
 
American Journal of Mathematical and Computer Modelling 
2021; 6(1): 9-13 

http://www.sciencepublishinggroup.com/j/ajmcm 

doi: 10.11648/j.ajmcm.20210601.12 

ISSN: 2578-8272 (Print); ISSN: 2578-8280 (Online)  

 

A Human Physiologically-based Bio-kinetic Model for 
Cadmium 

Danjuma Dan-Adam Maza
*
, Stephen Friday Olukotun, Grace Olubunmi Akinlade 

Department of Physics and Engineering Physics, Obafemi Awolowo University, Ile-Ife, Nigeria 

Email address: 

 
*Corresponding author 

To cite this article: 
Danjuma Dan-Adam Maza, Stephen Friday Olukotun, Grace Olubunmi Akinlade. A Human Physiologically-based Bio-kinetic Model for 

Cadmium. American Journal of Mathematical and Computer Modelling. Vol. 6, No. 1, 2021, pp. 9-13. doi: 10.11648/j.ajmcm.20210601.12 

Received: January 14, 2021; Accepted: January 22, 2021; Published: February 9, 2021 

 

Abstract: A physiologically-based bio-kinetic (PBBK) model, capable of simulating the absorption, distribution, and 

elimination of cadmium in humans has been developed. The formulation of this model was based on human data cleaned from 

literature. The liver, kidney, lung, artery, vein, stomach, small intestine and remainder of the body (other tissues not modelled 

explicitly) were modelled as compartments. While transfer rate coefficients were used to describe the kinetics of cadmium in the 

gastrointestinal track, the model used blood flow rates and partition coefficients rather than the traditional transfer rate 

coefficients to describe the distribution and accumulation of the chemical into critical organs such as liver, kidney and remainder 

of the body. A perfusion rate-limited kinetics model was assumed for these critical organs, where each of these tissues was 

regarded as a well-stirred compartment, without any concentration gradient within the compartment. The partition coefficients 

for critical organs modelled, along with transfer rate coefficients describing oral ingestion and inhalation were estimated by 

fitting the simulated concentration of cadmium in the liver, kidney and urine to observed concentrations found in literature. The 

model was capable of simulating, to a good degree of success, the results of empirical observations and other simulations found 

in literature. Simulations by the model also indicate that the partition coefficient of cadmium for the kidney, liver and other 

critical organs was higher in smokers. 
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1. Introduction 

Cadmium is a naturally occurring trace element, belonging 

to the group IIB of the periodic table. Cadmium finds wide 

application in several industrial processes [1–4], however, it 

has no physiological function in the human body [2]. 

Cadmium is a heavy metal, whose presence in the 

environment has long been regarded as a source of health 

concern to humans and other forms of life [2, 4–9]. The toxic 

effects of cadmium spans across many organs [5]. Once 

absorbed in the body, cadmium accumulates in critical organs 

such as the liver and bone, and particularly in the kidney, 

where it has a long biological half-life of about 10-30 years 

[10]. The association of low levels of cadmium exposure to 

mortality are not well documented, however, studies have 

associated exposure to relatively high levels of cadmium to an 

increased risk of cancer, cardiovascular, related mortality [11]. 

In environmental health risk assessment of environmental 

pollutants, there is the need to relate internal dose to external 

exposure [12], a task that physiologically-based bio-kinetic 

models are well adapted for. Physiologically-based bio-kinetic 

models, under diverse exposure conditions and scenarios, can 

predict the target tissue dose of toxic chemicals and their 

metabolite, as a result have become useful tools in 

environmental health risk assessment of toxic materials [13]. 

A number of models have been developed to simulate the 

absorption, distribution, metabolism and elimination of 

cadmium in humans, however, to the best of our knowledge, 

none employed blood flow rates to the organs (compartments). 

The present effort is geared towards the development of a 

physiologically-based bio-kinetic model for cadmium, using 

blood flow rates to critical organs, rather than the traditional 

transfer rate coefficients. The model is intended for the 

simulation of the absorption, distribution and elimination of 

cadmium in humans. The model is not intended as a generic 

model for other chemicals. Furthermore, this study shall rely 
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on published work of other researchers for data, for the 

purpose of comparison and evaluation. 

2. Materials and Methods 

Materials used in this study were Python software 

environment, Graph data extractor. Experimental observations 

used in evaluating the model were mainly from the work of 

[14–17]. Where these empirical observations and simulations 

were presented in graphical form, they were extracted using a 

software, Graph data extractor. 

