
Supplementary Information 2: Model development 

S-ketamine model

For the development of S-ketamine model, a sequential approach was used in which optimum 

number of compartments for describing the disposition kinetics of S-ketamine were established at 

first. A three compartmental mammillary model, with one central and two peripheral 

compartments with separate distributional clearances, was observed to best describe S-ketamine 

concentration time data (∆OFV = -598), better than a two compartmental model (∆OFV = -578) 

or one compartmental model. Three compartmental model also showed an adequate level of 

precision in the model predicted parameter estimates.  

The absorption profile of S-ketamine was adequately described by a standard first order absorption 

process. A transit compartmental model and a single Weibull absorption function were also tested 

for this purpose, but a linear first order rate constant described the rapid absorption profile of S-

ketamine with precision and plausible parameter estimates. Use of a single Weibull absorption 

function resulted in high %RSE levels in the model parameter estimates, especially the shape factor 

variable, and was therefore discarded. A fast absorption profile has been documented for S-

ketamine and the use of a first order process not only captured the quick absorption process but 

was also favorable for our model because it helped to avoid over-parametrization when the final 

DDI model was run with a complete dataset.  

The use of semi-mechanistic pharmacokinetic modeling approach with hypothetical gut wall, 

portal vein and liver compartments allowed more physiological basis to evaluate the metabolism 

of S-ketamine to norketamine at the enzyme sites in the gut wall and liver. Our model resembled 

physiological biotransformation by taking into account individual variability in the blood flow, 

which was allometrically scaled using individual body weights. The metabolic process at the liver 

was coded in a way that it harnessed both first pass as well as circulatory extraction.  

Plasma concentrations were converted to blood concentrations by multiplying plasma 

concentrations by the respective blood/plasma portioning ratio to allow physiological scaling using 

individual specific blood flow. We assumed these ratios to be constant across study participants. 

S-ketamine has a low plasma protein binding in humans (i.e. approximately 30%), and a recent



study has reported the blood: plasma partitioning ratio of 0.50 for S-ketamine in humans. 

Biological plausibility and previous evidence from the literature were the most important 

considerations, while making any changes in the model structure and only the changes that were 

relatable to human physiology, and were consistent with the literature were added to the models. 

At first, a liver compartment was added into the S-ketamine model assuming no effusion delays 

and active transports, using a well stirred clearance model which was specified as, 

𝐹𝐻,𝑆𝐾 =  1 − 𝐸𝐻,𝑆𝐾 =  1 −
𝑓𝑢,𝑆𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑆𝐾

𝑄𝐻  +   (𝑓𝑢,𝑆𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑆𝐾)
=   

𝑄𝐻

𝑄𝐻  +   (𝑓𝑢,𝑆𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑆𝐾)
 

where 𝐹𝐻,𝑆𝐾 is the hepatic availability of S-ketamine, 𝐸𝐻,𝑆𝐾 is portion of S-ketamine that is 

metabolized in the liver (i.e. extraction), 𝑓𝑢,𝑆𝐾 is the fraction of S-ketamine unbound in the liver, 

and 𝐶𝐿𝐼𝑁𝑇,𝐻,𝑆𝐾 is the intrinsic hepatic clearance, 𝑄𝐻 is the blood flow parameter specifying the 

physiological blood flow of liver in the human body that was calculated specifically for each 

individual using allometric scaling of body weight (i.e. 𝑄𝐻 = 3.75 ∙ 𝑊𝑇𝐾𝐺0.75). An inter-

individual variability parameter was included for intrinsic hepatic clearance in our model. 

Metabolic enzymes are present at the villous tips in the intestine1,2. Therefore the gut wall 

extraction represents an example of true first pass metabolism in humans, by contributing to the 

overall drug elimination in the human body during the absorption phase only. In contrast, the portal 

vein compartment served essentially as a transit compartment for the S-ketamine model between 

gut wall and liver compartments, and was also connected to the central compartment in the 

mammillary three compartmental system to receive drug input via physiological portal blood flow.  

It has been documented in the literature that CYP3A enzymes are also involved in the metabolism 

of S-ketamine in vivo3. Previous results show that the amount of CYP2B6 in the gut wall 

compartment is negligible as compared to liver4, hence the intrinsic clearance at the gut wall is 

completely relatable to CYP3A4 contribution to drug metabolism. We implemented a well-stirred 

model also at the gut wall site to describe intestinal first pass metabolism to account for CYP3A 

dependent metabolism. The gut wall clearance was coded into the model as,   

𝐹𝐺𝑊,𝑆𝐾  =  1 − 𝐸𝐺𝑊,𝑆𝐾 =  1 −
𝑓𝑢,𝐺𝑊,𝑆𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑆𝐾

𝑄𝐺𝑈𝑇  +   (𝑓𝑢,𝐺𝑊,𝑆𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑆𝐾)
=  

𝑄𝐺𝑈𝑇

𝑄𝐺𝑈𝑇  +   (𝑓𝑢,𝐺𝑊,𝑆𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑆𝐾)
    



 

where 𝐹𝐺𝑊,𝑆𝐾 is the availability of S-ketamine in the gut wall, 𝐸𝐺𝑊,𝑆𝐾 is the portion of S-ketamine 

that is metabolized in the gut wall, 𝑓𝑢,𝐺𝑊,𝑆𝐾 is the fraction unbound in the gut wall (fixed to 1), and 

𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑆𝐾 is the intrinsic gut wall clearance of S-ketamine, 𝑄𝐺𝑈𝑇 is the blood flow parameter 

specifying the physiological blood flow of gut wall in the human body. 

