LL]). A p-value below 0.05,
representing a decrease of 3.84 in the OFV between nested models for one degree of
freedom, was considered statistically significant. In addition, goodness-of-fit plots
(observed versus individual-predicted concentrations, observed versus population-
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predicted concentrations, conditional weighted residuals versus time and conditional
weighted residuals versus population-predicted concentrations plots) of midazolam
and 1-OH-midazolam were used for diagnostic purposes. Furthermore, the confidence
interval of the parameter estimates, the correlation matrix and visual improvement
of the individual plots were used to evaluate the models. The internal validity of the
population pharmacokinetic model was assessed by the bootstrap re-sampling method
using 500 replicates.

For the statistical model, the individual parameter estimate (empirical bayes estimate
or post hoc value) of the ith individual was modelled according to:

6= Opmean X €7 (Eq. 8)

Table 1 Values used for drug parameters and for three hepatic blood flow scenarios used in the semi-PBPK
model

Scenario 3
One hepatic blood

Scenario 1 Scenario 2
Allometric scaling of the Hepatic blood flow as a

Parameter (unit)

reference hepatic blood flow % fraction of cardiac output *?’ flow for all individuals
Midazolam
f, 1%
B:P 0.66 2+
fue 1
fug 0.0303
CLperm (L/Min) 0177 %
1-OH-midazolam
B:P 1
fug, 1.0m 1%
fug, 1.0m 0.106
Clperm 1
Blood flows
Cardiac output (L/min) - (9119- EXP(9.164 + 7
-2,9%102* TBW + 3.91%10™*
TBW? +-1.91¥10°* TBW?) /1000
Qnepatic (L/min) 3.75 * TBW” 0.25*C0% 0.25*CO%

Qnepatic artery 0.25 * Quepatic 0.25 * Quepatic 0.25 * Quepatic
Qeortavein 0.75 * Quepatic 0.75 * Quepatic 0.75 * Quepatic
Qumallintestine 0.4* Qnepatic ~ 0.1*CO ¥ 0.4 * Qpepatic ~
Qmucosal 0.80 * Qqmaitntestine *° 0.80 * Qqmaiintestine 0.80 * Qqmalintestine
Qui 0.60 * Qruucosal”’ 0.60 * Quucosat”’ 0.60 * Quucosat”’

B:P = blood to plasma ratio; CO= cardiac output; fa = fraction absorbed in the gut wall; f,, = fraction un-
bound in blood; f.c = fraction unbound in gut wall; CLyem = parameter representing the permeability
through the enterocyte; Q= blood flow; TBW= total body weight.
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where Bcan is the population mean, and n; is a random variable for the ith individual with
a mean of zero and variance of w? assuming log-normal distribution in the population.
For residual variability, resulting from assay errors, model misspecifications and other
unexplained sources, a proportional error model was used. The jth observed midazolam
concentration of the jth individual (Y;) is described by:

Yij = Cpred,ij X (1 +£ij) (Eq 9)

where Cpeq, is the individual predicted midazolam concentration of the ith individual at
the jth time, and g; is a random variable with a mean of zero and variance of o°.

Data below the limit of quantification of the bio-analysis assay were provided by the
lab and included in the data set. Data below the limit of detection, defined as 30% of the
lower limit of quantification, were deleted from the data set (5.7% for midazolam and
8.9% for 1-OH-midazolam) %,

Based on our earlier pharmacokinetic analysis for midazolam, body weight on
midazolam central and peripheral volume of distribution for morbidly obese patients
and a separate parameter estimate for midazolam oral absorption rate and inter-
compartmental clearance in morbidly obese and weight loss patients were included in
the model 2. After inclusion of these midazolam covariates, the influence of weight loss
surgery was evaluated for midazolam gut wall and hepatic intrinsic clearance (CL;,,). The
binary covariate before/after weight loss surgery was plotted independently against the
individual post hoc values and eta estimates of midazolam intrinsic clearance estimates
to visualize potential relations. The covariate ‘before/after weight loss surgery’ was
tested by means of a separate parameter or using the following equation:

P.=P,xZ (Eq.10)

where P;and P, represent individual and population parameter estimate, Z the estimated
factor of increase or decrease for the patients subgroup with COV equalling one.
Potential covariates were separately entered into the model and statistically tested
(p<0.05) by use of the OFV and, if applicable, the 95% confidence interval of the addi-
tional parameter. In addition, if applicable, it was evaluated whether the inter-individual
variability (eta) in the parameter concerned decreased upon inclusion of the covariate
on the parameter and whether the trend in the eta versus covariate plot had resolved.

SimCYP simulations

The influence of weight loss surgery on mean systemic plasma clearance values of other
CYP3A substrates was evaluated using the morbidly obese population in the SimCYP
software and manipulation of the value for CYP3A hepatic abundance * *°. For each
CYP3A mediated drug, 10 trials of 10 individuals were simulated.
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RESULTS

Figure 2a shows the goodness-of-fit plots of the midazolam and 1-OH-midazolam
plasma concentrations of both morbidly obese and weight loss patients on the basis
of the regular population PK model as shown in Figure 1a (Intermediate model). These
goodness-of-fit plots show that after the oral dose, midazolam concentrations were
over-predicted, while midazolam concentrations after the intravenous dose were under-
predicted (Figure 2a). In contrast, 1-OH-midazolam concentrations after oral dose were
under-predicted by the model, while 1-OH-midazolam concentrations after intravenous
dose were over-predicted. The obvious misspecification of midazolam and its 1-OH-
midazolam metabolite concentrations indicate the presence of substantial presystemic
1-OH-midazolam formation after oral administration and therefore, as a second step, a
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Figure 3 Box and whisker plots of eta and post hoc parameter estimates before addition of covariate ef-
fects for intrinsic hepatic (CL,, 1, left panels, shrinkage of 1%) and gut wall (CL;, 6, right panels, shrinkage of
21%) midazolam clearance in morbidly obese patients before (black) and after weight loss surgery (grey).
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semi-PBPK model including both pre-systemic midazolam metabolism at gut wall and
hepatic level was applied (Figure 1b and Supplementary information 3). The goodness-
of-fit plots of the semi-PBPK model showed a substantial improvement in the prediction
of midazolam and 1-OH-midazolam concentrations after both oral and intravenous
dose (Figure 2b).

