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Abstract: In this paper, we investigate the global analysis of a virus infection model with  multitarget cells and 

multiple distributed intracellular delays. The model is a       -dimensional nonlinear delay differential equations 

that describes the dynamics of the  virus,   classes of uninfected target cells and   classes of infected cells. The 

incidence rate of infection is given by saturation functional response. The model has two types of distributed time 

delays describing the time needed for infection of target cell and virus replication. This model can be seen as a 

generalization of several models given in the literature describing the interaction of the virus with one class of target 

cells. Lyapunov functionals are constructed to establish the global asymptotic stability of the uninfected and infected 

steady states of the model. We have proven that if the basic reproduction number is less than unity then the 

uninfected steady state is globally asymptotically stable, and if the infected steady state exists then it is globally 

asymptotically stable. 
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1 Introduction 

In the last decades, there has been much 

interest in developing mathematical models of virus 

infection dynamics of many diseases [1]. This is 

because their importance to explore possible 

mechanisms and dynamical behaviors of the viral 

infection process, to estimate key parameter values, 

and to guide development efficient anti-viral drug 

therapies. Some of  these models are given by ODEs 

under an assumption that, the infection could occur 

and the viruses are produced from infected target cells 

instantaneously, once the uninfected  target cells are 

contacted by the virus particles (see e.g. [2], [3], [4], 

[5], [6] and [7]). Other accurate models incorporate 

the delay between the time the viral entry into the 

target cell and the time the production of new virus 

particles, modeled with discrete time delay or 

distributed time delay using functional differential 

equations (see e.g. [9], [10], [11], [26] and [28]). The 

basic virus dynamics model with distributed 

intracellular time delay has been proposed in [28] and 

given by 

                                              (1) 

                                      
 

 

                                                     

 

                                         
 

 

 

where            and       represent the populations 

of uninfected target cells, infected cells and free virus 

particles at time   , respectively. Here  , represents the 

rate of which new target cells are generated from 

sources within the body,   is the death rate constant, 

and     is the constant rate at which a target cell 

becomes infected via contacting with virus. Equation 

(2) describes the population dynamics of the infected 

cells and shows that they die with rate constant  . The 

virus particles are produced by the infected cells with 

rate constant    and are removed from the system with 

rate constant    The model includes two kinds of 

antiretroviral drugs, reverse transcriptase inhibitors 

(RTI) to prevent the virus from infecting cells and 

protease inhibitors (PI) to prevent already infected 

host cells from producing infectious virus particles. 

The parameters            and            are the 

efficacies of  RTI and PI, respectively. To account for 

the time lag between viral contacting a target cell and 

the production of new virus particles, two distributed 

intracellular delays are introduced. It is assumed that 

the target cells are contacted by the virus particles at 
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time     become infected cells at time  , where   

a random variable with a probability distribution     . 

The factor      

during time period          On the other hand, it is 

assumed that, a cell infected at time     starts to 

yield new infectious virus at time     

distributed according to a probability distribution 

    . 

    Many authors have devoted their effort in 

developing various mathematical models of  viral 

infections with discrete or distributed delays and 

studying their qualitative behaviors (see [9], [11], 

[26], [10], [28], [22], [23], [21], [27], [24], [31] and 

[33]). These works addressed the virus dynamics 

models under the assumption that the virus attack one 

class of target cells (e.g. CD  T cells in case of HIV 

or hepatic cells in case of  HCV and HBV). In case of 

HIV infection, the HIV has two classes of target cells, 

CD  T cells and macrophages [29]. In ([8], [30], 

[12], [13], [14], [17], [15], [19]), a class of HIV 

infection models with two classes of target cells has 

been proposed. The global stability of these models 

has been investigated in ([12], [13], [14], [15] and 

[19]). Since the interactions of some types of viruses 

inside the human body are not very clear and 

complicated, therefore the virus may attack more than 

two classes of target cells. In very recent works, Elaiw  

[18] and [16], has proposed some virus dynamics 

models with multitarget cells and investigated the 

global asymptotic stability of its steady states. In [16], 

multiple discrete-time delays have been incorporated 

into the model.  

