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Abstract: This article presents the application of the compartment model to investigate the pharma-
cokinetics of delta9-tetrahydrocannabinol (THC), one of the cannabinoids found in cannabis, after
smoking cannabis. The behavior of THC and its metabolite concentrations in the body following
smoking were investigated, and the result offered a guideline for determining the appropriate du-
ration between each smoking session to prevent intoxication and potential harm to the body. The
compartment model was transformed into ordinary differential equations (ODEs) to describe the
rate of change in the concentration of THC and its metabolites in each compartment, employing the
law of mass action. For simulating the solution curve, the exact solutions of the ODE system and an
actual data sample were processed using Microsoft Excel to obtain the optimal rate constants using
curve fitting and generating a simulated curve that closely matched the actual data. The findings in
this study indicated that the proposed model effectively described the concentration behavior of THC
and its metabolites in plasma and other tissues. Therefore, the model will serve as a valuable tool
for the determination of the appropriate duration between each smoking session to prevent harm to
the body.
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1. Introduction

Currently, many countries around the world have legalized or adopted a liberal
approach to the use of cannabis for medical, consumption, cosmetic, and recreational
purposes. Cannabis consists of approximately 500 chemical components, with at least 100
of them being unique to the cannabis plant and known as “cannabinoids” [1]. Among
these cannabinoids, delta9-tetrahydrocannabinol (THC) is the most well-known, possessing
psychoactive properties and the potential to become addictive. Nevertheless, THC exhibits
several clinically beneficial pharmacological effects, such as for chronic pain, nausea,
vomiting, and stimulating appetite [1]. Due to its psychoactive and addictive nature,
inappropriate doses and durations of THC consumption, particularly through smoking
without medical supervision, can lead to psychoactive effects and harm the body. Therefore,
studying the pharmacokinetics of THC allows for a greater understanding of the behavior
of THC and its metabolites in the body and a determination of the appropriate dosage and
duration for each administration of THC.

Pharmacokinetics, which encompasses the processes of drug absorption, metabolism,
distribution, and excretion [2], plays a crucial role in understanding drug behavior and
establishing the relationship between drug absorption, distribution, and elimination rates
within the body. It assists in developing appropriate therapeutic responses. Many different
pharmacokinetics study approaches have been used so far. Compartmental modeling has
been frequently employed in pharmacokinetics research since 1932 [3]. A compartment
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model serves as a mathematical representation of either the entire body or a specific portion,
dividing it into compartments, and is useful for investigating the kinetics of physiological
or pharmacological processes [4]. This modeling technique aids in comprehending the
underlying biological processes that dictate the kinetic behavior of drugs or chemicals
administered to the body.

In pharmacokinetics, THC rapidly enters the lungs and subsequently enters the blood-
stream or systemic circulation, from where it is distributed to various tissues, including the
effect site [1]. Additionally, THC undergoes metabolism in the liver by enzymes, resulting
in the formation of two major metabolites, namely THC-OH and THCCOOH. THC-OH
is the primary active metabolite, while THC-COOH is the secondary inactive metabolite.
THC is predominantly eliminated from the body through metabolic processes, with THC
and its metabolites being excreted in the feces and urine as well. There are few current
studies on the pharmacokinetics of THC using the compartment model because medical
cannabis is still in its early stages of research in various fields [5,6].

In this study, we examined the pharmacokinetics of THC and its metabolites after
smoking, using the compartment model. The objectives of this research are to investigate
the concentration-time relationship and to provide a guideline for determining the optimal
dosage and duration of each smoking session. The result is expected to help mitigate
intoxication and potential harm to the body. The proposed compartment model was
accurate and found to be a valuable tool for understanding the pharmacokinetics of THC
and its metabolites after smoking it. Moreover, a guideline to determine the optimal
quantity and duration of each smoking session can be used to minimize potential harm to
the body.

2. Methods
2.1. Compartmental Model

We constructed a compartment model to describe the pharmacokinetics of THC and
its metabolites after smoking. The model was created in three phases: the pharmacokinetics
of THC, THC-OH, and THCCOOH.

