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Abstract

:

Featured Application


The numerical model may be modified to provide national, state, or local means of monitoring adherence to PrEP protocols, assessing disparities and access to care, and to inform public policy regarding PrEP advocacy.




Abstract


Prevention of type-1 human immunodeficiency virus (HIV) infections has primarily been through condom usage, abstinence, and behavioral and risk awareness programs. Pre-exposure prophylaxis (PrEP) medications became approved for infection prevention in 2012. Mathematical models exploring the projections and impacts of PrEP on the spread of HIV are sparse. This study develops an epidemiological model for type-1 HIV infection accounting for both PrEP and condom usage. We utilized CDC surveillance data on HIV/AIDS statistics to develop a susceptible, infected, AIDS numerical model containing PrEP, condoms, and the combination of both. We explore projections with the percentages of PrEP usage held constant and the impact of average annual sexual partners. We find when 70% of the high-risk population uses PrEP properly with an average of 2 sexual partners per year, the eventual infected percentage drops to about 15%. In contrast, when PrEP is not used correctly and with 4 partners per year the total eventual infected percentage rises to 59%. PrEP can be a highly effective mitigator for the spread of HIV. However, an increased average number of sexual partners per year with improper PrEP usage can minimize the long-term effectiveness of PrEP.
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1. Introduction


Education, behavioral interventions, condom usage, abstinence, testing, and knowing one’s serostatus have been the primary means of preventing and controlling the spread of the human immunodeficiency virus (HIV) [1,2]. In this work, we develop a model to estimate the effect of a newer method, pre-exposure prophylaxis (PrEP), for reducing the prevalence of HIV. There are two types of HIV infection, type-1 and type-2. We focus on type-1 HIV for this investigation as PrEP has not been shown to be effective against type-2 HIV [3].



PrEP was approved in 2012 by the Food and Drug Administration and is the prescribed use of antiretroviral medications (tenofovir and emtricitabine) [4]. When PrEP is taken properly, it is proven to prevent exposed uninfected individuals from acquiring HIV by creating a barrier between the pathogen and CD4 cells (the cells HIV replicates through), thereby severing the chain of infection [5]. The PrEP protocol requires all participants to regularly undergo testing for HIV and other sexually transmitted infections/diseases (STIs/STDs) to provide early detection of HIV, decrease risk from STIs, and to establish early serostatus monitoring. The PrEP protocol provides the opportunity to start antiretroviral treatment (ART) early in the HIV life cycle, controlling the viral load and helping reduce the spread of HIV while offering optimistic patient treatment [6,7].



Mathematical epidemiological models incorporating PrEP are extremely sparse [8,9,10]. The limited availability of studies and explorations of the impact of PrEP use for those at high risk of developing HIV is the motivation for this paper. We focus on the U.S. population and, after reviewing the CDC Atlas and HIV Case Surveillance reports, we determined the highest risk subgroup of interest was the combination of male-to-male sexual contact (MSM), injection drug users, and the combination of MSM using injection drugs [11,12]. We developed a compartmental model to explore the long-term effectiveness of PrEP usage.




2. Methods


We initially develop a simple Susceptible (S), Infected (I), stage 3 HIV/AIDS (A), or SIA, model. Parameter information and values vary greatly across the different models previously explored by others, with some having significant uncertainty [13,14,15]. We use the SIA model primarily to obtain parameters from the available CDC data by matching our results to the recorded data before PrEP usage was available. We determined our HIV and AIDS-related death rates along with the progression rate from HIV to AIDS directly from the anonymous and publicly accessible 2008 to 2018 CDC case surveillance data, which includes all 50 states, the District of Columbia, American Samoa, Guam, the Northern Mariana Islands, Puerto Rico, and the U.S. Virgin Islands [11].