    The purpose of this paper is to propose a delayed 

virus dynamics model with multi-target cells and 

establish the global stability of its steady states. We 

incorporate two types of distributed delays into this 

model to account the time delay between the time the 

target cells are contacted by the virus particle and the 

time the emission of infectious (matures) virus 

articles. We assume that the infection rate is given by 

saturation functional response. The global stability of 

these models is established using Lyapunov 

functionals, which are similar in nature to those used 

in [25]. We prove that if the basic reproduction 

number is less than unity, then the uninfected steady 

state is globally asymptotically stable (GAS) and if the 

infected steady state exists, then it is GAS. 

2 Virus infection model with multitarget cells and 

distributed delays 

 

In this section we propose a virus dynamics model 

which describes the interaction of the virus 

with     classes of target cells taking into account the 

saturation infection rate and multiple distributed 

intracellular delays. 

              
           

        
                           

 

               
 

 

     
             

          
  

                                       

                
                       

 

 

 

   

 

where     and     represent the populations of the 

uninfected target cells and infected cells of class  , 

respectively, and     is the population of the virus 

particles. Here             are positive constants,    

              and                       

The factors               account for the cells loss 

during the delay period. All the other parameters of 

the model have the same meanings as given in (1)-(3). 

The growth rate of the uninfected target cells of class   

is given by the function        . The following 

particular forms of function          have widely been 

used in the literature of virus dynamics: 

                 

                      
  

      
   

where    is the maximum proliferation rate of the 

target cells of class,   and        is the maximum level 

of target cells population in the body. We mention 

that, if           and       , then model (4)-(6) 

leads to the model presented in [33] and [31]. 

      The probability distribution functions         and  

      are assumed to satisfy          and          

and 
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where s is a positive number. Let  

          
      

 

 
 and            

       
 

 
 

           then         and      

              The initial conditions for system 

(4)-(6) take the form 

                                     

                                   

                                                                               

                     

where, 

                                    
        

and     is the Banach space of fading memory type 

defined as [32]: 

              
         

             
                                        

                                
      

where             
      is the Banach space of 

continuous functions mapping the interval        

into    
    . By the fundamental theory of functional 

differential equations [20], system (4)-(6) has a unique 

solution satisfying the initial conditions (7). 

Assumption A1 For          function          

  satisfies: 

(i)         is continuous, differentiable and        , 

(ii) there exits  an    
    such that 

     
           

    
     

      
                      

  

2.1 Non-negativity and boundedness of solutions 

   In the following, we establish the non-negativity and 

boundedness of solutions of (4)-(6) 

with initial conditions (7). Let                
  

and                 
   

Proposition 1. Suppose that Assumptions A1 holds 

true and                  be any solution of (4)-(6) 

satisfying the initial conditions (7), then              and 

      are all non-negative for        and ultimately 

bounded. 

Proof. First, we prove that              for all      . 

Assume that         lose its non-negativity on some 

local existence interval [   ] for some constant   and 

let     be such that         
    . From Eq. (4) we have 

     
                     Hence         

for some                where         is sufficiently 

small. This leads to a contradiction 

and hence         , for all      . Further, from Eqs. 

(5) and (6) we have 

            
      

            
 

 

        
    

             

          
     

 

 

 

         

               

            
 

 

 

   

       
                

 

 

 

Then similar arguments can easily be used to show 

that         and         for all       

Next we show the boundedness of the solutions. 

Assumption A1 and Eqs. (4) imply  that  

                  
 . 

If follows that        
                  

   
 

 
 

Let              
                   

 

 
, 

                      
         and      

       
  

  
    then 
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Hence                      where                            

Since         
                

 

 
 

we get                       . On the other hand, 

                 
                     

 

   

 

 

 

   

 

 

then                     where      
      

 
   

    

Therefore,            and          are ultimately 

bounded. 