In conjunction, the 𝑄𝐺𝑈𝑇-model5 was implemented into the gut wall well stirred clearance model. 

It follows the well-stirred clearance model and uses a hybrid parameter of the villous blood flow 

and permeability clearance of the drug to calculate a physiological blood flow towards gut wall in 

humans. The use of a 𝑄𝐺𝑈𝑇-model for S-ketamine was necessitated by the fact that the permeability 

clearance of S-ketamine is low as compared to the value of villous blood flow (𝑄𝑉𝐼 ≫  𝐶𝐿𝑃). 

Therefore the value of 𝑄𝐺𝑈𝑇 for S-ketamine approaches the value of permeability clearance.  

The value for the permeability clearance of S-ketamine across human gut mucosa could not be 

found in previously published literature, a recent study has documented the value of apparent 

permeability (𝑃𝑎𝑝𝑝) of S-ketamine using the Parallel artificial membrane permeability (PAMPA) 

assay6. A value of 1.49 ± 0.04 (× 10−6 𝑐𝑚/𝑠) at a pH of 6.5 has been reported and was used to 

calculate the value of permeability clearance (𝐶𝐿𝑝) of S-ketamine through the gut wall mucosa 

using the previously published equation for the effective intestinal permeability in man 

(𝑃𝑒𝑓𝑓,𝑚𝑎𝑛)5,  

𝑙𝑜𝑔𝑃𝑒𝑓𝑓,𝑚𝑎𝑛 = 0.45 ×  𝑙𝑜𝑔𝑃𝑃𝐴𝑀𝑃𝐴,𝑝𝐻 6.5 + 0.16 

𝑃𝑒𝑓𝑓,𝑚𝑎𝑛 = 1.74 × 10−4 𝑐𝑚/𝑠 

Then, 

𝐶𝐿𝑝 =  𝑃𝑒𝑓𝑓,𝑚𝑎𝑛 × 𝐴 

where  

𝐶𝐿𝑝 is the permeability clearance across gut wall mucosa and 𝐴 is the surface area of the small 

intestine in humans, numerically calculated in the literature5 to be 0.66 m2.  

Hence, 



𝐶𝐿𝑝 = (1.74 × 10−4) ∗ 6600 = 1.15 𝑐𝑚3/𝑠 = 4.1 𝐿/ℎ𝑟

A value of 4.1 L/hr was used for the permeability clearance of S-ketamine in humans, using the 

𝑄𝐺𝑈𝑇 model as follows,  

𝑄𝐺𝑈𝑇 = 𝑄𝑉𝐼 ×
𝐶𝐿𝑃

𝑄𝑉𝐼
+ 𝐶𝐿𝑃

where 𝑄𝑉𝐼 is the physiological villous blood flow was defined as: 

𝑄𝑉𝐼 = 𝑄𝐻 + 𝑄𝐼𝑁𝑇 + 𝑄𝑀𝑈  = (3.75 × 65.30.75) ×  0.4 × 0.8 × 0.6 = 16.5 𝐿/ℎ𝑟

𝑄𝐺𝑈𝑇 = 𝟑. 𝟐𝟒 ≅  𝐶𝐿𝑃 

As it was implied via the calculations that the value of 𝑄𝐺𝑈𝑇 for S-ketamine approaches the value 

of 𝐶𝐿𝑃 in humans, therefore a 𝑄𝐺𝑈𝑇 model was implemented in the gut wall well stirred clearance 

model. In addition, an assumption was made in the modeling process that S-ketamine is 

metabolized in the human body via only one metabolic pathway, i.e. CYP2B6 mediated N-

oxidation to norketamine. This assumption allowed us to use the eliminated amount of S-ketamine 

as input to the metabolite model without the need of assigning a fractional parameter, which also 

helped in developing DDI model later on. 