Upon these findings, the semi-PBPK model was further explored for covariates, tak-
ing into account the different Qy scenarios for obesity (see Methods and Table 2).The
influence of weight loss surgery on midazolam intrinsic gut wall (CL;,, ) and hepatic
clearance (CL;,, ) was evaluated by visual inspection of eta versus covariate plots. Fig-
ure 3 shows a trend of higher CL;,, 4 and slightly lower CL;,; ¢ in weight loss patients in
comparison to morbidly obese patients (Figure 3, upper panels). A separate parameter
estimate for CL;,.4 for morbidly obese and weight loss patients showed a 1.5 times higher
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Figure 4 Box and whisker plots of calculated midazolam plasma clearance (equation 7, upper panels), Fy
(equation 1 and 2, middle panels) and Fg (equation 3 and 5, lower panels) for morbidly obese (black) and
weight loss patients (grey) for three different blood flow scenarios (Qy in L/min, Table 1). Per scenario the
value for hepatic blood flow (Qy) is shown for the median morbidly obese (144 kg) and median weight loss
patient (98 kg) of the studied populations.
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Table 2 Blood parameter estimates of the final semi-PBPK model including covariates for scenario 1.

Value Bootstrap
Parameter Parameter definition (RSE%) Value (SE)
Midazolam
CLintH morbidiy obese (L/min) Intrinsic hepatic clearance morbidly obese 16.8 (14%) 16.9 (2.4)
CLintH weight loss patients(L/Min) Intrinsic hepatic clearance weight loss patients 25.5 (15%) 25.4(4.2)
ClLint (L/min) Intrinsic gut wall clearance 0.0199 (35%) 0.0207 (0.007)
Ka morbidly obese=Kr (min™) Oral absorption rate 0.126 (10%)  0.126 (0.01)
Ka weight loss patients=Ksr (min™) Oral absorption rate 0.242 (9%) 0.241 (0.02)
Veentral weight loss patients (L) Central midazolam volume of distribution 66.9 (13%) 68.1(8.7)
Veentral morbidly obese = Veentral, 144 kg ¥ (1+X(TBW-144))
Veentral, 144 kg (L) = Veentralweightioss ~~ Central midazolam volume of distribution for ~ 66.9 (13%) 68.1(8.7)
patients a 144 kg individual
X Covariate effect of TBW on Veentral 0.0435 FIX 0.0435 FIX
Viperi 1 weight loss patients (L) First peripheral volume of distribution 31.0 (19%) 32.0 (6.5)
Vperi 1 morbidiy obese = Viperi1, 144 kg *(TBW/144)"
Vperi1, 144 kg (L) = Vieri 1 weight loss First peripheral volume of distribution 31.0 (19%) 32.0 (6.5)
patients
Y Exponent of covariate function 3.93 FIX 3.93 FIX
Vioeri2 (L) = Vperi1 * Z Second peripheral volume of distribution
z 10.8 (13%) 11.1(1.7)
Q; (L/min) First inter-compartmental clearance 1.41 (15%) 1.35(0.2)
Q,(L/min) = Q1*A Second inter-compartmental clearance
A 3.22FIX 3.22 FIX
1-OH-Midazolam
Veentral, 1-0n (L) Central volume of distribution 41.7 (11%) 41.9 (4.7)
Voeri, 1-0n (L) Peripheral volume of distribution 16.4 (25%) 17.4 (4.4)
Q.04 (L/min) Inter compartmental clearance 0.652 (23%)  0.65 (0.15)
CLingp,1-o1(L/min) Intrinsic hepatic clearance 27.4 (9%) 27.2(2.6)
CLintg1-on(L/min) Intrinsic gut wall clearance 11.9(180%)  4.7*10%(7.3*10%)
Inter individual variability
K, (%) Oral absorption rate 44 (20%) 43 (19%)
Veentral (%) Central volume of distribution 63 (49%) 61 (38%)
Vieripheral 1 (%) First peripheral volume of distribution 113 (24%) 115 (49%)
CLinn (%) Intrinsic hepatic clearance 48 (21%) 47 (20%)
CLinc (%) Intrinsic gut wall clearance 493 (35%) 582 (168%)
Residual variability

Morbidly obese patients (%)
Weight loss patients (%)

32.6 (18%)
23.7 (8%)

32.2 (13%)
23.6 (7%)

TBW= total body weight (kg)
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intrinsic hepatic clearance in weight loss patients (-7 AOFV, p<0.01 for all Q4 scenarios)
and a small decrease in inter individual variability (53% (relative standard error, RSE, of
19%) versus 48% (19%) for scenario 1). A separate parameter estimate for midazolam
gut wall intrinsic clearance (CL;.c) did not significantly improve the model (-2 AOFV,
p>0.05 for all Qy scenarios). The two highest values for CL;, ¢ (see Figure 3, lower row,
right plot) are two morbidly obese individuals for which the duration in between oral
and intravenous midazolam dose was only 43 and 50 minutes as compared to a mean
of 171 £ 57 minutes for the other 18 morbidly obese patients. In addition, it seems that
also these two individuals substantially contribute to the uncertainty of the parameter
for intrinsic gut wall clearance of 1-OH-midazolam (CLj, g 1-04). Upon exclusion of these
two individuals CL;n; g 101 this parameters changes from 11.9 (180%) L/min to 6.7 (40%)
L/min. However, exclusion of the two individuals resulted in the same final covariate
model, and therefore for the final model all individuals were kept in the data.