 

2.2 Steady states 

     Assumption A1 ensures that system (4)-(6) has an 

uninfected steady state                , where    
  

is the solution of       
       

     and     . In 

addition to   , the system can has a positive infected 

steady state      
          The coordinates of the 

infected steady state, if they exist, satisfy the 

equalities: 

     
   

    
   

     
          

 =  
    

   

     
         1,         (8) 

           
  

   .                                                 (9) 

The basic reproduction number of system (4)-(6) is 

given by 

        
          

 

   

 

   

 

   

                               

where    is the basic reproduction number for the 

dynamics of the interaction of the virus only with the 

target cells of class  . 

2.3 Global stability analysis 

      In this section, we prove the global stability of the 

uninfected and infected steady states of system (4)-(6) 

employing the method of Lyapunov functional which 

is used in [25] for SIR epidemic model with 

distributed delay. Next we shall use the following 

notation:           for any                

          We also define a function          

       as 

                  

It is clear that         for any     and   has the 

global minimum       . 

Theorem 1. If        and Assumption A1 holds true, 

then     is GAS. 

Proof. Define a Lyapunov functional     as: 

         
   

  

  
   

 

  
  

 

   

 
  
  
       

     
             

          
    

 

 

 

 

 
  
    

       
                

 

 

 

 

     

where     
      

  
 

The time derivative of      along the trajectories of 

(4)-(6) satisfies 
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Collecting terms we get 
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If 0 1R  and Assumption A1 is satisfied, then 

1 0
dW

dt
 for all      . By Theorem 5.3.1 in [20], 

the solutions of system (4)-(6) limit to M, the largest 

invariant subset of 
1 0

dW

dt

 
 

 
. Clearly, it follows 

from (11) that 
1 0

dW

dt
 if and only if         . 

Noting that    is invariant, for each element of    we 

have      , then       . From Eq. (6) we drive that 

            

 

 

 

   

                  

This yields     . Hence  
   

  
   

if and only if           and    . From 

LaSalle.s  invariance principle,     is GAS. 

Assumption A2. For                 , function      

satisfies: 

   
  
 

  
              

                       

Theorem 2. If   exists and Assumptions A1-A2 hold 

true, then     is GAS. 

Proof.  We construct the following Lyapunov 

functional 

          
 

 

   

  
  
  
   

 

  
  
   

  
  
    

 

  
 
    

   

     
 
       

    

 

 

                

   
                   

  

  
               

 

 

 

     

 
    

 

    
       

       
       

  
  

 

 

 

 

       

     
 

  
                                                       

Differentiating with respect to time yields 
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Collecting terms we obtain 

   

  
        

  
 

  
 

 

   

       
    

  

     
 

 
  
  
       

      
               

 

            

 

 

   
  
  
  
  

 
 

  
 
    

   

     
 
       

    

 

 

                   

 

   
                    

               
    

 
    

 

    
       

       
       

  
 

 

 

     

    
  

 
          

    

 

 

         

 

   

      

Using the infected steady state conditions (8)-(9), and 

the following equality 

      
 

  
 
 

  
       

 

 

   

 
 

  
 

    
  

  
 

 

   

 

we obtain 

   

  
        

  
 

  
               

 

 

   

   

 
  
  
  
    

  
 

  
  

  
  
  
 
       

  

         
 
  
  
  
  

 
  

  
   

        
    

  
                    

  

    
               

   

 

 

 

 
  

  
   

        
    

 

 

   
                    

               
    

 
  
    

  
        

    

 

 

   
       

  
    

  
  
  
 
 

  
 

 
  
    

  
        

    
         

   
     

  
  
  
  

 

 

              

Then collecting terms of (12) and using the following 

equalities 
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Eq.(13) can be rewritten as  

   

  
         

  
 

  
               

    

 

   

    

 
  
  
  
  
  
 

  
      

  
 

  
    

  
  
  
   

    
       

  

         
 
 

  
 
     

     
 
  

 
  
  
  
  
     

     
 
      

     

     
 
   

 
  
  
  
        

                

 

 

 

  
  
                    

  

    
               

    

     
  
                    

  

    
               

      

 
  
    

  
        

                            

 

 

 

  
         

   
       

         

   
         

Using the following equality 

   
       

  

         
 
 

  
 
     

     
 
      

       
   

        
         

   

we can rewrite  
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It is easy to see that if Assumption A2 is satisfied and 

     
    

              , then 
   

  
     By 

Theorem 5.3.1 in [20], the solutions of system (4)-(6) 

limit to M , the largest invariant subset of   
   

  
   . 