The simplified quasi steady state approximation7 approach introduced by Brill et al. 20168 was 

used in the specification of differential equations for model specifications. The derivation of these 

model equations can be obtained from the supplementary materials of the original article. The 

model equations for S-ketamine are as follows,  

𝑑𝐴𝑑𝑒𝑝𝑜𝑡

𝑑𝑡
= −

𝐾𝑎,𝑆𝐾 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡

𝑄𝑉𝐼

𝑉𝐺𝑊

𝐴𝐺𝑊,𝑆𝐾 =
𝐾𝑎,𝑆𝐾 ∙  𝐴𝑑𝑒𝑝𝑜𝑡

𝑄𝑉𝐼

𝑉𝐺𝑊

𝐴𝑃𝑉,𝑆𝐾 =  

𝑄𝑉𝐼

𝑉𝐺𝑊
∙ 𝐹𝐺𝑊,𝑆𝐾 ∙ 𝐴𝐺𝑊,𝑆𝐾 +

𝑄𝑃𝑉

𝑉𝐶,𝑆𝐾
∙ 𝐴𝐶,𝑆𝐾

𝑄𝑃𝑉/𝑉𝑃𝑉



𝐴𝐻,𝑆𝐾 =  

𝑄𝐻𝐴

𝑉𝐶,𝑆𝐾
∙ 𝐴𝐶,𝑆𝐾 +

𝑄𝑃𝑉

𝑉𝑃𝑉
∙ 𝐴𝑃𝑉,𝑆𝐾

𝑄𝐻/𝑉𝐻

𝑑𝐴𝐶,𝑆𝐾

𝑑𝑡
=

𝐹𝐻,𝑆𝐾 ∙ 𝑄𝐻 ∙ 𝐴𝐻,𝑆𝐾

𝑉𝐻

−
(𝑄𝐻𝐴 + 𝑄𝑃𝑉 + 𝑄1,𝑆𝐾 + 𝑄2,𝑆𝐾) ∙ 𝐴𝐶,𝑆𝐾

𝑉𝐶,𝑆𝐾

+
𝑄1,𝑆𝐾 ∙ 𝐴𝑃1,𝑆𝐾

𝑉𝑃1,𝑆𝐾

+
𝑄2,𝑆𝐾 ∙ 𝐴𝑃2,𝑆𝐾

𝑉𝑃2,𝑆𝐾

𝑑𝐴𝑃1,𝑆𝐾

𝑑𝑡
=

𝑄1,𝑆𝐾 ∙ 𝐴𝐶,𝑆𝐾

𝑉𝐶,𝑆𝐾

−
𝑄1,𝑆𝐾 ∙ 𝐴𝑃1,𝑆𝐾

𝑉𝑃1,𝑆𝐾

𝑑𝐴𝑃2,𝑆𝐾

𝑑𝑡
=

𝑄2,𝑆𝐾 ∙ 𝐴𝐶,𝑆𝐾

𝑉𝐶,𝑆𝐾

−
𝑄2,𝑆𝐾 ∙ 𝐴𝑃2,𝑆𝐾

𝑉𝑃2,𝑆𝐾

where 𝐾𝑎,𝑆𝐾 is the first order absorption rate constant of S-ketamine, 𝐴𝑑𝑒𝑝𝑜𝑡, 𝐴𝐺𝑊,𝑆𝐾, 𝐴𝑃𝑉,𝑆𝐾, 

𝐴𝐻,𝑆𝐾, 𝐴𝐶,𝑆𝐾, 𝐴𝑃1,𝑆𝐾 and 𝐴𝑃2,𝑆𝐾 are the amounts of S-ketamine in depot, gut wall, portal vein, liver, 

central, 1st peripheral, and 2nd peripheral compartments respectively. 𝑉𝐺𝑊, 𝑉𝑃𝑉, 𝑉𝐻, 𝑉𝐶,𝑆𝐾, 𝑉𝑃1,𝑆𝐾,

and 𝑉𝑃2,𝑆𝐾 are the volumes of gut wall, portal vein, liver, central, 1st peripheral, and 2nd peripheral

compartments respectively. 𝑄𝑉𝐼, 𝑄𝑃𝑉, and 𝑄𝐻𝐴, and 𝑄𝐻 are the blood flows of gut wall, portal vein, 

hepatic artery and liver respectively. 𝐹𝐺𝑊,𝑆𝐾 and 𝐹𝐻,𝑆𝐾 are the gutwall and hepatic availabilities of 

S-ketamine respectively. 𝑄1,𝑆𝐾 and 𝑄2,𝑆𝐾 are the distributional clearances to the 1st and 2nd

peripheral compartments respectively. 

Norketamine model 

Similarly to S-ketamine, model building for norketamine was also done in a stepwise manner via 

which nested models were developed with the ultimate goal of creating a semi-PBPK model like 

the parent drug. A two compartment model was noticed to best describe the disposition kinetics of 

norketamine (∆OFV = -734). A three compartmental mammillary model did not improve the 

model fit significantly (∆OFV = -2) and the parameter estimates for the third peripheral volume 

and distributional clearance was observed to have a high uncertainty value (%RSE > 100%).  

It was assumed that S-ketamine is only metabolized to norketamine in vivo. This assumption is 

biologically plausible since approximately 80% of S-ketamine is metabolized to norketamine3,9 

and therefore the extraction of the parent drug at the gut wall and liver metabolic sites were used 

as direct inputs into the metabolite model without any scaling. This simplified the model and 

assisted in model estimations. Norketamine is known to be metabolized rapidly in humans to 6-

hydroxynorketamine10, and a well stirred clearance model was implemented at the gut wall and 

hepatic sites for norketamine.  