Overall, the different Qy scenarios (see Methods) resulted in slightly different hepatic
intrinsic clearance estimates (16.9 (13%), 17.1 (13%) and 12.6 (16%) L/min for morbidly
obese patients and, 25.6 (16%), 25.7 (16%) and 18.9 (21%) L/min for weight loss patients
for scenario 1, 2 and 3 respectively), while the observed covariate trend between mor-
bidly obese patients and weight loss patients was identical for the different scenarios.
Other model parameters and the goodness-of-fit plots were very similar across the sce-
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Figure 5 Box and whisker plots of simulated baseline systemic plasma clearances for the SimCYP morbidly
obese patient population (dark grey boxes) and percentage change from baseline when hepatic CYP3a
abundance is increased by 1.5 times for the morbidly obese population in the SimCYP simulator (light grey
boxes) for four CYP3A substrates.
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narios. These Qy scenarios were tested to evaluate the influence of Q, in the parameters
of the model because there is no consensus yet on the exact changes in Q, upon morbid
obesity and subsequent weight loss surgery. While there is no persuasive argument for
choosing one Qy scenario above another, the final parameter estimates and bootstrap
results (98% successful) of scenario 1 are presented in Table 2 and goodness-of-fit plots
of the this final model are shown in Figure 2b.

The different scenarios for hepatic blood flow slightly influenced the calculated values
for midazolam plasma clearance, Fy and Fg, even though the differences between the
morbidly obese patients and weight loss patients per scenario remained quite similar
(Figure 4). In general for weight loss patients, higher midazolam plasma clearance (up-
per row, a median increase of 1.28, 1.34 and 1.33, for scenario 1, 2 and 3, respectively)
and lower Fy (middle row, median decrease of 0.84, 0.83 and 0.88, respectively) was
observed. Fgseems to be close to one for weight loss patients, while the morbidly obese
patient group exhibits large inter individual variability (lower row).

Finally, the influence of weight loss surgery on hepatic CYP3A activity was further
explored using the SimCYP simulator . Based on the findings for hepatic intrinsic
midazolam clearance of the semi-PBPK model, CYP3A abundances in the liver of the
‘morbidly obese population’ was 1.5 times increased and plasma clearance values for
midazolam, cyclosporine, alprazolam and triazolam were simulated. Figure 5 shows that
this increase in CYP3A abundance resulted in a 1.22 increase of midazolam plasma clear-
ance and a median 1.41, 1.37 and 1.30 increase of plasma clearance for CYP3A substrates
cyclosporine, alprazolam and triazolam, respectively.

DISCUSSION

In this study we aimed to characterize the pharmacokinetics of both midazolam and
its primary CYP3A mediated metabolite 1-OH-midazolam after oral and intravenous
administration in morbidly obese patients before and one after weight loss surgery,
ultimately to evaluate how intrinsic CYP3A activity in the gut wall and liver are affected
by weight loss surgery. We found that midazolam and 1-OH-midazolam concentrations
could not be described by a regular compartmental model (Figure 1a, Figure 2a) be-
cause of presystemic formation of the CYP3A mediated metabolite 1-OH midazolam for
which a semi-PBPK model (Figure 1b, Figure 2b) was needed. Using this model, it was
found that midazolam intrinsic hepatic clearance (CL;..) was 1.5 times higher in patients
after weight loss surgery, independent of the Qy scenarios used. In addition, intrinsic
midazolam gut wall clearance (CL;,,c) showed a trend towards lower values in patients
after surgery (p>0.05).
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Intrinsic hepatic midazolam clearance (CL;..4) represents the capacity of the liver to
metabolize midazolam into 1-OH-midazolam and therefore represents hepatic CYP3A
activity. The estimated CL;, 4 for weight loss patients (25.6, 25.7 and 18.9 L/min for sce-
nario 1,2 and 3, respectively) was in close agreement with the value reported for healthy
volunteers using a very similar semi-PBPK model (27.3 (24.3-30.7) L/min) . However,
for morbidly obese patients, CL;,.4 was lower (16.9, 17.1 and 12.6 L/min for scenario 1, 2
and 3, respectively), indicating that hepatic CYP3A activity is reduced in morbidly obese
patients in comparison to healthy volunteers but normalizes one year after weight loss
surgery. While this recovery of CYP3A activity in the liver upon weight loss surgery has
not been reported before, the reduced hepatic CL;,.due to morbid obesity is supported
by in vitro studies showing that human livers samples with steatosis show reduced
CYP3A activity in comparison to liver samples without steatosis > *. Comparing the
observed 1.5 times increase in CL;,4 after a weight loss surgery with reported values
for midazolam plasma clearance from earlier reports on weight loss surgery patients, it
appears that this value closely resembles the previously reported 1.7 times increase in
midazolam plasma clearance (CL,jasma) &9 However, when calculating midazolam plasma
clearance on the basis of midazolam CL;,. using equation 7, we only find 1.28 increase
(scenario 1 and Figure 4). Also, when increasing hepatic CYP3A abundance by 1.5 times
in the morbidly obese population of the SimCYP simulator, midazolam plasma clearance
only increased 1.22 times. This implies that the increase in midazolam plasma clearance
after a weight loss surgery cannot be solely attributed to a normalization or recovery of
hepatic CYP3A activity. Therefore, it may be suggested that another non-CYP3A related
process may be involved. This other process may be hepatic blood flow (Q.) or perfu-
sion *. In the case of patients after weight loss surgery, potentially an improvement in
hepatic microcirculation function (i.e. liver perfusion) due to a reduction in fatty liver,
may result in @ more pronounced increase in midazolam systemic plasma clearance
value of 1.7 ***, For morbidly obese patients, the reduced hepatic CYP3A activity (1.5
reduced CL;,.4) may be compensated by an increase in hepatic blood flow in comparison
to healthy volunteers resulting in similar plasma midazolam systemic plasma clearance
value compared to healthy volunteers 7*, As such, both changes in CYP3A and liver
blood flow and/or perfusion contribute to the overall effects observed in midazolam
plasma clearance in morbidly obese and weight loss patients compared to healthy
volunteers.