2.1. Model Description and Development 

The model was structured as shown in Figure 1. The model 

consists of eight compartments (liver, kidney, lung, remainder 

of the body, vein, artery, stomach, and small intestine). Two 

mathematical delays (��  and �� ) were inserted into the 

model. The mathematical delays, �� and ��, account for the 

piecemeal nature of oral ingestion and inhalation of the 

chemical, respectively. Physiological parameters, namely; 

body weight and cardiac output for the respective age groups 

were gleaned from the published work [18, 19]. The volume 

of the various compartments and their respective blood flow 

rates were calculated as fractions of the body weight and 

cardiac output, respectively (Table 1). 

Table 1. Physiological Parameters. 

Tissue volumes 

Tissue Fractional volume 

Liver 0.026 

Kidney 0.004 

Gut 0.017 

Lung 0.007 

Remainder of the body 0.967 

Blood flow 

Tissue Fractional flow 

Liver 0.046 

Kidney 0.175 

Gut 0.181 

Remainder of the body 0.598 

Cardiac output, �� , was calculated as: 

�� � �����	.��                 (1) 

where ��� � 16.4	���� (for adults), and ��  is the body 

weight in kilograms (kg). 

Total blood volume was estimated as 0.065 of body weight, 

while the vein and artery compartments were allocated 70% 

and 30% of the blood volume, respectively. Orally ingested 

cadmium was modelled as passing through the stomach and 

the small intestine before absorption via the gut into the 

circulation (Figure 1). The transfer rate coefficients ��, �	, 

�� and �� , describe the kinetics of cadmium in the 

gastrointestinal track. The uptake and excretion of ingested 

cadmium, were modelled by the transfer rate coefficients 

��and ��, respectively. Uptake of ingested cadmium was 

modelled as entering the circulation through the gut. For 

inhaled cadmium, a fraction, ��, enters the circulation through 

the lung. 

 

Figure 1. Model structure. 

Table 2. Partition coefficients and transfer coefficients. 

Partition coefficients  

Symbol Compartment 
Chronic 

exposure 

Acute 

exposure 

��  Liver 1000 1500 

��  Kidney 2000 2500 

���  Lung 2.0 2.0 

��  Gut 1.0 1.0 

��  Remainder of the body 1000 1000 

Transfer Coefficients  

Symbol Description Value (���)  

��  
Coefficient regulating piecemeal 
ingestion 

0.000015 0.00015 

�	  
Coefficient from stomach to small 

intestine 
0.000015 0.0035 

��  
Coefficient from small intestine to 

gut 
0.0015 0.015 

��  Fecal excretion rate 0.7 0.07 

���  Biliary excretion rate 0.1 - 0.3 0.0005 

��  Urinary excretion rate 0.017 - 0. 0.0255 

�   Hair excretion rate 0.009 0.009 

��  
Coefficient regulating piecemeal air 

intake 
0.00000072  

��  Fraction absorbed via inhalation 0.00025  

Blood flow rates instead of the conventional transfer rate 

coefficients were used to describe the kinetics of the chemical 

to critical organs such as the liver, kidney, lung and the 

remainder of the body. A perfusion rate-limited model was 

assumed for liver, kidney, lung, and remainder of the body. 

Each of these tissues was regarded as a single well-stirred 
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compartment, without any concentration gradient of the 

chemical within the compartment. The concentration-time 

profile in these tissues was assumed to be controlled by the 

blood flow to these compartments and their respective 

partition coefficients. 

The flow of cadmium in and out of a non-excretion 

compartment, !, is described by a mass balance equation as 

follows: 

"�#
"$ �	�%('( − '*%)/-%             (2) 

Where �%  is the blood flow rate to the compartment, '( 

is the concentration in arterial blood entering the 

compartment, -% is the volume of compartment, while '*% 
(given as 

�#
.#) is the concentration of cadmium in the venous 

blood exiting the compartment. '%  and �%  are the 

concentration and partition coefficient of the chemical in the 

specified compartment, respectively. 

For compartments involved in excretion of cadmium, the 

kinetics of the chemical is described as follows: 

"�#
"$ �	�%('( −

�#
.#)/-% −	(�/

�#
.#)/-%        (3) 

where �/ is the excretion rate coefficient. 

Table 3. Mass balance differential equations describing the concentration or 

amount of cadmium in the compartments. 