For the pharmacokinetics of THC and THC-OH, we divided the body into three
physiologically significant compartments. The first compartment was the central compart-
ment, representing plasma or systemic circulation. The second compartment was a rapidly
equilibrating tissue compartment, including organs such as the heart, liver, lungs, and
kidneys. The third compartment was a slowly equilibrating tissue compartment, encom-
passing tissues like muscle and bone. Additionally, we defined effective compartments
for THC and THC-OH to describe their concentrations in target sites. As for the inactive
metabolite THCCOOH, we considered and included only the central compartment. This
compartmental model is illustrated in Figure 1.

Using the compartment model in Figure 1, we investigated the case in which the
redistribution rates of THC and THC-OH from the rapidly equilibrating tissue compartment
and slowly equilibrating tissue compartment to the central compartment were equal or
k31 = kp1 and kgs = ks4. By applying the law of mass action, we derived the following
ordinary differential equations (ODEs).

= — (ki + ki3 + kg + ki7 + kie)Ci(t) +knCo(t) +kaiCs(t); Ci(0) = Co,

= kiGi(t) —kaCa(t); G(0) = 0, 1)
= kizCi(t) — ka1 Cs(t); G3(0) = 0,

k1aC1(t) — (kao + ka5 + kas + kaz + kae)Ca(t) +ksaCs(t) +ksaCo(t); Ca(0) = 0O,

kasCa(t) — ksaCs(t); Cs(0) = 0, 2)
kaeCa(t) — ksaCo(t); Ce(0) = 0,

dCy(t)
dt

= ki7C1(t) +kg7Cy(t) —k70Cr(t);  C7(0) = O, 3)
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Figure 1. A compartment pharmacokinetics model of THC and its metabolites after smoking cannabis.
Cy(t): concentration of THC in the central compartment. C,(#): concentration of THC in the rapidly
equilibrating tissue compartment. C3(t): concentration of THC in the slowly equilibrating tissue
compartment. Ce;(f): concentration of THC in the effect compartment. Cy(#): concentration of
THC-OH in the central compartment. Cs(t): concentration of THC-OH in the rapidly equilibrating
tissue compartment. Cg(t): concentration of THC-OH in the slowly equilibrating tissue compartment.
Cen(#): concentration of THC-OH in the effect compartment. Cy(): concentration of THCCOOH in
the central compartment. k1, kp1, k13, k31, k14, k17, and kqe: distribution rate constants of THC in each
compartment. kg5, ks4, kag, kea, ka7, and: distribution rate constants of THC-OH in each compartment.
k4o and kyp: elimination rate constants of THC-OH and THCCOOH from the central compartment.
ke1p and kepp: elimination rate constants of THC and THC-OH from the effect compartment.

2.2. Data

We determined the concentration of THC and its metabolites, THC-OH and THC-
COOH, in the plasma after smoking cigarettes containing 150 pg THC/kg body weight in
10 male volunteers [7]. These concentrations were quantified by using a gas chromatogra-
phy/mass spectrometer (GC/MS), and the results are presented in Table 1.

Table 1. Mean plasma concentration of THC and its metabolites after smoking.

Time after Smoking THC Concentration THC-OH Concentration THCCOOH Concentration
(min) (ng/mL) (ng/mL) (ng/mL)
5 85.08 5.89 6.98
10 78.43 18.74 11.40
20 57.83 18.94 18.25
30 41.40 18.54 28.69
50 27.29 12.73 35.60
65 16.97 9.58 24.49
120 9.76 6.65 15.14
180 4.96 3.33 12.48
240 3.66 2.76 7.23
300 222 1.85 4.10
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3. Results

The exact solutions of the system (Equations (1)—(5)) demonstrated the simulation
results of the concentration—time relationship of THC and its metabolites after smoking
cigarettes that contain 150 ug THC/kg body weight.

3.1. Exact Solutions

From Equations (1)-(5), we obtained the exact solutions as follows.

Colka1 + A1)eMt  Colky 4 Ag)e?!