After determining the appropriate parameters, we extend our simple model into a more complex model that includes the use of PrEP and condoms. The new model divides the total Susceptibles    (   S  t o t    )    into four subgroups: those using no protection    ( S )   , those using PrEP    ( P )   , those using condoms    ( C )   , and those using both PrEP and condoms    ( B )   . The total infected compartment    (   I  t o t    )    is subdivided into 4 subgroups    (   I S  ,    I P  ,    I C  ,   &    I B   )   , one for each corresponding susceptible group, while the AIDS compartment remains unchanged. We call this model the SPCBIA model.



The limiting assumptions we make are:




	
The death rates associated with HIV and AIDS have become steady and stable.



	
The rate of disease progression from HIV to AIDS is held constant with the acknowledgement that it is likely to decrease over time considering current data trends.



	
We specifically looked at scenarios where the percentage of the high-risk population using various prophylaxis options is held constant. We do include the possibility that there may be medically required PrEP medication discontinuation.



	
Some of those within the AIDS compartment receive ART and may still transmit HIV.



	
We exclude the cost of PrEP and the associated ancillary support services from the model since we are accessing data exclusive to the United States. As of July 2021, the Affordable Care Act requires all non-grandfathered in private health plans to cover the associated costs without cost sharing [16]. We acknowledge that other countries do not have this requirement and that this may thus affect PrEP access.








2.1. The SIA Model


As mentioned above, we use an SIA model to help define some parameters. In the simple SIA model, the susceptible population may die of natural causes, move to the infected compartment, or remain susceptible. The infected individuals may die from natural causes or infection-related causes, or they may progress to the stage 3 HIV/AIDS compartment. Once an infected individual has progressed to AIDS, they may die from natural causes or from disease-related causes. They may also continue to infect. There is a parameter to adjust the transmission probability per partner for the greater infectiousness of AIDS over HIV.



Our non-normalized equations for the SIA model are:


    d S   d t   = G − r β  (    I + η A  N   )  S − μ S    



(1)






    d I   d t   = r β  (    I + η A  N   )  S −  (  γ + ν + μ  )  I + α A    



(2)






    d A   d t   = γ  I  t o t   −  (  α +  ν a  + μ  )  A    



(3)







We begin our numerical simulations using total numbers in each compartment followed by normalization. Here,  N  is the total population,  G  is the rate at which people enter the susceptible population,  r  is the average number of sexual partners an individual has per year,  β  is the transmission probability per partner, and  η  is a modification parameter for those with AIDS and actively infecting susceptible individuals.  η  is larger than 1, as AIDS is more virulent than HIV. The average death rate by natural causes is given by  μ ,  γ  is the progression rate from HIV into AIDS,  ν  is the HIV-related death rate,    ν a    is the AIDS-related death rate, and  α  is the infection rate of AIDS individuals still able to transmit HIV.




2.2. The SPCBIA Model


In the SPCBIA model we now include PrEP and condom usage and explore the resulting infection projections. As before, each susceptible compartment allows for natural death or infection. There is an allowance for those using PrEP who discontinue usage and return to the general susceptible compartment for various medical reasons or life decisions. The condom usage compartment also allows for the discontinued usage of condoms, as this is the current trend in our high-risk group [17]. In the case that someone in the  B  compartment should cease using PrEP, it is assumed they will continue using condoms and return to that compartment. All four infected subgroups, similarly to the SIA model, allow for natural death, infection-related death, and progression to the AIDS state. Likewise, the AIDS compartment still allows for continued infection.



Our non-normalized equations for the SPCBIA model are:


   S  t o t   = S + P + C + B    



(4)






   I  t o t   =  I S  +  I P  +  I C  +  I B     



(5)






    d S   d t   = G +  [  1 − ψ  (  1 − χ  )   (  1 − δ  )  − δ − χ ψ  (  1 − δ  )   ]    d  S  t o t     d t   − r β  (     I  t o t   + η A  N   )  S  + θ P + ξ C − μ S    



(6)






    d P   d t   = ψ  (  1 − χ  )   (  1 − δ  )    d  S  t o t     d t   −  (  1 − k  )  r β  (     I  t o t   + η A  N   )  P −  (  μ + θ  )  P    



