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Abstract 

Most researchers come to an agreement that HIV-1 has been 

infecting humans for a relatively long time before the emergence of present 

epidemics: decades and centuries, not having devastating impact on human.  

If HIV-1 has not taken an advantage of spreading in human population for 

decades to centuries and merely been existed in the localized region, this 

hypothesis leads us to another question: Why HIV-1 has become pandemic 

within the last two decades, where HIV-1 would exist before it came to a 

pandemic state in 1980’s and how HIV-1’s evolutionary character has 

changed over time in order to gain the advantage to spread over the world?  

In this paper, I try to investigate with mathematical modeling the 

evolutionary course, especially figuring out how much impact the increase in 

the number of partner had on the virulence of HIV-1 in past several decades. 

The spread of the two strains was modeled based on the 

differential equations Lipstich had created.  I simplified them and applied 

data obtained from past studies to the equations.  The result found that if the 

partner exchange rate increased from 1.5 per year to two in the same 

population, the epidemic caused by the more virulent strain will overweigh 

the epidemic caused by the less virulent strain over the several centuries.  

Although, this mathematical modeling is simple, this result revealed that 

increasing the rate of partner acquisition gave the more virulent strain an 

advantage, in terms of propagating the virus in a given population.  This 



means that reducing in the number of partner is an appropriate way to 

mitigate the current HIV/AIDS epidemics from evolutionary viewpoints. 

 



Introduction 

The twenty years passed after the first clinical evidence of acquired 

immunodeficiency syndrome was reported [1, 2].  AIDS has become one of the 

most devastating diseases humankind has ever faced.  Since the epidemic 

began, more than sixty million people globally have been infected with the 

virus.  HIV/AIDS is now the leading cause of the death in Sub-Saharan Africa 

and the fourth-biggest killer in the world [3, 4].  At the end of 2001, forty 

million people globally were estimated to be living with HIV/AIDS.  An 

estimated newly infected people only in 2001 were five million in the world.  

In addition, nine out of ten people living with HIV/AIDS are living in 

resource poor countries [5].  The fight against HIV/AIDS epidemic is the most 

important challenge we have been facing nowadays in the twenty first 

century.        

Although there is no end to the AIDS pandemic in sight, nor is there 

any recognized therapy that cure AIDS, there are, however, a few glimpses of 

hope in controlling HIV/AIDS epidemic.  Firstly, with them making the 

efforts to reduce the number of sexual partners, to promote the usage of 

condom, and so on, as a few countries such as Uganda, Thailand and 

Cambodia, concentrated efforts, driven by the strong political leadership and 

public commitment, lowered HIV-1 prevalence among pregnant women and 

young adolescents [6, 7, 8].  Secondly, the usage of Zidovudine and 

Nevirapine to prevent maternal transmission have become more available in 



the resource poor countries where more than ninety percent of children newly 

infected with HIV-1 have been found [9, 10, 11].  Lastly, multi-drug 

treatment to the people with HIV/AIDS started in the resource poor countries 

[12, 13, 14].  Even though trial is still small scale in number rather than 

expected by the people who wants treatment, this challenge seems to have a 

potential to modify HIV/AIDS natural course in resource poor countries, 

increasing the access to the Voluntary Counseling and Testing (VCT) center 

and reducing the transmissibility of the virus [15, 16].   

Although these prevention and treatment procedures are useful in 

controlling HIV-1 epidemic, a couple of questions also have been raised. It 

means that there has to be questions to be answered whether those 

interventions are correct in an evolutionary manner.  Firstly, if those 

behavioral and biomedical interventions have impact on preventing HIV-1 

epidemic from spreading, in what manner do those interventions modify 

HIV/AIDS epidemic?  Secondly, what is the rationale behind those 

interventions from evolutionary viewpoint?  Thirdly, what is the lesson learnt 

from this epidemic?  It seems not to be easy to answer these questions, but it 

does not necessarily mean that this kind of challenge is trivial.  Now that an 

uncountable number of papers published become available in order for us to 

evaluate what happened in the past and see what will happen in the future, 

this sort of challenge will be considered meaningful.  Besides those 

epidemiological studies conducted in the past two decades, it seems that 



mathematical modeling will tell us the insight, in terms of what evolutionary 

change happened in the past and will be seen in the future.  In this paper, I 

try to answer those questions, especially figuring out how much impact the 

increase in the number of partner had on the virulence of HIV-1 in the past 

decades.   