Ci(t) = , 6
1(t) A — A Mo —Ap (6)
. kuCOEMt k12C0€/\2t
L Vi vl P P @)
_ k13CoeMt kq3Coe?!
kie(kop + Aqp)ekeot J Cy (¢
Cel(t) _ 1e( Zlk l) + 1(;{ l( >/ (9)
el0 el0
Cut) = FaksGi(t) k1aCi () (As + ksa)eM! | kiaCi(t) (As + ksy)es! (10)
! AaAs As(Aq = 2s5) As(As—Ag)
Cs(t) = k1aks4C1 (t) n kiakasCu (#) (Ag + ksg) ! n k1akasC1 (1) (As + ksy)e’s! (11)
> AgAs Ag(Ag — As) As(As — Ay) ’
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where

1 1

Moo= —5lka i+ kit ki ke +ka) + 5 \/(klz + k13 +kig + ki + ke + k1) — 4(krakor + kizkor + kiekar),
1 1 ;

Ay = —5(kia + ks + kg + ka7 +kie +kar) — 5 \/(klz + k13 + k1a + k17 + ke + ko1)” — 4(kiakar + kazkor + kiekar),
1 1 5

Ay = =5 (kao + ka5 + kg + ka7 + ke +ksa) + E\/(k4o + ka5 + kag + kaz + kae + ksa)” — 4(kaoksa + kazkss + kaeksa),
1 1 ;

As = —5(kao + ka5 + kg +Ka7 +kae +ksa) — 5 \/(k4o + kas + kag + kay + kae + ksa)” — 4(kaokss + kazkss + kaekss).

3.2. Simulation Results
3.2.1. THC Concentration

For the simulation results of the THC concentration in plasma after smoking cigarettes
containing 150 pg THC/kg body weight, we used the solution of Equation (6) and the
optimal parameters of the rate constants shown in Table 2, which were obtained by curve
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fitting the exact solution and the actual data of the THC concentration. Consequently, the
simulation results are displayed in Table 3.

Table 2. Optimal values of rate constants for pharmacokinetics of THC after smoking cigarettes that
contain 150 ug THC/kg body weight.

Parameters Values Parameters Values
Co 85.08 ng/mL k14 0.0174 min~!
k1o 0.0091 min—! ki7 0.0000 min—!
Koy 0.0067 min~—! ke10 0.0657 min—!
k13 0.0010 min~—! M —0.0039 min !
kie 0.0003 min~—1! Ao —0.0306 min~—!

Table 3. Actual and simulated THC concentration in plasma after smoking cigarettes that contain
150 pg THC /kg body weight.

Time after Smoking Actual THC Concentration Simulated THC Concentration

(min) (ng/mL) (ng/mL)
5 85.08 85.05
10 78.43 74.12
20 57.83 56.57
30 41.40 43.58
50 27.29 26.76
65 16.97 19.26
120 9.76 8.01
180 4.96 491
240 3.66 3.67
300 222 2.87

3.2.2. THC-OH and THCCOOH Concentration

For the simulation results of the THC-OH and THCCOOH concentrations in plasma
after smoking cigarettes containing 150 ug THC /kg body weight, we used Equations (10)
and (13), respectively, along with the optimal parameters of rate constants shown in Table 4.
These parameters were obtained through curve fitting the exact solutions and the actual
data of the THC-OH and THCCOOH concentrations. The simulation results are presented
in Table 5.

Table 4. Optimal values of rate constants for pharmacokinetics of THC-OH and THCCOOH after
smoking cigarettes that contain 150 pg THC/kg body weight.

Parameters Values Parameters Values
kao 0.0144 min—! kyy 0.0048 min !
kus 0.0013 min~—! k7o 0.0028 min !
ksy 0.0112 min—! ke2o 0.0010 min—!
kug 0.0009 min ! Ag —0.0092 min !

kse 0.0004 min~—1! As —0.0237 min~!
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Table 5. Actual and simulated THC-OH and THCCOOH concentration in plasma after smoking
cigarettes that contain 150 ug THC/kg body weight.