Compartment Equation 

Vein 

0'1
02 � (�34 '34�34 + (�6 + �7) '6�6 + �8 '8�8 + �1	�1

− ��'*)/-1/%9 

Lung 
0'6:
02 � 	�; <'* −	'6:�6:= /-1/%9 +	������/-1/%9 

Artery 
0'(
02 � 	��('6� − '()/-��$ 

Liver 0'6
02 �

�6 >'( −	'6�6?
-6 −	���'6/-6 

Kidney 0'8
02 �

�8 >'( −	'8�8?
-8 −	��'8/-8 

Urine 
0@
02 � 	��'8 

Remainder of the 

body 

0'34
02 � 	�34 <'( −	'34�34= /-34 −	� '34/-34 

Mathematical 

delay 

0��
02 � 	ABCD0EFG −	���� 

Stomach 
0�H4
02 � ���� −	�	�H4 

Small intestine 
0�HI
02 � 	�	�H4 −	���HI −	���HI 

Gut 
0'7
02 � ���HI/-7 +�7('( − '7

�7)/-7 

Liver 

dCL
dt � (QOCO POQ + QLCR − (QO +QL)CL PLQ )/VL

−	kUVCL/VL 

The partition coefficients and transfer rate coefficients 

employed in the model were chosen by trying several 

alternatives to determine the set (Table 2) that gave the best fit 

to data gleaned from literature. As shown in Table 2, two sets 

of parameters were employed in this modelling effort, one set 

for long term, chronic, exposure and another set for short term, 

acute, bolus exposure to cadmium. 

The concentration of cadmium in the respective 

compartments was calculated by solving numerically, a series 

of mass balance differential equations (Table 3). Python 

software environment was employed to develop the model 

used to describe the absorption distribution and elimination of 

cadmium in the human body. 

2.2. Simulations 

To evaluate the performance of the current model, the 

results of some experimental observations and other 

simulations found in literature were simulated. Results of 

researches conducted by a host of other researchers [14, 15, 17] 

and a simulation by [16] were simulated using the model 

developed in this study. 

In a study conducted by Perama and collaborators using 

synthetic gastrointestinal fluids, the concentration of cadmium 

in gastrointestinal fluids were simulated and measured [14]. It 

was a short term simulation using a bolus dose of 0.75 mg/kg. 

In simulating the work of Perama and cohorts, the transfer 

coefficients ��, �	, �� and �� used in simulating long term 

exposure to cadmium (Table 2.) had to be altered. 

Consequently, �� , �	, �� and ��  were assigned the values 

0.00015 ��� , 0.0035 ��� , 0.015 ���  and 0.07 ��� , 

respectively. An oral bolus dose of 0.75 mg/kg, (same as the 

Perama study) was inserted as input. 

The autopsy studies carried out on Swedish citizens by 

Elinder et al., measuring the concentration of cadmium in 

kidney cortex was simulated using 16.0 µg daily oral intake of 

cadmium for non-smokers and an additional intake of 3 

µg/day through inhalation for smokers [17]. The onset of 

smoking was assumed to be at 20 years of age. 

The model developed by Nordberg and Kjellstrom 

simulated the concentration of cadmium in the kidney cortex 

and liver of battery factory workers exposed to industrial air 

[15, 16]. Employing the present model, the concentration of 

cadmium in the kidney cortex and liver of battery factory 

workers exposed to industrial air containing 50 µg /m
3
 was 

simulated. 

Furthermore, the Nordberg and Kjellstrom model also 

simulated the concentration of cadmium in various tissues 

of a 45 years old Japanese resident of Tokyo. Using, as 

input, cadmium intake of 40 µg and 2.7 µg via food and air, 

respectively, the current model simulated the concentration 

of cadmium in various tissues of this 45 years old Japanese 

resident of Tokyo. 

3. Results and Discussions 

3.1. Results 

The result of simulations by the present model are 

compared with some experimental observations found in 

literature and presented in Figure 2 to Figure 4 and in Table 4. 

While Figure 2 compares the experiment conducted by [14] 

with the simulation by the present model. Figure 3 is a 

comparison of a Swedish autopsy studies [17] and the current 

model simulation. On the other hand, Figure 4 compares a 
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simulation by the present model and the result of a study 

conducted on battery factory workers [15, 16]. Table 4 

compares our model calculations and empirical observations 

conducted on a Tokyo resident. 