(7)






    d C   d t   = δ   d  S  t o t     d t   −  (  1 − L  )  r β  (     I  t o t   + η A  N   )  C −  (  μ + ξ  )  C + ω B    



(8)






    d B   d t   = χ ψ  (  1 − δ  )    d  S  t o t     d t   − F r β  (     I  t o t   + η A  N   )  B −  (  μ + ω  )  B    



(9)






    d  I S    d t   = r β  (     I  t o t   + η A  N   )  S −  (  γ + ν + μ  )   I S  + α A    



(10)






    d  I P    d t   =  (  1 − k  )  r β  (     I  t o t   + η A  N   )  P −  (  γ + ν + μ  )   I P     



(11)






    d  I C    d t   =  (  1 − L  )  r β  (     I  t o t   + η A  N   )  C −  (  γ + ν + μ  )   I C     



(12)






    d  I B    d t   = F r β  (     I  t o t   + η A  N   )  B −  (  γ + ν + μ  )   I B     



(13)






    d A   d t   = γ  I  t o t   −  (  α +  ν a  + μ    )  A    



(14)







The new parameters are defined as follows:    I  t o t     is the sum of the individual infected subgroups,  ψ  is the proportion of    S  t o t     starting PrEP,  δ  is the proportion of    S  t o t     starting to use condoms,  χ  is the proportion of    S  t o t     using both PrEP and condoms,  θ  is the portion of  P  who stop using PrEP and move back to  S ,  ξ  is the proportion of  C  stopping condoms use and returning to  S ,  k  is a modification parameter to account for PrEP effectiveness,  L  is a modification parameter to account for condom effectiveness, and  F  is a modification parameter to account for the compounded effectiveness of using both.



Equations (4) and (5) simply represent how to calculate the total susceptible population and the total infected population, respectively. The remaining equations calculate the time evolution of the individual categories within each larger population. As an example, we discuss Equation (11) which calculates how the number of infected PrEP users changes with time. The number of Ip cases can decrease through natural death (  μ )  , death through HIV    ( ν )   , or can be transferred to another category    ( γ )   , i.e., the development of AIDS. Similarly, an increase in the number of Ip cases is proportional to the susceptible population using PrEP, (P), with the proportionality constant including terms involving the number of partners per year (r), the probability of transmission  β , the probability of meeting an infected partner   (  I  t o t   + η A ) / N  , and an estimation of PrEP effectiveness (1 − k).



Numerically, the solution for the coupled set of equations is carried out using Runge–Kutta integration methods with a time step of 0.001 years. For the SIA model we checked that our results were consistent with analytic equilibrium calculations.





3. Results


3.1. Determination of Parameters


As noted earlier, there are multiple parameters that are not well established for the epidemiological models. We have tried to reduce this problem by comparing the results of a simple model with the CDC data, initially without PrEP. Table 1 presents yearly data containing information from CDC case surveillance data related to the estimated high-risk population and infections. These data are used to calculate Figure 1, which plots the normalized percentages for the different categories with projections from our SIA model.



We note that Table 1 contains estimated values for N, the total high-risk population. No value for this is given in the CDC data. To make this estimate, we took 3.9% of the U.S. population for each year minus the reported HIV and AIDS-related deaths [18].



As mentioned earlier, we use the data in Figure 1 along with our SIA model results to help determine some of the unknown (or disputed) parameters in the SIA model. We found good agreement, as shown in Figure 1, with the parameters listed in Table 2. We chose to use two average sexual partners per year and adjusted the remaining parameters to best match the CDC surveillance data. The key parameters that were determined in this way were   β ,   η ,   and  α .



We note that PrEP was introduced in 2012. This information helped determine various rates in our model involving PrEP. Figure 2 shows how several death rates and development of AIDS rate evolved during this period. It is easily seen that the rates in Figure 2 are nearly constant after 2012. Because of this, we simply used the values from 2017 for our parameters in Table 2.