Time after Actual Simulated Actual Simulated
Smoking THC-OH THC-OH THCCOOH THCCOOH
(min) (ng/mL) (ng/mL) (ng/mL) (ng/mL)

5 5.89 7.02 6.98 11.95
10 18.74 11.60 11.40 19.76
20 18.94 16.00 18.25 27.24
30 18.54 16.77 28.69 28.56
50 12.73 14.32 35.60 24.38
65 9.58 11.83 24.49 20.13
120 6.65 6.15 15.14 10.48
180 3.33 4.09 12.48 6.96
240 2.76 3.15 7.23 5.36
300 1.85 2.50 4.10 4.26

4. Discussion and Conclusions

In this study, we created a compartment model for investigating the pharmacokinetics
of THC and its metabolites after smoking. The compartment model transformed ordinary
differential equations (ODEs) using the law of mass action (Equations (1)—(5)) to describe the
change in the rate constants of THC and its metabolites’ concentration in each compartment.
We obtained the solutions for the system as shown in Equations (6)—(14).

To find the simulation results, the exact solutions and a sample of actual data on the
concentration of THC and its metabolites were processed using Microsoft Excel. The rate
constants were fitted by curve fitting to closely match the actual data, and a simulation
graph was drawn. First, we considered the THC concentration in plasma after smoking
cigarettes that contained 150 pg THC/kg body weight. Using Equation (6) with the optimal
rate constants (Table 2), a rapid decrease in the THC concentration in the plasma from the
initial concentration of 85.08 ng/mL during the 0-180-min interval could be explained. The
concentration gradually decreased during the 180-300-min interval, as depicted in Figure 2.
When comparing the simulated model with the actual data, an error was identified between
the two with a root mean squared error (RMSE) of 1.8434 and an R-squared value of
0.9962. In addition, we applied the obtained optimal rate constants (Table 2) to examine
the concentration of THC in other compartments, namely, C(t), C3(t), and Ce1 (t). The
simulation results are displayed in Figure 3.

We simulated the concentration of two metabolites of THC, namely THC-OH and
THCCOOQOH, in plasma after smoking 150 ug of THC using Equation (10) for the THC-
OH concentration and Equation (13) for the THCCOOH concentration with the optimal
rate constants (Table 4). We observed a steady increase in the THC-OH concentration
during the 0-30 min interval, reaching a maximum concentration of 16.77 ng/mL at 30 min.
Subsequently, the concentration gradually decreased during the 30-300 min interval, as
shown in Figure 4. When comparing the simulation results with the actual data, we found
an error between the model simulation and the actual data, with an RMSE of 2.7022 and
an R-squared value of 0.8295. For the THCCOOH concentration in plasma, we observed a
rapid increase during the 0-30 min interval, with a maximum concentration of 28.56 ng/mL
at 30 min. Afterwards, the concentration gradually decreased during the 30-300 min
interval. Comparing the simulation results with the actual data, we found an error between
the model simulation and the actual data, with an RMSE of 6.1314 and an R-squared value
of 0.6062. Moreover, we applied the obtained optimal rate constants (Table 4) to examine
the concentration of THC-OH in other compartments, namely, C5(t), Cg(t), andCex(t). The
simulation results are displayed in Figure 5.
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Figure 2. Graph of actual and simulated THC concentration in plasma after smoking cigarettes that
contain 150 ug THC/kg body weight.
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Figure 3. Graph of simulated THC concentration after smoking cigarettes which contain 150 ug
THC/kg body weight in each compartment.
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Figure 4. Graph of actual and simulated THC-OH concentration in plasma after smoking cigarettes
that contain 150 pg THC/kg body weight.
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contain 150 ug THC/kg body weight.

The proposed compartment model accurately captured the pharmacokinetics of THC
and its metabolites in plasma after smoking, matching the actual data. In addition, it
predicted the pharmacokinetics of THC and its metabolites in other tissues. Therefore, the
model was a useful tool in determining the optimal dosage and timing for each smoking
session of THC-containing products, avoiding intoxication, and reducing potential harm.
In this study, we used an initial dosage of 150 ug THC/kg body weight. The result of this
study suggested that smokers should wait for a minimum of 300 min between smoking
sessions to prevent the excessive accumulation of THC and its metabolite in plasma and
other tissues.
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