It seems that information on the hepatic blood flow and perfusion in patients after
weight loss surgery is crucial to understand the results and to support the above
described hypothesis that hepatic blood flow or perfusion improves after weight loss
surgery. Also, for morbidly obese patients information on hepatic blood flow and perfu-
sion is scarce. For this reason, we considered in our analysis different hepatic blood flow
scenarios (Table 1, Figure 4), while a choice for any of these or other hepatic blood flow
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scenarios cannot be justified. Scenario 1, in which the hepatic blood flow equation by
Brown et al. was used, seems to lead to rather large values for morbidly obese patients
(Quq = 3.7 L/min at 144 kg) *. At first sight, scenario 2 seems more plausible for morbidly
obese patients, as hepatic blood flow values are derived from the cardiac output func-
tion by Young et al. in which data of morbidly obese patients were included as well %,
however the Qy values for weight loss patients may be considered too low (Qy = 1.3 L/
min at 98 kg), while in healthy volunteers Qy is generally considered to be 1.6 L/min .
Scenario 3, assuming a similar blood flow across all body weights, may not be so un-
realistic considering the fact that the calculated plasma clearance values are in good
agreement with actual results found in our earlier study (Figure 4) ®°. Future research
should elucidate how hepatic blood flow is affected by morbid obesity and weight loss
surgery to be able to further improve predictions on how CYP3A mediated hepatic drug
clearance is affected.

Midazolam intrinsic gut wall clearance, CLi,c was low in both patient groups in
comparison to results from healthy volunteers that were obtained using a similar semi-
PBPK model (i.e. 0.0199 (35%) versus 0.45 (0.98-0.52) L/min, respectively) °. As a result,
the derived values for F; were near 1 for both patient groups (Figure 4). In addition, a
trend for a lower CL;,.cfor weight loss patients could be observed (Figure 3). This result
may be attributed to the 75-150 cm bypass of relatively CYP3A rich initial part of the
intestines, which is similar to the mechanism that may explain the increase in F; for
controlled release formulation for highly permeable CYP3A substrates ¥’. However, the
trend of lower CL;, for weight loss patients was not statistically significant. This may
in part be due to the high inter individual variability in CL;,,c observed for both groups.
For morbidly obese patients, the relatively low CL;,.cestimate is in line with the increase
in midazolam oral bioavailability (Fi) in comparison to healthy volunteers reported
earlier (0.60 (13%) versus 0.28 (7%), p<0.01) V.

To further investigate the consequences of 1.5 times increased hepatic CYP3A intrinsic
clearance for other drugs, the SimCYP simulator was used in which the 1.5 increase in
hepatic CYP3A abundance in the morbidly obese population was mimicked. For the
CYP3A substrates cyclosporine, alprazolam and triazolam plasma clearance was 1.30-
1.41 times increased as opposed to 1.22 for midazolam. This difference in impact on
plasma clearance between the drugs may be explained by the difference in extraction
ratio of the substrates. Midazolam is considered an intermediate extraction ratio drug
(Ey= ~0.4 2% while cyclosporine, alprazolam and triazolam are low extraction ratio
drugs (Ey= 0.05-0.25 **3% %) From these simulations, it can be concluded that the sys-
temic plasma clearance of low extraction ratio CYP3A substrates is increased by at least
1.3 times after weight loss surgery, while, due to the lack of knowledge on how hepatic
blood flow is affected by weight loss surgery, no definite conclusions can be drawn for
CYP3A substrates with median and higher extraction ratios. Finally, these exploratory
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extrapolations should be interpreted with caution, as it has been shown that the in vivo
clearance of in CYP3A probes may correlate poorly *'.

We conclude that a semi-PBPK model taking into account both gut wall and liver
processes, adequately describes midazolam and CYP3A mediated 1-OH-midazolam con-
centrations after both oral and intravenous administration in morbidly obese patients
before and after a weight loss surgery. Using this model it was revealed that in patients
one year after weight loss surgery CYP3A hepatic intrinsic metabolizing capacity is
recovered in comparison to morbidly obese patients before weight loss surgery, while
CYP3A mediated gut wall intrinsic clearance seems to be lower.
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Supplementary information 1

Table 1 Calculated values for Fs and Fy using literature values for intravenous midazolam clearance (CL;,)

and oral bioavailability (o)

CL;,
(L/min) Frotal Fu Fs
Population (from ref.) (from ref.) (calculated) (calculated)
Morbidly obese patients (n=20, 144 kg) !
Qus= 2.6 L/min (scenario 17 0.385 0.56 0.78 0.72
Qus= 1.9 L/min (scenario 2 °) 0.385 0.56 0.69 0.81
Que= 1.75 L/min (scenario 3) 0.385 0.56 0.67 0.84
Mean 0.385 0.56 0.71 £0.06 0.79 £ 0.06
Bariatric patients (n=18, 98 kg) '
Qu5= 2.0 L/min (scenario 1?) 0.647 0.56 0.50 1.13
Qus= 1.3 L/min (scenario 2 3) 0.647 0.56 0.25 2.26
Qup= 1.75 L/min (scenario 3) 0.647 0.56 0.44 1.27
Mean 0.647 0.56 0.39+0.13 1.55+0.61
Healthy volunteer studies (n=38) *>°
Qp = 1.6-1.9 L/min from references 0.49 £ 0.04 0.31+£0.03 0.60 + 0.06 0.52+0.1
Qup= 1.6 L/min (scenario 1 ?) 0.49 +0.04 0.31+0.03 0.53 0.58
Q= 1.2 L/min (scenario 2 %) 0.49 + 0.04 0.31+£0.03 0.37 0.83
Qup=1.75 L/min (scenario 3) 0.49 + 0.04 0.31+£0.03 0.57 0.54
Mean 0.49 +0.04 0.31+£0.03 0.52+£0.10 0.62+0.14

Calculated F; and Fy, values based on literature clearance and oral bioavailability values