It can be seen that  
   

  
   if and only if     

   
         

and       i.e., 

  
                    

  

    
               

 
         

   
    

   For almost all                                                    

If       then from (14) we have       
   and hence  

   

  
  equal to zero at   . LaSalle’s invariance principle 

implies global stability of   . 

3 Conclusion 

  In this paper, we have proposed a virus dynamics 

model describing the interaction of the virus with n 

classes of target cells taking into account the 

saturation infection rate. Two types of distributed time 

delays describing time needed for infection of target 

cell and virus replication have been incorporated into 

the model. The global stability of the uninfected and 
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infected steady states of the model have been 

established by using suitable Lyapunov functionals 

and LaSalle invariant principle. We have proven that, 

if the basic reproduction number is less than unity, 

then the uninfected steady state is GAS and if the 

infected steady state exists then it is GAS. 

References 

[1] M.A. Nowak, and R.M. May, .Virus dynamics: 

Mathematical Principles of Immunology and 

Virology,.Oxford Uni., Oxford, 2000. 

[2] M.A. Nowak, C.R.M. Bangham, Population 

dynamics of immune responses to per- sistent 

viruses, Science, 272 (1996), 74-79. 

[3] M. A. Nowak, S. Bonhoeffer, A. M. Hill, Viral 

Dynamics in Hepatitis B Virus Infection, Proc. 

Natl. Acad. Sci. USA, 93 (1993), 4398-4402. 

[4] A. U. Neumann, N. P. Lam, H. Dahari, D. R. 

Gretch, T. E. Wiley, T. J. Layden, and A. S. 

Perelson, Hepatitis C viral dynamics in vivo and 

the antiviral e¢ cacy of  interferon-alpha therapy, 

Science, 282 (1998), 103-107. 

[5] L. Wang, M. Y. Li, and D. Kirschner, 

Mathematical analysis of the global dynamics of 

a model for HTLV-I infection and ATL 

progression, Math. Biosc., 179 (2002), 207-217. 

[6] A. Korobeinikov, Global properties of basic virus 

dynamics models, Bull. Math. Biol. 66 (2004), 

879- 883. 

[7] P. Georgescu, Y-.H. Hsieh, Global stability for a 

virus dynamics model with nonlinear incidence of 

infection and removal, SIAM Journal of Applied 

Mathematics 67(2) (2006) 337-353. 

[8] D.S. Callaway, and A.S. Perelson, HIV-1 infection 

and low steady state viral loads, Bull. Math. 

Biol., 64 (2002), 29-64. 

[9] R.V. Culshaw, and S. Ruan, A delay-differential 

equation model of HIV infection of CD4+ T-cells, 

Math. Biosci., 165 (2000), 27-39. 

[10] P.W. Nelson, J. Murray, and A. Perelson, A 

model of HIV-1 pathogenesis that includes an 

intracellular delay, Math. Biosci., 163 (2000), 

201-215. 

[11] N.M. Dixit, and A.S. Perelson, Complex patterns 

of viral load decay under antiretroviral therapy: 

In.uence of pharmacokinetics and intracellular 

delay, J. Theoret. Biol. 226 (2004), 95-109. 

[12] A.M. Elaiw, Global properties of a class of HIV 

models, Nonlinear Anal. Real World Appl., 

11(2010), 2191-3286. 

[13] A.M. Elaiw, and X. Xia, HIV dynamics: Analysis 

and robust multirate MPC-based treatment  

schedules, J. Math. Anal. Appl., 356 (2009), 285-

301. 