Having used the data from 2008 to 2018 to determine some parameters, as discussed above, we now use the full SPCBIA model, starting at the year 2017, to make our detailed calculations for how the use of PrEP impacts the number of infected people. Because our starting year is different, compared to the earlier set of parameters, many parameters are different from those in Table 2. The new parameters are listed in Table 3; any that do not appear are the same as those in Table 2.



We now explore several aspects of HIV propagation in the SPCBIA model. Specifically, we examine the following issues:




	(1)

	
We calculate long-term populations and outcomes under an optimistic scenario defined as the complete proper usage of PrEP. This scenario utilizes different values of initial PrEP usage and identifies what values of PrEP usage may provide substantial improvements. Our optimistic values are 90% PrEP effectiveness, 91% condom effectiveness, and 99% effectiveness for those using both PrEP and condoms.




	(2)

	
We examine the outcomes of a pessimistic scenario utilizing a low level of PrEP effectiveness by assuming that PrEP protocol adherence is wholly inconsistent and that there is a possibility of intravenous drug use. The pessimistic model uses 50% PrEP effectiveness, 64% condom effectiveness, and 82% effectiveness for those using both PrEP and condoms.




	(3)

	
We explore the impact of how the average number of sexual partners per year affects the projection outcomes by comparing the results for two and four average sexual partners per year.




	(4)

	
We look at a 50-year benchmark for various starting percentages of those using PrEP to explore outcomes as a function of PrEP usage.










3.2. Optimistic Scenario Results


Figure 3 presents the results for the time-dependent populations using the optimistic case parameters. The plots in (a) and (b) show projections for the case when we hold PrEP usage at the lower value of 10% but change the average sexual partners per year from two to four. The results are dramatic. In both cases, the number of infections increases as time increases. After 75 years, the percentage of the population who are infected is 40% for two partners per year and rises to 60% for four partners per year. The plots in (c) and (d) show similar projection data except that PrEP use is held at 70%. The situation is significantly improved when a larger fraction of the population is using PrEP. In (c), 15% of the population is infected after 75 years with sexual partners per year at two. This produces a stable population over time. Even with four partners per year, higher PrEP usage can make a significant difference in outcomes; the long-term infected percentage is 33% lower in this case when PrEP use is increased from 10% to 70%. This can be seen by comparing Figure 3b with Figure 3d.




3.3. Pessimistic Scenario Results


Figure 4 presents the results for the time-dependent populations using the pessimistic case parameters. The plots in (a) and (b) show projections for holding PrEP usage at 10% and changing the average sexual partners per year from two to four. Long-term total infections are 50% for two sexual partners per year and 60% for four sexual partners per year. We do not see a stable set of populations develop as they did before. Again, PrEP usage was set at 70% for (c) and (d). We see in (c) that the increase to 70% PrEP usage for two sexual partners per year leads to the infected compartment decreasing to 38%, still a significant improvement over 10% PrEP usage from (a). However, there is not a significant improvement in infections in (d) for four sexual partners per year over the 10% PrEP usage in (b). There is a redistribution between the subcategories for infected, but the total infected is 59% in both cases.




3.4. 50-Year Benchmark


We can examine the long-term effectiveness of different scenarios by holding the sexual partners per year steady at two and watching the 50-year benchmark for different PrEP usage percentages. Figure 5 displays this information for the optimistic and pessimistic cases. When 50% of the high-risk population is on PrEP, compared to no use of PrEP, there is a reduction in the infected percentage by half for the optimistic case and by 27% for the pessimistic case.




3.5. Condom versus PrEP Usage


We comment on the use of condoms versus the use of PrEP in our results. First, we note that our models already assume that 35% of the high-risk population are using condoms, which is consistent with recent data in the U.S. When used properly, condoms and PrEP are close to being equally effective. Thus, in this case, an increase in condom use numerically is nearly equivalent to an increase in PrEP usage. If used inconsistently, exclusive use of condoms is slightly better than exclusive use of PrEP (at the 25-year mark, condoms-only gives an infection percentage of 19.5% while PrEP-only gives 26.3%). However, as considered in the Discussion section below, different subgroups may have reasons to prefer one method over the other. Simultaneous use of both condoms and PrEP would not make a substantial difference in the results for the optimistic scenario; however, it would substantially improve the pessimistic scenario results.