Total oral bioavailability of a drug, F..,, was defined as

FrotaI=Fa'FG'FH

in which, F,is the fraction of drug absorbed into the gut wall and assumed to be equal
to 1 for midazolam, Fgis the fraction of drug or metabolite escaping gut wall metabo-
lism and Fyis the fraction of drug or metabolite escaping hepatic metabolism. Using
the ‘well-stirred’ liver model the value for midazolam Fy can derived from intravenous
plasma clearance (CL,)’, assuming negligible extrahepatic clearance:

CLiv

Fr=1—- ——MM ——
Qup x (Cg/ Cp)

in which Quis the hepatic blood flow and Cz/Cp is the midazolam blood-to-plasma ratio
(0.66)". The value for Q.5 were be determined using different models for cardiac output

71202



and/or hepatic blood flow **®, For morbidly obese patients and bariatric patients the
hepatic blood flow was calculated based on the median body weights, 144 kg and 98 kg.
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SUPPLEMENTARY INFORMATION 2

A QUASI-STEADY STATE SIMPLIFICATION OF A SEMI-PHYSIOLOGICAL
ABSORPTION MODEL

The original model

A semi-physiological absorption model for the midazolam pharmacokinetics was origi-
nally described by Frechen et al. ' with the following differential equations for gut wall,
portal vein, liver, central, shallow peripheral and the deep peripheral compartments,
respectively.

dAGw,mdz ~i(t) - Quiiife,mazAcw,mdz  QuinnifemazAcw,mdz
dt Vow Vew
dApv,mdz  QuiniFG,mdzAcw,mdz . QpvAc,mdz  QpvApy,mdz
dt h VGW Vc,mdz VPV
dAH,mdz _QPVAPV,mdz + QHAAc,rndz_
dt Ve Ve mdz
QHEH,mdzAH,mdz _ QHFH,mdzAH,mdz
Vi Vi
dAc,mdz _FH,mszHAH,mdz _ (QHA + QPV + O1,mdz + Qz,mdz)Ac,mdz +
dt Vi Vemdz

Q1,mdzAp1,mdz Qz,mdzApz,mdz

Vp1,mdz sz,mdz
dAp1,mdz _Q1,mdzAc,mdz O1,mdzAp1,mdz

dt Ve, mdz Vp1,mdz
dApz,mdz _Qz,mdzAc,mdz Qz,mdzApz,mdz

dt h Vc,mdz sz,mdz

Where A, denote amounts in compartments x, V denote compartment volumes (physi-
ological or empirical), Q denote blood flows or empirical inter-compartmental clear-
ances and I(t) is the time-dependent input function into the gut wall compartment.
The hepatic bioavailability was described with the well-stirred model of hepatic blood
clearance:
Qy

QH + CLinr,H,mdzfuB,mdz

FH,mdz =

Where CLin 1 ma. is the intrinsinc hepatic clearance and fug 4, is the midazolam unbound
fraction in blood.

The intestinal bioavailability was described with the “Qgut” model, which inherits its
structure from the well-stirred model of hepatic blood clearance’:
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QGUT

FG,mdz =
Qcur + Clint,6,md-fUG,mdz

Where CL;,6md. is the intrinsinc intestinal clearance and fug 4, is the midazolam unbound
fraction in gut. The Qg7 is a hybrid parameter of enterocytic villous blood flow and drug
permeability CLperm:

QviIIiCLperm

QGUT = S
ovi/Ii + CLperm

Furthermore, the metabolite pharmacokinetics was modeled with the following equa-
tions for the gut wall, portal vein, liver, central and peripheral metabolite compartments.

dAGW,met _ QviIliEG,mdzAGW,mdz QviIIiEG,merAGW,mer

dt Vew Vow
QviIIiFG,merAGW,mer

Vow
dApvmet _ QuiltiFG,metAw,met  QevAcmet  QpvApy,met
dt Vew Ve met Vey
dAH,met =OHEH,mdzAH,mdz + OPVAPV,mer + OHAAc,met_
dt VH VPV Vc,mer
QHEH,merAH,met _ OHFH,merAH,met
Wy Vi
dAc met _FH,merQHAH,mer _ Qua + QPV + Q et + Q1 metAp,met
dt Vy Vemet Vp1,met
dAprmet _QumetAcmet B Q1 metApr,met
dt  Vemer Voo met

The original authors ? reported that the choice of physiological compartment volumes
(gut wall, portal vein and liver) had minimal influence on the parameter estimates and
the objective function value of the model. Therefore, the volumes were fixed to one liter
in the original analysis.

The organ volumes mainly represent an additional delay in the orally administered
drug reaching the central compartments of the midazolam and 1-OH-metabolite. This
can be readily seen from their respective equations. The organ volumes do not affect the
bioavailability fractions, which already make use of the quasi-steadystate approxima-
tion by the use of the well-stirred models.

Therefore, the finding of the original authors that the volume of the physiological
compartments has little effect on parameter estimates and the objective function, is an
indication that the physiological compartments were only adding negligible delay for
the drug to reach the central midazolam and 1-OH-midazolam compartments. Further,
all of these physiological compartments are well-perfused, which further encourages
the conclusion that the delay provided by them is negligible.
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Therefore, as no observations are available from these physiological compartments,
their main function is to explain which fraction of the dose ends up in the midazolam
compartment, and which fraction ends up as a metabolite because of first-pass metabo-
lism.

Model reduction by quasi-steady state approximation

Quasi-steady state approximation (QSSA) is a technique commonly used in systems biol-
ogy>. It involves assuming that one of the compartments or states in the system exists
in an equilibrium with regard to other compartments or states of the system; in other
words, we set dA,/dt=0.Then, the amounts in compartment x can be calculated analyti-
cally, and this compartment can be omitted from the system of differential equations.