The hepatic well stirred clearance model for norketamine was specified as,  

𝐹𝐻,𝑁𝐾 =  1 − 𝐸𝐻,𝑁𝐾 =  1 −
𝑓𝑢,𝑁𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑁𝐾

𝑄𝐻  +   (𝑓𝑢,𝑁𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑁𝐾)
=   

𝑄𝐻

𝑄𝐻  +   (𝑓𝑢,𝑁𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑁𝐾)
 

where 𝐹𝐻,𝑁𝐾 is the hepatic availability of norketamine, 𝐸𝐻,𝑁𝐾 is portion of norketamine that is 

metabolized in the liver (i.e. extraction), 𝑓𝑢,𝑁𝐾 is the fraction of norketamine unbound in the liver, 

and 𝐶𝐿𝐼𝑁𝑇,𝐻,𝑁𝐾 is the intrinsic hepatic clearance, 𝑄𝐻 is the blood flow parameter specifying the 

physiological blood flow of liver in the human body. 

In addition, the gut wall well stirred clearance model was coded into the model as follows,  

𝐹𝐺𝑊,𝑁𝐾  =  1 − 𝐸𝐺𝑊,𝑁𝐾 =  1 −
𝑓𝑢,𝐺𝑊,𝑁𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑁𝐾

𝑄𝑉𝐼  +   (𝑓𝑢,𝐺𝑊,𝑁𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑆𝐾)
=  

𝑄𝑉𝐼

𝑄𝑉𝐼  +   (𝑓𝑢,𝐺𝑊,𝑁𝐾  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑁𝐾)
    

where 𝐹𝐺,𝑁𝐾 is the availability of norketamine in the gut wall, 𝐸𝐺,𝑁𝐾 is the portion of norketamine 

that is metabolized in the gut wall, 𝑓𝑢,𝐺,𝑁𝐾 is the fraction unbound in the gut wall (fixed to 1), and 

𝐶𝐿𝐼𝑁𝑇,𝐺,𝑁𝐾 is the intrinsic gut wall clearance of norketamine, 𝑄𝑉𝐼 is the blood flow parameter 

specifying the physiological blood flow of gut wall villi in the human body.  

In comparison to S-ketamine, 𝑄𝐺𝑈𝑇 model was not implemented for the metabolite, and instead 

the villous blood flow was used in the gut wall clearance model. This was due to the fact that no 

value of permeability clearance or related parameters could be found in documented literature, and 

it was assumed that 𝑄𝐺𝑈𝑇 approached the physiological value of 𝑄𝑉𝐼
8.  

The metabolite model was specified using the following equations,  

𝐴𝐺𝑊,𝑁𝐾 = (1 −  𝐹𝐺𝑊,𝑆𝐾) ∙ 𝐴𝐺𝑊,𝑆𝐾 

𝐴𝑃𝑉,𝑁𝐾 =

𝑄𝑉𝐼

𝑉𝐺𝑊
∙ 𝐹𝐺𝑊,𝑁𝐾 ∙ 𝐴𝐺𝑊,𝑁𝐾 +

𝑄𝑃𝑉

𝑉𝐶,𝑁𝐾
∙ 𝐴𝐶,𝑁𝐾

𝑄𝑃𝑉/𝑉𝑃𝑉

 

𝐴𝐻,𝑁𝐾 =  

𝑄𝐻𝐴

𝑉𝐶,𝑁𝐾
∙ 𝐴𝐶,𝑁𝐾 +

𝑄𝑃𝑉

𝑉𝑃𝑉
∙ 𝐴𝑃𝑉,𝑁𝐾 +

𝑄𝐻

𝑉𝐻
∙ 𝐸𝐻,𝑆𝐾 ∙ 𝐴𝐻,𝑆𝐾

𝑄𝐻/𝑉𝐻

 

𝑑𝐴𝐶,𝑁𝐾

𝑑𝑡
=

𝐹𝐻,𝑁𝐾 ∙ 𝑄𝐻 ∙ 𝐴𝐻,𝑁𝐾

𝑉𝐻

−
(𝑄𝐻𝐴 + 𝑄𝑃𝑉 + 𝑄1,𝑁𝐾) ∙ 𝐴𝐶,𝑁𝐾

𝑉𝐶,𝑁𝐾

+
𝑄1,𝑁𝐾 ∙ 𝐴𝑃1,𝑁𝐾

𝑉𝑃1,𝑁𝐾

 

𝑑𝐴𝑃1,𝑁𝐾

𝑑𝑡
=

𝑄1,𝑁𝐾 ∙ 𝐴𝐶,𝑁𝐾

𝑉𝐶,𝑁𝐾

−
𝑄1,𝑁𝐾 ∙ 𝐴𝑃1,𝑁𝐾

𝑉𝑃1,𝑁𝐾

 