 

Origin of HIV-1 and its evolutionary course 

Before moving to investigate those questions, firsthand, let’s look 

back at the origin of HIV-1 and its evolutionary course.  I believe that it helps 

to understand how those questions were generated and why they should be 

answered. 

Myers and et al developed phylogenic tree with viral nucleotide 

sequences, showing that if interspecies transmission occurred from 

chimpanzee to human, two jumps between species would be needed to explain 

the result whereas only one jump would be required if reverse transmission 

occurred from human to Chimpanzee [17].  Some proposed that interspecies 

transmission occurred from human to other primates with the evidence that 

polio vaccines were produced using monkey cells [18], and chimpanzee’s blood 

were transfused to humans between 1935 and 1955 in Antwerp, Belgium, in 

order to study the transmissibility of malaria to human [19, 20].  In either 

case, unfortunately, how interspecies transmission between Chimpanzee and 

human is still a mystery we have to study in the future.    



Whether or not fewer-jump theory is valid, most researchers came 

to an agreement that HIV-1 has been infecting humans for a relatively long 

time before the emergence of present epidemics: decades and centuries, not 

having devastating impact on human.  If HIV-1 has not taken an advantage 

of spreading in human population for decades to centuries and merely been 

existed in the localized region, this hypothesis leads us to another question: 

Why HIV-1 has become pandemic within the last two decades, where HIV-1 

would exist before it came to a pandemic state in 1980’s and how HIV-1’s 

biological character has changed over time in order to gain the advantage of 

spreading over the world?       

 

What happened before 1980? 

The earliest well-documented case of disease caused by HIV-1 is 

Norwegian sailor born in 1946 and died of pneumonia and severe 

neurological abnormality in April in 1976 after ten years of clinical 

manifestation of HIV-1 infection [21, 22, 23].  Norwegian’s sera were taken in 

1971 and have been stocked in the refrigerator.  The new technology 

available after 1960’s allowed clinicians and scientists to preserve intriguing 

sera for future reference and to analyze stocked sera.  The stocked sera were 

analyzed and then analyzed data suggested that the latest common ancestor 

of HIV-1 existed long before 1980s [24].  



A couple of studies were also carried out to see what had happened 

to HIV-1 in the past four to five decades, analyzing old serum samples from 

parts of Africa.  Those researches suggested that HIV-1 infection was very 

rare before 1970s even in Africa where the highest diversity of HIV-1 was 

found [25, 26, 27, 28, 29].  Furthermore, Ho and et al [30] described that the 

major-group viruses that dominated the global epidemic at present shared a 

common ancestor in the 1940s or 1950s.  The diversification of HIV-1 in the 

past 40–50 years portends even greater viral heterogeneity in the coming 

decades, and underscores the need for continued surveillance. The researches 

with phylogenetic analysis conducted by Sharp PM and et al, and other 

scientists also suggested that a genetic bottleneck in the evolution of HIV-1 

occurred some forty years ago [31, 32, 33, 34].  With these researches being 

considered, it seems that some events specific to modify the HIV-1 

evolutionary course had to occur immediately before the present emergence of 

HIV-1.  Although it remains to be asked what happened to HIV-1 those days, 

the factor that propelled the initial spread of HIV-1 should be investigated.  

Social changes such as easier access to transportation, increasing population 

density and more frequent sexual contacts may have been more important 

than expected.  