The first reduction was to assume quasi-steadystate in the gut wall, for both mid-
azolam and the metabolite. For the parent, this leads to

dAcw () - QuinifemazAcw,mdz  QuinnifemazAcw,mdz o
dt Vew Vew
I(t)
AGW,mdz

Quini/Vow
And for the metabolite in the gut wall

dAGW,mer _ ovilIiEG,mdzAGW,mdz Qvi/IiEG,rnetAGW,rnet

QviIIiFG,metAGW,met -

Vew
AGW,met =AGW,mdzEGW,mdz

Then, using these approximations for the gut wall drug amounts, we can calculate the
amounts in the portal vein for the parent

dApv,mdz _ QuitiiFomazAcw,mdz  QevAcmdz _ QevApv,mdz
dt Vew Ve, mdz Vey
Q Q
V:\:v“ FG,mdzAGW,mdz + V. :;ZAc,mdz
Qpv/Vey

And for the metabolite in the portal vein

Apv,mdz =

dApv,met  QuitiFG,metAcw,met . QpvAcmet  QpvApy,met

dt VGW Vc,mer VPV

Quin Qpy
Vw ’FG,merAGW,mer + V. Ac,mer
Gw c.met

Qpv/Vey
With these solutions for portal vein compartment, we can calculate the quasi-steadystate

APV,met =

amounts in the liver for the parent:
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dAH,mdz _QPVAPV,mdz + QHAAc,mdz_

dt Vey Vc,mdz
QnEnmdzAnmdz  QuFHmdzAnmdz
Vy Vy -

Qha Qpv
Vo Acmdz + 5 Apy,mdz

Qu/Vy

AH,mdz =

And for the metabolite in the liver compartment:

dApmet  QuEn,mazAHmdz . QpvApv,met N QuaAc,met

dt VH VPV Vc,met
QHEH,metAH,mer QHFH,metAH,met -
Vi - Wy N
Qua

QPV QH
Ac,mer + WAPV,met + V_HEH,mdzAH,mdz

Qu /Wy

Vemet

AH,met =

Finally, we can use these definitions to rewrite the original model in reduced form for
the parent:

dAcmdaz  FuQuAnmdz  (Qua+ Qpv + Qymd + Qz,mdz)Ac,mdz+

dt VH Vc,mdz
Q1,mdzAp1,mdz Qz,mdzApz,mdz

Vp1,mdz sz,mdz
dAp1,mdz _Q1,mdzAc,mdz Q1,deAp1,fYIdZ

dt N Vc,mdz Vp1,mdz

dApz,mdz _Qz,mdzAc,mdz Qz,mdzApz,mdz
dt Vc,mdz sz,mdz

And for the metabolite:

dAc,mer _FHQHAH,mer (QHA + QPV + Q1,met)Ac,mer +

dt Vy Vc,mer
Q1,merAp1,met

Vp1,mer

dAp1,mer O1,merAc,met Q1,merAp1,met

dt - Vc,mer Vp1,met

Model reduction into a compartmental model

It is possible to further reduce the model defined with the quasi-steady state approxi-
mations. First, using the defined approximations we can simplify that the midazolam
concentration in the liver is
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A Qpv
Ac,mdz + WAPV,mdz

A Vemdz
H,mdz =
Qu/Vy
Q
Qua A + Q ’(Y)Fc,mdz'*ﬁAc,mdz
Vomdz | ©Mdz ™y, Qpy/Vev
Qu/Wy
_I(t)FG,de + QHAc,mdz/Vc,mdz
Qu/Wy
And the metabolite concentration in the liver is
Q Q Q
V. ::tAc,met + WP:APV,met + V_:AH,mdzEH,mdz
AH,m =
Qu/Vy
Q
QHA A + % I(t)EG,mszG,met"'ﬁAc,met
Vemer  CMet T yp, Qpv/Vpy
= +
Qu/Vi
Qu (I(t)Fg+QHAC/VC)E
Vi Qu /Wy H,mdz
Qu/Vy
_I(t)EG,mszG,met + l(t)FG,mdzEH,mdz
Qu /Wy
Ac,metVH + Ac,mdzEH,mszH
Vc,m Ve

Substituting the quasi-steady state approximations, we get the following expressions
for the parent and metabolite central compartment differential equations:

dA FuQu (/(f)FG,mdz+QHAc,mdz/Vc,mdz)
c,mdz Qu/Vu
dc Va
(QHA + QPV + O1,mdz + Qz,mdz)Ac,mdz n
Vc,mdz
Q1,mdzAp1,mdz Qz,mdzApz,rndz
Vp1,mdz sz,mdz
dAc,met _FH,metQHAH,met _ QHA + QPV + Q1,mer Q1,metAp1,met
dt - Vi Vc,mer Vp1,met
Keeping in mind that
Fri md2Qn (I(t)FG,mdz+§HAc,mdz/Vc,mdz )
' Vi _ QuAc mdz
VH Vc,mdz

FH,mszHAc,mdz OHAc,mdz

=FG,mdzFr,mazl(t) +
G,mdzl"H,mdz (t) Vemdz Ve mdz

CLB,mdzAc,mdz

=FG,mszH,mdzl(t) - v P
c,mdz
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And
I(t)EG,mdzFG,met+I(t)FG,mdzEH,mdz
FH,metQH (

Qu /Wi +
Vi

Ac,rnetVH Ac,mdzEH,mszH

FH'metQH( V(,mer + Vc,mdz ) QHAc,met
VH Vc,met
l(t)EG,mszG,met + I(t)FG,mdzEH,mdz
ZFH,metQH Q +
H

Ac,met Ac,mdzEH,mdz QHAc,met

FH,metQH Y; Y; - Vv
c,met c,mdz c,met

=I(t)EG,mszG,merFH,met + I(t)FG,mdzEH,mszH,met"'
Ac,metFH,merQH _ QHAc,met Ac,mdzEH,mszH,metQH

Vc,mer Vc,mer Vc,mdz
:(EG,mszG,met + FG,mdzEH,mdz)l(t)FH,met
CLB,metAc,met Ac,mdzCLB,mszH,mer

Vc,met Vc,mdz

It is possible to rewrite the original model without most of the blood flows; the only
blood flows necessary are either Qgyr or Qy, in order to differentiate between the hepatic
and intestinal first-pass metabolism. Further, as the volumes (V) of the gut wall, portal
vein and liver cancel themselves out, fixing them to arbitrary values will have no effect
on model prediction after quasi-steady state approximations.