4. Discussion


It is clear from these results that PrEP can be a highly effective tool in mitigating and controlling the spread of HIV infections. Proper PrEP usage is ideal but even under the pessimistic scenario, the projections for HIV infections are still significantly reduced when the average number of sexual partners is two. The importance of the number of average sexual partners per year is more prominent in the pessimistic case and suggests that improper PrEP usage and an increased number of partners minimize the long-term effectiveness of PrEP for mitigating HIV management.



We emphasize that our model and its results are based on U.S. data as a whole. Policy decisions, both in the U.S. and other countries, should include the consideration of subgroups involving educational level, race, ethnicity, and economic status. In addition, because PrEP usage does involve minimal monitoring, ease of access is also important.



Our model does not currently discriminate between the various subgroups that are included in the high-risk population. However, the model may be modified to selectively analyze a chosen age range, ethnicity, or a specified income range, for example. This would require appropriate parameters for each subgroup. The model is only limited by the availability of data. We note that the CDC case surveillance data will allow for breakdowns by age, race/ethnicity, gender, and transmission categories with the caveat that some data can be suppressed due to agreements between the CDC and state level HIV surveillance initiatives [11].



Clearly, policy decisions need to be based on the cost and effectiveness of different methods of preventing HIV infections. When used properly, condoms and PrEP are close to being equally effective. Condom usage is inexpensive and does not require monitoring. In addition, condoms may be cost-effective in less well-developed countries or among lower income groups. PrEP also requires access to care which could be an issue in some African countries, for instance. However, there is widespread reluctance to use condoms. To illustrate, in the U.S. only about 35% of the high-risk population uses condoms consistently, and this number has been dropping in recent years. The percentage of men in the 18–24 age range using condoms is even lower, suggesting that they might particularly benefit from a push to use PrEP [17,19]. This is particularly important for young black men who have a 25% chance of being infected with HIV by age 25 [20]. There are many other countries where consistent condom use is near or below 50%. This includes, for example, Namibia at 46% [21], Bangladesh at 34–50% [22], and Thailand at 55% [23].



We note that, in the U.S. after the Affordable Care Act, the use of PrEP and its associated costs are mandated to be free under most insurance plans, including Medicare and Medicaid. This suggests that it is reasonable to encourage PrEP use within the U.S. as economic considerations have been removed.



This exploration utilizes the most recent data available from the CDC case surveillance data and projections can be improved upon as more salient data are collected, allowing for a better evaluation of some of the key parameters. Future work should include allowances for growth in the percentage of PrEP usage over time as more physicians and clinicians become more knowledgeable about PrEP and raise awareness with patients that are at risk of HIV infection.




5. Conclusions and Policy Implications


These results support current PrEP policy in the United States. The results offer insights into additional assessment of how aggressively PrEP usage should be encouraged compared to the current prescribing trend. This study emphasizes the importance of information about PrEP protocol adherence and analysis of HIV infections that occur while using PrEP. As these data are currently not part of the CDC Atlas case surveillance database, we suggest their future inclusion. Additionally, these models can be applied at a state or local level, instead of nationally, with proper modifications allowing for a comparison at all levels for HIV mitigation and adherence to the current DHAP strategic plan. If modified and applied to smaller groups, these models may be utilized in social sciences to detect disparities between such smaller groups in order to better inform policy.



As discussed above, the average number of sexual partners per year for the target population may have great importance. These data are not currently provided by the CDC and perhaps are not collected. As our calculations indicate that both proper PrEP usage and reducing the number of partners are important, this could be an important policy thrust. Some subgroups have a disproportionately high risk of becoming infected with HIV and may benefit greatly from PrEP. One such group is the young black MSM group mentioned earlier. The higher HIV rates associated with this group suggest an emphasis should be placed on bridging this disparity by insuring an increase in PrEP awareness and access [19,24].