 



Partner acquisition rate and sexually transmitted virus 

If a sexually transmitted virus infected a couple, it would have to 

remain infectiousness until at least one member of a couple engaged in 

sexual activity outside the pair.  Consider a sexually transmitted virus, such 

as HIV-1, in a society of relatively monogamous humans, only those 

pathogens that have some ways of prolonging infectiousness would be 

maintained.  To extend infectiousness, pathogens must avoid both being 

destroyed by host’s immune system [35] and destroying host per se.  

Evolutionarily, the benefits to the virus of extending infectiousness would 

have to be weighed against both the higher rate of infection and shorter 

period of infectiousness combined as usually seen in many pathogens like 

measles, influenza and so on [36, 37, 38, 39].  If this hypothesis is true, what 

keeps the slowly replicating HIV-1 from being displaced by the rapid 

replicatiors in the HIV-1 population as a whole?  In other words, what makes 

the slowly replicating HIV-1 to be displaced by the rapid ones?   

If the population has become less monogamous, increasing in the 

number of sexual partners, the benefits to extending the period of 

infectiousness, which means less likely to replicate highly, would disappear.  

Given that the number of sexual partners increased, it gives HIV-1 a chance 

to spread from one to another.  Even if high-replication type of virus keeps 

human host from being healthy within a relatively shorter period of time, and 

as a result, makes the period of infectiousness shorter, its disadvantage 



would be compensated by the increasing chances of infection through sexual 

contact.   

This leads to a key prediction: The higher the sexual partner rate 

is, the larger the net benefits to HIV-1 from rapid replication will be.   In fact, 

early in the Western AIDS epidemic, the Amsterdam gay community saw 

frequent transmission events and rapid human-to-human passage.  When a 

safer sex campaign reduced the number of sex partners and high-risk 

behavior among a gay community, however, it turned out that the length of 

the average symptom-free period increased whereas, in early stage of 

epidemics in Western Europe, rapid progressors of HIV-1 were dominant, 

having shorter length of symptom-free period [40].    

In addition to the Amsterdam cohort study, the similar 

observations were reported from New York and San Francisco [41, 42].  Those 

findings support a key prediction: the virulence of HIV-1 is associated with 

sexual partner rate, and may be able to explain the declining trends of HIV-1 

seen in Uganda through 1990s.     

Some studies from Uganda also revealed that HIV-1 prevalence 

among young adults significantly declined with the evidence of behavioral 

change since early 1990s [43, 44, 45].   Among women aged 15-19 years, 

education and marital status-adjusted HIV-1 prevalence declined from 32.2% 

in 1991 to 10.3% in 1997.  For 20-24-year-old women HIV-1 prevalence 

decreased from 31.7% in 1993 to 21.7% in 1997.  In Uganda, falls in HIV-1 



prevalence have been associated with decrease in the number of sexual 

partners and pregnancy rate in teenagers, and increase in reported age at 

first sex and the frequency of reported condom use.   

 

What does mathematical modeling tell us about HIV-1 evolution? 

Here are researches with mathematical modeling, dealing with 

theoretical predictions about the evolution of parasite virulence [46, 47, 48].  

Among those does the paper Lipsitch and Nowak published gave us an 

insight on the evolution of HIV-1, investigating whether greater transmission 

opportunities selected for more shorter-duration-of –infection strains [49].  

Although, conclusion is robust, in summary, it suggested that 

transmission opportunities had no effect on which strain became dominant, 

shorter duration-of-infection strain (more virulent strain) or longer one (less 

virulent strain), in a limited population, and selected for longer duration-of- 

infection strain, in a growing population, in long run whereas increased 

opportunities favored more virulent (shorter duration-of-infection) strain, in 

short run.  Although, this result did not always support the prediction 

proposed above: The higher the sexual partner rate is, the larger the net 

benefits to HIV-1 from rapid replication will be, and vice versa , it is more or 

less likely that HIV-1 become more virulent with high rate of partner 

acquisition in early stage of epidemic.  Even if this model tells us the truth in 

long-run evolution, the short-run evolution of the pathogen may be of most 



important in the public health interest.   Further, this model is rather 

theoretical.  