dAc,mdz (CLB,mdz + Q1,mdz + Qz,mdz)Ac,mdz
—— =F6,mdzFr,ma!(t) = v +
dt c,mdz
Q1,mdzAp1,mdz Oz,mdzApz,mdz
Vp1,mdz sz,mdz
dAp1,mdz _Q1,mdzAc,mdz Q1,mdzAp1,mdz
dt Vc,mdz Vp1,mdz
dApz,mdz _Qz,mdzAc,mdz Qz,mdzApz,mdz
dt Ve.mdz sz,mdz
dAc,mer

dt =(EG,mszG,mer + FG,mdzEH,mdz)l(t)FH,met_

CLB,metAc,mer Ac,mdzCLB,mszH,met_

Vc,met Vc,mdz
Q1,merAc,mer Q1,metAp1,met

Vc,mer Vp1,met

dAp1,mer Q1,merAc,mer Q‘I,mefAPLmef

dt Vc,mer Vp1,met
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Comparison by simulation

A simulation was conducted based on parameter estimates of an intermediate model,
to verify that the quasi-steady state approximation does not cause significant bias in the
results. For the purposes of the simulation, the parameters outlined in Table 2 were used.
The simulation results showed that the quasi-steady state approximation produces only
a minimal discrepancy to the predicted midazolam and 1-OH-midazolam concentra-
tions (Figure 1).

Table 2 Physiological and model-related parameters used in the simulation

PK Parameter Value

I(t) 0.15 . g~002mint mg/min
Intrinsic gut wall clearance 0.02 L/min
Intrinsic gut wall clearance (1-OH) 0.0 L/min
Distribution volume (central) 40 L

Intrinsic hepatic clearance 25 L/min
Distribution volume (shallow peripheral) 100 L
Inter-compartmental clearance (shallow) 0.9 L/min
Distribution volume (deep peripheral) 50L
Inter-compartmental clearance (deep) 0.2 L/min
Distribution volume (central, 1-OH) 65L

Intrinsic hepatic clearance (1-OH) 3 L/min
Distribution volume (peripheral, 1-OH) 40L
Inter-compartmental clearance (1-OH) 0.3 L/min
Physiological constant Value

ClLperm 0.1766 L/min
fugmaz 0.033

fug maz 1

fUg mer 1

fUg met 1
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Figure 1 A comparison of simulated concentrations from the original model (solid lines) and the reduced
model (dashed lines). Black lines indicate midazolam concentrations and grey lines indicate 1-OH-midazol-
am concentrations.
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SUPPLEMENTARY INFORMATION 3

NONMEM MODEL CODE

$PROBLEM MDZ+1-OH in Morbidly Obese and Bariatric pts
SINPUT ID TIME AMT RATE DROP DV PLAS CMT MDV BQL TAD TADI OBES TBW LOSS LBW
IBW BMI WHR AGE SEX LOQ IV OCC
$SDATA data.csv IGNORE=@
$SUBROUTINES ADVAN6 TOL=6
$MODEL
COMP=(PODOSE,DEFDOSE) ;1
COMP=(CENTRAL) ;2 Midazolam blood conc.
COMP=(PERIP) ;3
COMP=(PER2) ;4
COMP=(10OHCENT) ;5 1-OH blood conc.
COMP=(PER10H) ;6
COMP=(TRANSIT1) ;7
COMP=(TRANSIT2) ;8
COMP=(TRANSIT3) ;9
(TRANSIT4)
COMP=(TRANSIT5) ;

;10
11
$PK

; parent (MDZ)

IF(OCC.EQ.1) TVV5=THETA(1)*(1+THETA(21)*(TBW-127))
IF(OCC.EQ.2) TVV5=THETA(1)
V5=TVV5*EXP(ETA(1))

IF(OBES.EQ.1) TVQ=THETA(2)
IF(OBES.EQ.2) TVQ=THETA(2)*THETA(24)
Q=TVQ*EXP(ETA(2)) ; clearance blood to periph comp (L/min)

IF(OBES.EQ.1) TVV6=THETA(3)*(TBW/127)**THETA(20)
IF(OBES.EQ.2) TVV6=THETA(3)
V6=TVV6*EXP(ETA(3)) ; volume periph. comp (L)

IF(OBES.EQ.1) TVKA=THETA(4)
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IF(OBES.EQ.2) TVKA=THETA(22)
KA=TVKA*EXP(ETA(11)) ; min-1

KTR=KA
F1=THETA(5)*EXP(ETA(4)) ; FA (fraction absorbed)
ALAG1=THETA(6)*EXP(ETA(5)) ; lag time (min)

V12=THETA(17)*V6

Q12=THETA(18)

VPV=1; portal vein compartment fixed to 1 L.

IF(OBES.EQ.1) TCH=THETA(7)

IF(OBES.EQ.2) TCH=THETA(23)

CLH=TCH*EXP(ETA(6)) ; intrinsic hepatic clearance (unbound)
FUB=THETA(8) ; fraction unbound in blood

QH=3.75*TBW**0.75/60 ; in L/min (according to Brown et al. 1997)

QPV= 0.75*QH ; portal vein blood flow (75% from blood flow of liver) from Williams et
al. 1989

QHA= 0.25*QH ; hepatic artery blood flow (25% from liver blood flow) Williams et al.
1989

VH=1;fixedto 1L.

CLG=THETA(9)*EXP(ETA(7)) ; intrinsic intestinal clearance (unbound)

FUG=1; fixed to 1, acc to Yang et al. 2007

QIN= 0.4*QH ; intestial blood flow, acc to Williams et al. 1989
QMU= 0.8*QIN ; mucosa blood flow, according to Yang et al. 2007
QVI= 0.6*QMU ; villous blood flow, acc to Yang et al. 2007
VGW=1; Volume of Gut wall fixed to 1 L.