3.2. Discussions 

The simulation by the present model of concentration of 

cadmium in the small intestine compares favorably with the 

experiment of Perama and co-researchers [14]. In the 

experiment conducted by Perama and cohorts, using synthetic 

gastrointestinal fluids, the concentration of cadmium in 

gastrointestinal fluids were simulated and measured [14]. An 

oral bolus input of 0.75 mg/kg was used. A comparison of the 

experimental observation and the simulation by the present 

model, following an oral bolus dose of 0.75 mg/kg shows a 

reasonable agreement (Figure 2). 

 

Figure 2. Concentration of cadmium (mg/kg) in the small intestine following 

an oral bolus dose of 0.75 mg/kg: The bullets points are experimental 

observations [14], while the solid line is the simulation by the present model. 

 

Figure 3. Simulated and empirically determined concentrations in kidney 

cortex of Swedish citizens: The solid (__) and dashed (---) lines represent the 

simulation from the present model for non-smokers and smokers respectively, 

while the stars (*) and crosses (+) are empirical observations [17] for 

non-smokers and smokers, respectively. 

There is a reasonable agreement between an autopsy 

studies conducted by Elinder and cohorts with model 

simulations from the model developed in this study [17]. In 

the autopsy studies by Elinder and collaborators, the 

concentration of cadmium in the kidney cortex of some 

Swedish citizens were empirically measured [17]. Figure 3 

compares the result of that study and the simulation, using 

the current model, of concentration of cadmium in adults 

having a daily intake of 16.0 µg/day of cadmium. The upper 

curves are for smokers assumed to be smoking 20 cigarettes 

per day, corresponding to an additional intake of 3 µg/day of 

cadmium via inhalation. It is worth mentioning that in 

simulating the concentration of cadmium in the kidney 

cortex of smokers (Figure 3), the partition coefficient for 

kidney and other critical organs had to be adjusted upwards. 

This Suggest that in the kidney and other critical organs, 

where cadmium is retained significantly, smoking does not 

only increase the daily intake of cadmium, it equally 

enhances the retention capability of the chemical, with its 

attendant impact on several organs. However, the 

mechanism through which this is achieved remains 

unknown. 

A comparison of simulations by the current model and the 

simulation of the model by Nordberg and Kjellstrom, of the 

concentration of cadmium in the kidney cortex and liver of 

battery factory workers exposed to industrial air containing 50 

µg /m
3
 of cadmium from age 20 – 60 is shown in Figure4 [15, 

16]. 

 

Figure 4. Comparison of simulations from the present model and simulations 

from Nordberg and Kjellstrom model of the concentration of cadmium in the 

kidney cortex and liver of a Swedish factory worker exposed to industrial air 

containing 50 µg /m3 of cadmium from age 20 – 60. Kidney cortex: Present 

model simulation (solid line), Nordberg and Kjellstrom model simulation 

(bullet); Liver: Present model simulation (dash dot), Nordberg and Kjellstrom 

model simulation (star) 

Furthermore, empirically determined concentrations of 

cadmium in various tissues of a 45 years old Japanese resident 

of Tokyo with a daily cadmium intake of 40 µg and 2.7 µg via 

food and air [16] compares favorably with model calculations 

using the present model (Table 4). 

The predictions (Figure 2, Figure 3, and Table 4) from 

the current model, fitted reasonably the experimental 

observations of Perama and cohorts, Nordberg and 

Kjellstrom, and Elinder et al. [14, 16, 17]. The present 

model also simulated (Figure 4) to a reasonable degree of 

agreement the simulation by the model constructed by 

Nordberg and Kjellstrom [16]. 

 



 American Journal of Mathematical and Computer Modelling 2021; 6(1): 9-13 13 

 

Table 4. Empirical and calculated concentration of cadmium in various 

tissues for a 45 years old Japanese resident of Tokyo with a daily cadmium 

intake of 40 µg and 2.7 µg via food and air respectively. 

Tissue 
Cadmium concentration (µg/g) 

Observed Simulated 

Kidney 65 58 

Liver 3.4 3.53 

Other Tissues 0.2 0.21 

Urine 1.1 1.2 

4. Conclusion 

A cadmium physiologically-based bio-kinetic model utilizing 

blood flow rates and partition coefficients to critical organs was 

developed for humans. This model could simulate, the absorption, 

distribution, metabolism and elimination (ADME) properties of 

cadmium. The predictions from the current model, agrees 

reasonably with experimental observations and simulations by 

other researchers [14, 16, 17]. The study further concludes that 

smoking increases the retention of cadmium in tissues by 

inducing an enhanced partition coefficient, however, the 

mechanism by which this happens remains unknown. It is 

believed that this model could be adapted as a tool in 

environmental health risk assessment of cadmium. 
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