 

where 𝐴𝐺𝑊,𝑁𝐾, 𝐴𝑃𝑉,𝑁𝐾, 𝐴𝐻,𝑁𝐾, 𝐴𝐶,𝑁𝐾, and 𝐴𝑃1,𝑁𝐾 and are the amounts of norketamine in gut wall, 

portal vein, liver, central, and 1st peripheral respectively. 𝑉𝐺𝑊, 𝑉𝑃𝑉, 𝑉𝐻, 𝑉𝐶,𝑁𝐾, and 𝑉𝑃1,𝑁𝐾 are the 

volumes of gut wall, portal vein, liver, central, and 1st peripheral compartment respectively. 𝑄𝑉𝐼, 

𝑄𝑃𝑉, and 𝑄𝐻𝐴, and 𝑄𝐻 are the blood flows of gut wall, portal vein, hepatic artery and liver 

respectively. 𝐹𝐺𝑊,𝑁𝐾 and 𝐹𝐻,𝑁𝐾 are the gutwall and hepatic availabilities of norketamine 

respectively. ∙ 𝐸𝐻,𝑆𝐾 is the extraction of S-ketamine from the liver, 𝑄1,𝑁𝐾 is the distributional 

clearance of norketamine to the 1st peripheral compartment.  

Ticlopidine model 

For ticlopidine, model development started with an empirical one compartmental model. A two 

compartmental model was noticeably better than a one compartmental model (∆OFV = -141), 

while a three compartmental model could not be fitted successfully to the data at hand, and thus 

was discarded. Due to sparsity in the early absorption phase of ticlopidine, the absorption rate 

constant had to be fixed to the literature value of 3.3/hr11. Likewise S-ketamine; gut wall, portal 

vein and liver compartments were added to the ticlopidine model in a sequential manner to 

replicate physiological metabolism at these sites.  

The primary challenge in ticlopidine model development was to adequately fit the sparsely 

sampled absorption. Fixing the absorption rate constant to the previously published value 

stabilized the model but a high level of uncertainty across model parameters questioned the validity 

of the model. Therefore, different approaches to account for ticlopidine absorption were tried. A 

transit compartmental model was attempted via which transits were added ahead of the gut wall 

compartment in a sequential manner to optimize the number of transits needed. Interestingly, a 

four transit compartment model alongside gut wall, portal vein and liver compartments with a two 

compartmental distributional model resulted in a good model fit (∆OFV = -36) and significantly 

reduced the uncertainty in model parameters.  

Both the gut wall and hepatic clearances of ticlopidine were specified using a well stirred clearance 

model at these sites as follows, 

𝐹𝐺𝑊,𝑇𝐼𝐶  =  1 − 𝐸𝐺𝑊,𝑇𝐼𝐶 =  1 −
𝑓𝑢,𝐺𝑊,𝑇𝐼𝐶  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑇𝐼𝐶

𝑄𝑉𝐼  +   (𝑓𝑢,𝐺𝑊,𝑇𝐼𝐶  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑇𝐼𝐶)
=  

𝑄𝑉𝐼

𝑄𝑉𝐼  +   (𝑓𝑢,𝐺𝑊,𝑇𝐼𝐶  ∙   𝐶𝐿𝐼𝑁𝑇,𝐺𝑊,𝑇𝐼𝐶)
    



𝐹𝐻,𝑇𝐼𝐶 =  1 − 𝐸𝐻,𝑇𝐼𝐶 =  1 −
𝑓𝑢,𝑇𝐼𝐶  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑇𝐼𝐶

𝑄𝐻  +   (𝑓𝑢,𝑇𝐼𝐶  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑇𝐼𝐶)
=  

𝑄𝐻

𝑄𝐻  +   (𝑓𝑢,𝑇𝐼𝐶  ∙   𝐶𝐿𝐼𝑁𝑇,𝐻,𝑇𝐼𝐶)

where 𝐹𝐺𝑊,𝑇𝐼𝐶  and 𝐹𝐻,𝑇𝐼𝐶  are the hepatic and gut wall availability of ticlopidine respectively, 

𝐸𝐺𝑊,𝑇𝐼𝐶 and 𝐸𝐻,𝑇𝐼𝐶  are the portions of ticlopidine that are metabolized in the gut wall and liver 

respectively (i.e. extraction), 𝑓𝑢,𝐺𝑊,𝑇𝐼𝐶  and 𝑓𝑢,𝑇𝐼𝐶 are the fraction of ticlopidine unbound in the gut 

wall and liver respectively, 𝑄𝐻 and 𝑄𝑉𝐼 are the blood flow parameters specifying the physiological 

blood flow of liver and gut wall villi in the human body, and 𝐶𝐿𝐼𝑁𝑇,𝐻,𝑇𝐼𝐶 is the intrinsic hepatic 

clearance of ticlopidine.  