Here is the mathematical modeling I present to show which 

strains become dominate, more virulent strain or less virulent strain, as the 

partner change rate increases.  The spread of the two strains was modeled 

based on the differential equations Lipstich had created in 1995 [50].  I 

simplified them and applied data obtained from past studies to the equations. 

The following system of differential equations are used: 

dS/dt = u*N – (A1+A2+u)*S    (1) 

dY1/dt = A1*S – m1*Y1 – u*Y1     (2) 

dY2/dt = A2*S – m2*Y2 – u*Y2     (3) 

Where S is the number of susceptible in the population; Y1 and Y2 

represent the number of hosts infected with strain 1 and 2, respectively.  N is 

the total population size.  New susceptibles are born to all members of the 

population at a rate of u. The Ai is so-called “force of infection” for strain i, 

which is given by the following equation: 

  Ai = c*bi*Ii/N       (4) 

Where c is the rate of new partner acquisition, and bi is the 

probability that a susceptible infect with strain i when an infected individual 

meets with a susceptible partner.  The equations are tested under the 

condition in which a total population is 1 million in stable state, in which life 

expectancy at birth of the population is fifty years old, and in which the 



periods of time from infection to death are 1.5 years in more virulent strain 

and ten years in less virulent strain. 

The interesting result was obtained from the equations and was 

found in the appendix 1.  Given that partner exchange rate per year is 1.5, if 

a single case of each more virulent strain (strain 1) and less virulent strain 

(strain 2) are introduced into the totally susceptible one-million population, 

less virulent strain will spread over a couple of centuries and reach to the 

stable state, maintaining the prevalence of about three percents whereas the 

more virulent strain will die out without a visible epidemic in the population 

(Fig. 1-a).  However, if the partner exchange rates increase from 1.5 per year 

to two in the same population, the epidemic caused by the more virulent 

strain will overweigh the epidemic caused by the less virulent strain over the 

several centuries (Fig. 1-b, c, d).  As the number of partner acquisition 

increase just from 1.5 per year to two, the more virulent strain will become 

dominant for several centuries in the early stage of epidemic in the 

population.  Furthermore, if the partner rate increases, the epidemic caused 

by more virulent strain will occur only within half the century (Fig.1-d).  It 

might be possible to say that this result find a clue to the question why HIV-1 

has become pandemic within the last two decades, where HIV-1 would exist 

before it came to a pandemic state in 1980’s and how HIV-1’s evolutionary 

character changes over time in order to gain the advantage of spreading over 



the world.  The impact of the increase in the number of partner in past 

several decades should be taken into consideration. 

Although, this mathematical modeling is simple, this result 

revealed that increasing the rate of partner acquisition gave the more 

virulent strain an advantage, in terms of propagating the virus in a given 

population.  In other words, it might be possible to say that reducing partner 

acquisition rate contributed to preventing HIV-1 epidemic in an indirect 

manner that made more virulent strain lost their advantage of spreading in 

the population as well as in a direct manner that made all strain reduce 

chances to transmit one after another.  It means that reducing in the number 

of partner is an appropriate way to mitigate the current HIV/AIDS epidemics 

from evolutionary viewpoints. 
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Fig. 1. The possible dynamical patterns in competition between two strains in 
a stable host population are shown.  Shown are the number of those infected 
with less virulent strain (Y2) and those infected with more virulent strain 
(Y1).  The more frequently the people mix up, the more dominant the more 
virulent strain will be.   
 

Fig. 1-a (c= 1.8) 

Fig. 1-a (c= 2.0) 
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(Y1): more virulent strain 

(year) 

(Y2): less virulent strain 

(Y1): more virulent strain 

(year) 