; 1-OH-MDZ parameters

VMET=THETA(10)*EXP(ETA(8)) ; volume of central 1-OH cmt
CLHM=THETA(11)*EXP(ETA(9)) ; intrinsic hepatic clearance of 1-OH
FUBM=THETA(12) ; fraction unbound in blood of 1-OH
CLGM=THETA(13)*EXP(ETA(10)) ; intrinsic gut clearance of 1-OH
FUGM=THETA(14) ; fraction unbound in gut of 1-OH
VPER=THETA(15)

QPER=THETA(16)

BP=0.66 ; blood:plasma ratio
CLPL= (QH*FUB*CLH)/(QH+(FUB*CLH/BP)) ; calculated plasma clearance
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; hepatic extraction parent

EH= (CLH*FUB)/(QH+(CLH*FUB))

FH=1-EH

; gutwall extraction, QG="Qgut” parent

CLP=THETA(19) ; permeability 10.6 L/h = 0.1766 L/min (Yang et al. 2007)
QGUT=(QVI*CLP)/(QVI+CLP)

EG= (CLG*FUG)/(QGUT+(CLG*FUG))

FG=1-EG

; hepatic extraction 1-OH-MDZ

EHM= (CLHM*FUBM)/(QH+(CLHM*FUBM))

FHM= 1-EHM

; gutwall extraction, QG="Qgut"” and equals Qvilli (QVI) in this case
EGM= (CLGM*FUGM)/(QVI+(CLGM*FUGM))

FGM= 1-EGM

S2=V5
S5=VMET

K17=KA

K78=KTR

K89=KTR
K910=KTR
K1011=KTR
K112=KTR
K56=Q/V5
K65=Q/V6
K512=Q12/V5
K125=Q12/V12
K1011=QPER/VMET
K1110=QPER/VPER
FA=F1

$DES

AGUTW=KTR*A(11)/(QVI/VGW)
APV=((QVI/VGW)*AGUTW*FG+QPV/V5*A(2))/(QPV/VPV)
AH=(QHA/V5*A(2)+QPV/VPV*APV)/(QH/VH)

AGUTWM=(1-FG)*AGUTW
APVM=((QVI/VGW)*AGUTWM*FGM+QPV/VMET*A(5))/(QPV/VPV)
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AHM=(QHA/VMET*A(5)+QPV/VPV*APVM+QH/VH*AH*EH)/(QH/VH)

DADT(1)=-K17*A(1)
DADT(2)=FH*(QH/VH)*AH-(QHA/V5)*A(2)-(QPV/V5)*A(2)-K56*A(2)+K65*A(3)-K512*A(2)
+K125%A(4) ; central

DADT(3)=K56*A(2) -K65*A(3) ; 1st periperal cmt

DADT(4)=K512*A(2) -K125*A(4) ; 2nd periph

DADT(5)=FHM*(QH/VH)*AHM  -(QPV/VMET)*A(5)- (QHA/VMET)*A(5) -K1011*A(5)
+K1110*A(6) ; centralM

DADT(6)=K1011*A(5) -K1110*A(6) ; peri 1-OH cmt

DADT(7)= K17*A(1) -KTR*A(7)

(
(
DADT(8)= KTR*A(7) -KTR*A(8)
(
(
(

DADT(9)= KTR*A(8) -KTR*A(9)
DADT(10)= KTR*A(9) -KTR*A(10)
DADT(11)= KTR*A(10) -KTR*A(11)
$ERROR

COM1=0

IF (OBES.EQ.1) COM1=1

COM2=0

IF (OBES.EQ.2) COM2=1
IPRED=F ; individual prediction

Y1=IPRED*(1+ERR(1)) ; Morbidly obese patients
Y2=IPRED*(1+ERR(2)) ; Bariatric surgery patients

Y=Y1*COM1+Y2*COM2

IRES=DV-IPRED ; individual residual
DEL=0

IF(IPRED.EQ.0)DEL=1
IWRES=(1-DEL)*IRES/(IPRED+DEL) ;

STHETA

; midazolam
(0,40);1,V5 (L)
(0,1.3);2,Q

(0, 100) ;3,V6 (L)
(0,0.1) ;4, KA MO
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1 FIX;5, FA (fraction absorbed fixed to 1)

0 FIX ;6, ALAG1

(0, 20);7, CLH MO

0.033 FIX ;8, Fraction unbound in blood (FUB)

(0,0.01);9, CLG intrinsic gut wall clearance

(0, 65) ;10, VMET Volume of metabolite 1-OH-MDZ

(0,3);11, CLHM intrinsic hepatic clearance of 1-OH

0.106 FIX ;12, FUBM Fraction unbound in blood 1-OH (Mandema et al.)
(0, 5) ;13, CLGM intrinsic gut clearance of 1-OH

1 FIX ;14, FUGM fraction unbound in gut of metabolite 1-OH
(0, 40) ;15, VPER

(0,0.3);16, QPER

(0,7);17,V12

(0,0.5);18,Q12

0.1766 FIX;19, CLperm

3.93 FIX ;20, TBW pow V6

0.0435 FIX ;21, TBW lin V5

(0,0.2) ;22, KABA

(0, 30) ;23, CLH BA

3.22 FIX ;24,fQ BA

SOMEGA ; perc. standrd dev. van interind.var(eta)
0.2;1,V5

0FIX;2,Q

0.5;3,Vé

OFIX ;4,F1

0 FIX; 5, ALAG1

0.05;6,CLH

0.9;7,CLG

0 FIX; 8, VMET Volume of metabolite 1-OH-MDZ
0 FIX; 9, CLHM

0 FIX; 10, CLGM

0.2;11,KA

$SIGMA ; residuele (error/epsilon)

0.07 ; MO

0.04; BA

SEST SIGDIG=2 MAXEVAL=9999 PRINT=5 NOABORT METHOD=1 INTERACTION POSTHOC
MSFO=RUNS5.nmv

$COV COMP

71216



7|217