Initially, we tried to calculate the gut wall clearance of ticlopidine freely in the model estimations, 

however due to the sampling design of the original study, gut wall clearance could not be 

calculated as a model parameter and had to be fixed in the final model. Assuming the gut wall 

clearance of ticlopidine to be zero and liver as the only site of metabolism resulted in a good model 

fit and was therefore added to the final model as such.  

It has been documented that repeated ticlopidine dosing can lead to a markedly elevate its half-life 

in healthy human volunteers, and a similar phenomenon has also been observed in elderly patients. 

This points to a possible auto-inhibition of ticlopidine metabolism. The hypothesis is biologically 

plausible since ticlopidine is a potent inhibitor of CYP2B6, the enzyme that contributes to 

ticlopidine metabolism in humans. All attempts to model an auto-inhibition of ticlopidine 

metabolic clearance in our model were unsuccessful, and thereafter ticlopidine metabolism was 

described with a first order elimination process.  

The use of a simplified quasi steady state approximation approach could not be warranted for the 

ticlopidine model since the simplification results in coding the gut wall, portal vein and liver 

compartments into the model as hypothetical compartments in the $DES block of NONMEM code. 

Such a specification could not be implemented for ticlopidine because the varying amounts of 

ticlopidine (inhibitor) were to be used as inputs for the drug-drug interaction model (also specified 

in the $DES block). The inhibitor concentrations were used to calculate reversible and time 

dependent variables of the mechanistic static model (see below). Therefore, rather than using a 

simplified approach, the ticlopidine semi-mechanistic model was hard coded using the 

specification used by Frechen et al. 201312.  



The model equations used for ticlopidine are as follows, 

𝑑𝐴𝑑𝑒𝑝𝑜𝑡,𝑇𝐼𝐶

𝑑𝑡
=  −𝐾𝑎,𝑇𝐼𝐶 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡,𝑇𝐼𝐶

𝑑𝐴𝐺𝑊,𝑇𝐼𝐶

𝑑𝑡
=  𝐾𝑎,𝑇𝐼𝐶 ∙ 𝐴𝑇 𝑛

−
𝐸𝐺𝑊,𝑇𝐼𝐶 ∙ 𝑄𝑉𝐼 ∙ 𝐴𝐺𝑊,𝑇𝐼𝐶

𝑉𝐺𝑊

−  
𝐹𝐺𝑊,𝑇𝐼𝐶 ∙ 𝑄𝑉𝐼 ∙ 𝐴𝐺𝑊,𝑇𝐼𝐶

𝑉𝐺𝑊

𝑑𝐴𝑃𝑉,𝑇𝐼𝐶

𝑑𝑡
=  

𝐹𝐺𝑊,𝑇𝐼𝐶 ∙ 𝑄𝑉𝐼 ∙ 𝐴𝐺𝑊,𝑇𝐼𝐶

𝑉𝐺𝑊

+  
𝑄𝑃𝑉 ∙ 𝐴𝐶,𝑇𝐼𝐶

𝑉𝑃𝑉

−  
𝑄𝑃𝑉 ∙ 𝐴𝑃𝑉,𝑇𝐼𝐶

𝑉𝑃𝑉

𝑑𝐴𝐻,𝑇𝐼𝐶

𝑑𝑡
=  

𝑄𝑃𝑉 ∙ 𝐴𝑃𝑉,𝑇𝐼𝐶

𝑉𝑃𝑉

+  
𝑄𝐻𝐴 ∙ 𝐴𝐶,𝑇𝐼𝐶

𝑉𝐶,𝑇𝐼𝐶

−  
𝐸𝐻,𝑇𝐼𝐶 ∙ 𝑄

𝐻
∙ 𝐴𝐻,𝑇𝐼𝐶

𝑉𝐻

−  
𝐹𝐻,𝑇𝐼𝐶 ∙ 𝑄

𝐻
∙ 𝐴𝐻,𝑇𝐼𝐶

𝑉𝐻

𝑑𝐴𝐶,𝑇𝐼𝐶

𝑑𝑡
=  

𝐹𝐻,𝑇𝐼𝐶 ∙ 𝑄
𝐻

∙ 𝐴𝐻,𝑇𝐼𝐶

𝑉𝐻

−  
𝑄𝑃𝑉 ∙ 𝐴𝑃𝑉,𝑇𝐼𝐶

𝑉𝑃𝑉

−  
𝑄𝐻𝐴 ∙ 𝐴𝐶,𝑇𝐼𝐶

𝑉𝐶,𝑇𝐼𝐶

 −  
𝑄𝑃𝐸𝑅1,𝑇𝐼𝐶 ∙ 𝐴𝐶,𝑇𝐼𝐶

𝑉𝐶,𝑇𝐼𝐶

+  
𝑄𝑃𝐸𝑅1,𝑇𝐼𝐶 ∙ 𝐴𝑃𝐸𝑅1,𝑇𝐼𝐶

𝑉𝑃𝐸𝑅1,𝑇𝐼𝐶

𝑑𝐴𝑃𝐸𝑅1,𝑇𝐼𝐶

𝑑𝑡
=  

𝑄𝑃𝐸𝑅1,𝑇𝐼𝐶 ∙ 𝐴𝐶,𝑇𝐼𝐶

𝑉𝐶,𝑇𝐼𝐶

−  
𝑄𝑃𝐸𝑅1,𝑇𝐼𝐶 ∙ 𝐴𝑃𝐸𝑅1,𝑇𝐼𝐶

𝑉𝑃𝐸𝑅1,𝑇𝐼𝐶

𝑑𝐴𝑇 𝑛−1

𝑑𝑡
=  𝐾𝑎,𝑇𝐼𝐶 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡 −  𝐾𝑎,𝑇𝐼𝐶 ∙ 𝐴𝑇 𝑛−1