[14] A. M. Elaiw and S. A. Azoz, Global properties of 

a class of HIV infection models with Beddington-

DeAngelis functional response, Mathematical 

Methods in the Applied Sciences, DOI: 

10.1002/mma.2596. 

[15] A.M. Elaiw, I. A. Hassanien, and S. A. Azoz, 

Global stability of HIV infection models with 

intracellular delays, J. Korean Math. Soc. 49 

(2012), No. 4, pp. 779-794. 

[16] A. M. Elaiw and M. A. Alghamdi, Global 

properties of virus dynamics models with 

multitarget cells and discrete-time delays, 

Discrete Dynamics in Nature and Society, 2011, 

Article ID 201274. 

[17] A. M. Elaiw and A. M. Shehata, Stability and 

feedback stabilization of HIV infection model with 

two classes of target cells, Discrete Dynamics in 

Nature and Society, 2012 (2012), Article ID 

963864. 

[18] A. M. Elaiw, Global properties of a class of virus 

infection models with multitarget cells, Nonlinear 

Dynam., 69 (2012), 423-35. 

[19] A. M. Elaiw, Global dynamics of an HIV 

infection model with two classes of target cells 

and distributed delays, Discrete Dynamics in 

Nature and Society, 2012 (2012), Article ID 

253703. 

[20] J.K. Hale, and S. Verduyn Lunel, .Introduction to 

functional differential equations,. Springer-

Verlag, New York, 1993.  

[21] G. Huang, Y. Takeuchi, and W. Ma, Lyapunov 

functionals for delay differential equations model 

of viral infection, SIAM J. Appl. Math., 70 

(2010), 2693.2708. 

[22] D. Li, and W. Ma, Asymptotic properties of a 

HIV-1 infection model with time delay, J. Math. 

Anal. Appl., 335 (2007), 683-691. 

[23] M.Y. Li, and H. Shu, Global dynamics of an in-

host viral model with intracellular delay, Bull. 

Math. Biol., 72 (2010), 1492-1505. 

[24] M.Y. Li, and H. Shu, Impact of intracellular 

delays and target-cell dynamics on in vivo 

infection, SIAM J. Appl. Math., 70 (2010), 2434-

2448. 

[25] C.C. McCluskey, Complete global stability for an 

SIR epidemic model with delay-distributed or 

discrete, Nonlinear Anal. Real World Appl., 11 

(2010) 55-59. 

[26] J. Mittler, B. Sulzer, A. Neumann, and A. 

Perelson, Influence of delayed virus production 

on viral dynamics in HIV-1 infected patients, 

Math. Biosci., 152 (1998), 143-163. 

[27] Y. Nakata, Global dynamics of a cell mediated 

immunity in viral infection models with 

distributed delays, J. Math. Anal. Appl., 375 

(2011), 14-27. 



Life Science Journal 2012;9(4)                                                             http://www.lifesciencesite.com 

1508 

 

[28] P.W. Nelson, and A.S. Perelson, Mathematical 

analysis of delay di¤erential equation models of 

HIV-1 infection, Math. Biosci., 179 (2002), 73-

94. 

[29] A.S. Perelson, P. Essunger, Y. Cao, M. Vesanen, 

A. Hurley, K. Saksela, M.Markowitz, and D.D. 

Ho, Decay characteristics of HIV-1- infected 

compartments during combination therapy, 

Nature, 387 (1997), 188-191. 

[30] A.S. Perelson, and P.W. Nelson, Mathematical 

analysis of HIV-1 dynamics in vivo, SIAM Rev., 

41 (1999) 3-44. 

[31] R. Xu, Global dynamics of an HIV-1 infection 

model with distributed intracellular delay, 

Comput. Math. Appl., 61 (2011), 279-280. 

[32] Y. Kuang, .``Delay di¤erential equations with 

applications in population dynamics,’’ Academic 

press, San Diego, 1993. 

[33] S. Liu and L. Wang, Global stability of an HIV-1 

model with distributed intracellular delays and a 

compination therapy, Math. Biosc. Eng., 7 (2010) 

675-685. 

 

9/22/2012 

 

 