One possible means to address the importance regarding the average number of sexual partners per year while on PrEP but not using condoms would be qualitative studies. These studies could probe PrEP participant understanding, attitudes, and knowledge about medication effectiveness with populations with a larger number of sexual partners, repeated exposures, opportunistic infections, or coinfections (e.g., do patients taking PrEP understand that other STIs may enhance their susceptibility to HIV?) [25,26,27]. Another suggestion might be a possible protocol adjustment which includes a questionnaire at follow-up patient visits and interviews to emphasize patient understanding of medication effectiveness when individuals have a larger number of sexual partners.
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Figure 1. CDC data and SIA model projections for the susceptible, S(t); infected, I(t); and AIDS, A(t), populations as a function of time. The dashed lines are the recorded values from the CDC while the solid lines are the results of our SIA model. 
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Figure 2. The values for  γ ,  ν , and    ν a    from the CDC data from 2008 to 2018. Note: 2012 is when PrEP was approved for use by the FDA [4]. 
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Figure 3. The optimistic scenario implies strict adherence to proper PrEP usage. These graphs show the total susceptible (black line) and infected (red line) percentages as a function of time. In addition, the breakdown into the detailed makeup of each category is presented with the legend as shown in (b), where    S  t o t     is the total number of susceptibles,    I  t o t     is the total infected,    I S    is the portion of    I  t o t     using no prophylaxis,    I P    is the portion of    I  t o t     using only PrEP,    I C    is the portion of    I  t o t     using only condoms, and    I B    is the portion of    I  t o t     using both PrEP and condoms. (a) Projection when 10% of the population is using PrEP and the average number of sexual partners is two. (b) Projection when 10% of the population is using PrEP and the average number of sexual partners is four. (c) Projection when 70% of the population is using PrEP and the average number of sexual partners is two. (d) Projection when 70% of the population is using PrEP and the average number of sexual partners is four. 
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Figure 4. The pessimistic scenario implies inconsistent PrEP usage. These graphs show the total susceptible (black line) and infected (red line) percentages as a function of time. In addition, the breakdown into the detailed makeup of each category is presented with the legend as shown in (b), where    S  t o t     is the total number of susceptibles,    I  t o t     is the total infected,    I S    is the portion of    I  t o t     using no prophylaxis, is the portion of    I  t o t     using only PrEP,    I C    is the portion of    I  t o t     using only condoms, and    I B    is the portion of    I  t o t     using both PrEP and condoms. (a) Projection when 10% of the population is using PrEP and the average number of sexual partners is two. (b) Projection when 10% of the population is using PrEP and the average number of sexual partners is four. (c) Projection when 70% of the population is using PrEP and the average number of sexual partners is two. (d) Projection when 70% of the population is using PrEP and the average number of sexual partners is four. 
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Figure 5. This plot shows total susceptible and total infected population percentages as a function of PrEP usage at the 50-year mark for the optimistic (black and red) and the pessimistic (green and blue) scenarios. This uses the assumption of two partners/year. 






Figure 5. This plot shows total susceptible and total infected population percentages as a function of PrEP usage at the 50-year mark for the optimistic (black and red) and the pessimistic (green and blue) scenarios. This uses the assumption of two partners/year.



[image: Applsci 12 08359 g005]







[image: Table] 





Table 1. CDC case surveillance data with normalization a.
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	Year
	Susceptibles
	Infected
	AIDS
	N b
	Susceptibles/N
	Infected/N
	AIDS/N