𝑑𝐴𝑇 𝑛

𝑑𝑡
=  𝐾𝑎,𝑇𝐼𝐶 ∙ 𝐴𝑇 𝑛−1

−  𝐾𝑎,𝑇𝐼𝐶 ∙ 𝐴𝑇 𝑛

where 𝐾𝑎,𝑇𝐼𝐶 is the first order absorption rate constant of ticlopidine, 𝐴𝑑𝑒𝑝𝑜𝑡,𝑇𝐼𝐶, 𝐴𝐺𝑊,𝑇𝐼𝐶, 𝐴𝑃𝑉,𝑇𝐼𝐶, 

𝐴𝐻,𝑇𝐼𝐶, 𝐴𝐶,𝑇𝐼𝐶, 𝐴𝑃1,𝑇𝐼𝐶, 𝐴𝑇 𝑛−1
and 𝐴𝑇 𝑛

 are the amounts of ticlopidine in depot, gut wall, portal vein,

liver, central, 1st peripheral, 𝑛 − 1𝑡ℎ and 𝑛𝑡ℎ transit compartment respectively. 𝑉𝐺𝑊, 𝑉𝑃𝑉, 𝑉𝐻,

𝑉𝐶,𝑆𝐾, 𝑉𝑃1,𝑆𝐾, and 𝑉𝑃2,𝑆𝐾 are the volumes of gut wall, portal vein, liver, central, and 1st peripheral

compartments respectively. 𝑄𝑉𝐼, 𝑄𝑃𝑉, and 𝑄𝐻𝐴, and 𝑄𝐻 are the blood flows of gut wall, portal vein, 

hepatic artery and liver respectively. 𝐸𝐺𝑊,𝑇𝐼𝐶 and 𝐸𝐻,𝑇𝐼𝐶 are the gut wall and hepatic extractions of 

ticlopidine respectively. 𝐹𝐺𝑊,𝑇𝐼𝐶 and 𝐹𝐻,𝑇𝐼𝐶 are the gutwall and hepatic availabilities of ticlopidine 

respectively. 𝑄1,𝑆𝐾 is the distributional clearance to the 1st peripheral compartment.

Drug-drug interaction model 

The development of drug-drug interaction (DDI) model was challenging because ticlopidine is a 

known mechanism based inhibitor of CYP2B6 enzyme, and unlike competitive inhibitors, the 

inhibition process requires specification using inhibitor concentrations and a mechanistic basis of 

enzyme degradation in vivo. Initial attempts to model the amount of enzyme resulted in poor model 



performance, elicited by a high uncertainty around DDI model parameters. In context, a pseudo 

first order kinetic degradation model was also tried in an attempt to specify inhibitor dependent 

enzymatic degradation, which translated into an inhibition parameter that would cause a reduction 

in intrinsic hepatic clearance of S-ketamine at inhibitor phase. However, all these attempts were 

unsuccessful, and it was concluded that the amounts of enzyme could not be calculated with the 

data at hand.  

The DDI model was then specified with a ‘mechanistic static model (MSM)’13. This model has 

been and has also previously used by in an in vitro study to model ketamine-ticlopidine 

interaction11. According to the MSM model, the inhibition of CYP2B6 by ticlopidine is postulated 

to have a reversible and a time-dependent mechanism based components. Both of these 

components utilize the inhibitor concentration in the portal vein (𝐼𝑃𝑉) and CYP2B6 inhibition 

constants specific for ticlopidine. The reversible (competitive) component (AH) of inhibition was 

calculated as follows: 

𝐴𝐻 =
1

1 +
[𝐼𝑃𝑉]

𝑘𝑖

 

where [𝐼𝑃𝑉] is the concentration of the inhibitor i.e. ticlopidine at the portal vein (as specified in 

the model) which would account for the concentration of the inhibitor at the enzyme site in the 

liver, and 𝑘𝑖 is the equilibrium dissociation constant of ticlopidine for CYP2B6. Secondly, the 

time-dependent non-competitive component (BH) was specified: 

𝐵𝐻 =
𝑘𝑑𝑒𝑔,𝐻

𝑘𝑑𝑒𝑔,𝐻 +
𝑘𝑖𝑛𝑎𝑐𝑡 ∙ [𝐼𝑃𝑉]