	2008
	3,917,413
	538,516
	311,817
	4,767,746
	0.82207
	0.11295
	0.065401



	2009
	3,937,002
	556,262
	320,702
	4,813,966
	0.818247
	0.115552
	0.066619



	2010
	3,952,700
	575,801
	328,546
	4,857,047
	0.814221
	0.11855
	0.067643



	2011
	3,973,413
	593,774
	335,292
	4,902,479
	0.810901
	0.121117
	0.068392



	2012
	3,995,338
	612,928
	342,363
	4,950,629
	0.807443
	0.123808
	0.069155



	2013
	4,017,589
	630,660
	348,925
	4,997,174
	0.804375
	0.126203
	0.069824



	2014
	4,043,226
	650,714
	349,891
	5,043,831
	0.802017
	0.129012
	0.06937



	2015
	4,066,157
	670,052
	353,147
	5,089,356
	0.799349
	0.131658
	0.069389



	2016
	4,088,924
	688,579
	356,601
	5,134,104
	0.796817
	0.134119
	0.06457



	2017
	4,110,186
	706,439
	359,520
	5,176,145
	0.794453
	0.13648
	0.06457



	2018
	4,132,070
	723,948
	362,516
	5,218,534
	0.792193
	0.138726
	0.06467







a The data are adapted from the anonymous and publicly accessible 2008 to 2018 CDC case surveillance data, which includes all 50 states, the District of Columbia, American Samoa, Guam, the Northern Mariana Islands, Puerto Rico, and the U.S. Virgin Islands [11]. b N is the sum of the susceptibles, infected, and AIDS values representing the total population under consideration.
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Table 2. List of SIA model parameters a.
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	Parameter
	Description
	Value





	   N  ( 0 )    
	Initial total high-risk population.
	   4 , 767 , 746   people   b



	   I  ( 0 )    
	Initial total infected.
	   538 , 516   people   b



	   A  ( 0 )    
	Initial total HIV stage III (AIDS) population.
	   311 , 817    people    b



	   S  ( 0 )    
	Initial susceptible population.
	   N  ( 0 )  − I  ( 0 )  − A  ( 0 )    



	  G  
	Recruitment rate.
	   67 , 000 / year   



	  r  
	Average number of sexual partners per year.
	  2  



	  β  
	Transmissions per partner.
	   0.047   



	  η  
	Modification parameter for relative AIDS infectiousness.
	   1.235   



	  μ  
	Natural death rate.
	   0.033 / year   



	  ν  
	HIV-related death rate.
	     0.015557 / year   



	    ν a    
	AIDS-related death rate.
	   0.023924 / year   



	  γ  
	Rate of leaving high-risk population into AIDS.
	   0.016960 / year   



	  α  
	A into treatment and able to transmit HIV.
	   0.0045 / year   







a All the rate parameters are for the normalized populations. b The population data are from the CDC case surveillance data for 2008.
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Table 3. List of SPCBIA model parameters a.
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	Parameter
	Description
	Value





	   N  ( 0 )    
	Initial total high-risk population.
	   5 , 176 , 145     people     b



	   I  ( 0 )    
	Initial total infected.
	   706 , 439     people     b



	   A  ( 0 )    
	Initial total HIV stage III (AIDS) population.
	   359 , 520     people     b



	   P  ( 0 )    
	Initial PrEP users.
	Variable



	   C  ( 0 )    
	Initial condom users.
	Variable



	   B  ( 0 )    
	Initial PrEP users using condoms.
	Variable



	    S  t o t    ( 0 )    
	Total initial susceptible population.
	   N  ( 0 )  − I  ( 0 )  − A  ( 0 )    



	   S  ( 0 )    
	Initial susceptible population.
	    S  t o t    ( 0 )  − P  ( 0 )  − C  ( 0 )  − B  ( 0 )    



	    P o    
	Initial percentage of PrEP users.
	Variable



	  θ  
	 PrEP   cessation   rate   from   P .
	   0.001 / year   



	  ξ  
	 Condom   cessation   rate   from   C .
	   0.01 / year   



	  ω  
	 PrEP   cessation   rate   from   B .
	   0.01 / year   



	  ψ  
	  Percentage   of    S  t o t     in   P .
	   Variable   



	  δ  
	  Percentage   of    S  t o t     in   C .
	   35 %   



	  χ  
	 Percentage   of   P  in   B .
	   19 %   







a All the rate parameters are for the normalized populations. b The population data are from the CDC case surveillance data for 2017.
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