𝐾𝐼 + [𝐼𝑃𝑉]

 

where 𝑘𝑑𝑒𝑔,𝐻 is the physiological degradation rate of hepatic CYP2B6 at [𝐼𝑃𝑉] = 0, [𝐼𝑃𝑉] is the 

inhibitor i.e. ticlopidine concentration at the portal vein, 𝑘𝑖𝑛𝑎𝑐𝑡 is the maximum inactivation rate 

constant of ticlopidine for CYP2B6 as inhibitor concentration approaches infinity (i.e. true first-

order inactivation rate constant) and 𝐾𝐼 is the inactivator concentration at half maximal inactivation 

rate. Finally, the inhibition parameter describing the expected net effect on intrinsic hepatic 

clearance was calculated using AH and BH components for the interaction model as follows, 

𝑓𝐶𝐿𝐼𝑁𝑇,𝐻
′ =   (𝐴𝐻  ∙   𝐵𝐻  ∙   𝑓𝑚,𝐶𝑌𝑃2𝐵6)  +  (1 −  𝑓𝑚,𝐶𝑌𝑃2𝐵6) 



where 𝑓𝐶𝐿𝑖𝑛𝑡,𝐻
′  is the inhibition parameter describing the fractional change in the intrinsic hepatic

clearance of S-ketamine during the ticlopidine phase, and 𝑓𝑚,𝐶𝑌𝑃2𝐵6 is the fraction of S-ketamine 

metabolized by CYP2B6 in humans. Results from a recent in vitro study indicate that ticlopidine 

causes a 60% inhibition of S-ketamine metabolism. We performed a log-likelihood profiling for 

𝑓𝑚,𝐶𝑌𝑃2𝐵6, using the llp-package in PsN toolkit and our result suggests a similar level of inhibition 

(i.e. 63%): 

Figure S1. Log-likelihood profile of the fraction of S-ketamine metabolized by CYP2B6 (𝑓𝑚,𝐶𝑌𝑃2𝐵6). Statistically 

significant values of the objective function value change are shown as red and blue dotted line for p<0.05 and 

p<0.01, respectively. ∆OFV, change in the objective function value. 

 A list of values for all parameters implemented in the inhibition model can be found in table 2. 

Lastly, the 𝑓𝐶𝐿𝑖𝑛𝑡,𝐻
′  was used to calculate the effect of ticlopidine mediated CYP2B6 inhibition on

the intrinsic hepatic clearance of S-ketamine: 

𝐶𝐿𝐼𝑁𝑇,𝐻,[𝐼]  =   𝐶𝐿𝐼𝑁𝑇,𝐻,[𝐼]=0 ∙ 𝑓𝐶𝐿𝐼𝑁𝑇,𝐻
′



𝐶𝐿𝐼𝑁𝑇,𝐻,[𝐼] and 𝐶𝐿𝐼𝑁𝑇,𝐻,[𝐼]=0 are the intrinsic hepatic clearance of S-ketamine during the ticlopidine 

and placebo phases, respectively.  Gut wall clearances of S-ketamine and norketamine were 

calculated freely in the model parameter space.  

The final DDI model specified using the MSM resulted in a good fit for S-ketamine 

pharmacokinetic profile at the ticlopidine phase. The model precisely predicted the fall in S-

ketamine intrinsic hepatic clearance following ticlopidine pretreatment, which led to a rise in S-

ketamine area under the curve (AUC) and maximum plasma concentration (Cmax). It was 

observed that the fall in intrinsic hepatic clearance represented an “on – off” phenomenon which 

seemed to be non-physiological and questioned model validity, but a simulation of model 

parameters showed that the concentration of ticlopidine required to cause a complete loss of 

enzyme activity is very low. Thereafter a fast buildup of ticlopidine concentration in the portal 

vein (i.e. quasi steady state approximation approach) led to a sharp fall in enzyme activity, which 

translated into a very steep decline in the intrinsic hepatic clearance.  

In the original study14, it was documented that ticlopidine does not cause any significant impact 

on norketamine profile and therefore no inhibition model was implemented for the metabolite. It 

was observed that the model could account for norketamine pharmacokinetic profile at the 

ticlopidine phase with a slight under-prediction. An inhibition model for norketamine metabolic 

clearance was not implemented because 1. The authors of the original article have not reported 

any change in metabolite profile upon inhibitor pre-treatment and, 2. The necessary information 

about the parameters of norketamine could not be found in documented literature.  

The apparent under-prediction of norketamine AUC from the final model may be due to the reason 

that ticlopidine does affect the disposition profile of the metabolite in addition to the parent drug. 

Additionally, the large between-subject-variability in S-ketamine metabolism in vivo, the fast 

metabolism of norketamine to secondary metabolites, and the fact that there may be a very large 

variability in the enzyme levels (i.e. CYP2B6), which lie beyond the scope of the mechanistic 

static model, and may explain the apparent trends in norketamine model fit. 
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