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The model is a deterministic, compartmental cohort model, which describes HIV transmission from HIV-positive to HIV-negative partners in serodiscordant relationships, as well as transmission from and to external partners. The model divides HIV-negative people into those who are on or off PrEP (SP and S0, respectively), and HIV-positive people into nine groups  (Ii,j) according to CD4 count (i)  and ART status (j), where CD4 count  is >350 cells/l (i = 1), 200-350 cells/l (i = 2), or <200 cells/l (i = 3), and ART status  is either ART naïve (j = 1), currently on ART (j = 2) , or post- ART (j = 3). No separate compartment is included for CD4>500 cells/l, as this is not yet the threshold for ART treatment in Nigeria. The model also tracks the number of people who have died, D (from both HIV-related and other causes). All of the possible model states for individuals are shown in figure S1. The model follows a cohort of 1,000 already identified discordant couples, from the point of initial identification and over their full subsequent lifespan. Within the couples, each partner is in one of the twelve states mentioned above and shown in figure S1 (giving a total of 143 different couples states) Additionally, couples where both partners are still alive may be engaged in a condom promotion program (giving an additional 121 couple states). External partners are modelled as a pool of individuals in one of the 12 states shown in figure S1. At the start, when the couples have just been identified, one partner in each couple is positive, and the distribution of CD4 counts for the HIV-positive partner (either male or female) is assumed to be the same as that for women testing positive for HIV in ANC in Nigeria [1]. At the start, some HIV-positive partners may be put onto ART and some HIV-negative partners put onto PrEP, depending upon the intervention scenario (see ‘intervention scenarios’ section). Both at the start and subsequently, ART naïve HIV-positive partners are offered ART if their CD4 count is below the assumed threshold, at a rate,, reflecting rates of CD4 testing. Once offered ART, a certain percentage, , are assumed to accept and initiate ART, entering the ‘on ART’ category; those not accepting ART are transferred to the post-ART category. People may drop out of ART (at a rate ) and enter the post-ART category. Additionally, those in the ART naïve category are assumed to drop out of pre-ART care at a certain rate  and also enter the post-ART category. Those in the post-ART category may (re-)initiate ART if their CD4 count falls below 200 cells/l – this assumes that they only seek treatment once they become symptomatic. Those on PrEP can come off PrEP , either due to becoming HIV-positive (entering the first infection compartment, I1,1), drop-out from the PrEP program (at a rate , entering the ‘no PrEP’ category, S0), or because their partner has initiated ART (HIV-negative partner enters S0). At the start, some couples may receive condom promotion, and are assumed to have higher condom use with their couple partner (but the same condom use with external partners) than couples not participating in the condom promotion program. Couples drop out of the condom promotion program, at a rate , and return to their equivalent disease and treatment states without condom promotion, returning to the levels of condom use assumed for those not receiving condom promotion.  HIV-negative individuals can become infected with HIV through contracting HIV from their HIV-positive partner (with the probability of infection, , which is calibrated to incidence rates measured in other African countries, calculated from the frequency of sex acts between married/cohabiting couples,, and the probability of HIV transmission per sex act,, taking into account the level of condom use within the partnership, , the CD4 count of the HIV-positive partner, whether or not the HIV-negative partner is taking PrEP and whether or not the HIV-positive partner is on ART). HIV-negative individuals can also contract HIV from an external partner (with the probability of infection calculated from the (age-related) proportion who have external partners, the frequency of sex acts and levels of condom use with external partners, probability of infection per sex act with an HIV-positive individual, age-specific HIV prevalence  in the general population and overall ART coverage in the general population, adjusting for the probability that external partners may be in the highly infectious acute or late stages of HIV infection). When HIV-negative individuals become infected with HIV, they enter the compartment of ART naïve individuals with a CD4 count >350 cells/μl (I1,1). Those not on ART are assumed to have a declining CD4 count over time, moving into lower CD4 count categories (at the same rate () regardless of previous ART status), while those on ART are assumed to have an increasing CD4 count, moving into progressively higher  CD4 count categories. Individuals die either due to HIV infection (at a rate, , which varies with CD4 count and ART status) or due to other non-HIV related factors, which vary with age (at a rate). The cohort ages over time, with the pool of external partners assumed to be the same age as couples in the cohort. External partners can become infected by the cohort members at a rate estimated from the proportion with external partners, levels of condom use and number of sex acts with external partners, probability of infection per sex act and the infection status, CD4 count and ART status of cohort members. External partners’ HIV progression is modeled in the same way as cohort members, with lower rates of ART initiation (calculated to give similar levels of ART coverage to that currently achieved in the general population) assumed for external partners. All sex acts are assumed to be heterosexual, vaginal sex acts, and the probability of acquiring transmission is assumed to be lower for men, due to the high levels of male circumcision.

Dropout from ART, PrEP, pre-ART care and condom promotion were assumed to occur independently of one another.The equations were solved numerically in R (version 2.13.0), using an Euler algorithm and a time step of 1 month.


The equations for infection and progression of individuals in each of the 12 states are given below:

	

The infection rate, , is as follows for infection of HIV-negative cohort members by their HIV-positive regular partners, where the HIV-negative partner is not on PrEP, and the HIV-positive partner is not on ART and has a CD4 count >200 cells/l:

	 











where  is the efficacy of condoms is reducing HIV transmission. The probability of transmission from women to men, , is calculated as, where  is the proportion of men who are circumcised, is the efficacy of circumcision in reducing HIV transmission, and is the probability of transmission from men to women. If the HIV-positive partner has a CD4 count <200 cells/l and is not taking ART, the probability of transmission is increased by a factor  , and if the HIV-positive partner is on ART (at any CD4 count), the probability of transmission is multiplied by (1-), where  is the efficacy of  ART in reducing HIV transmission. If the HIV-negative partner is on PrEP, the probability of transmission is multiplied by (1-), where   is the efficacy of PrEP in reducing HIV transmission.
Estimation of number of external partners
Data from the Nigeria national DHS survey for 2008 [2], on the proportion of married men and women reporting an extramarital partner in the last year, were used to estimate the equation for the straight-line relationship between age and % of men with an extramarital partner as


Percent_extramarital_partnera =  -(*(a-37.5)




Where a is the current age of the man,  is the estimated proportion of men aged 37.5 years old who have an external partner, and  is the estimated decrease in this proportion per extra year of life. is varied uniformly between 0.0389-0.0541, and  is varied uniformly between 0.00079-0.00209 as part of the Latin Hypercube sampling of parameter space.
The relative ratio of men: women with an external partner was estimated from comparing the age-specific ratios for men and women, and was uniformly sampled from a range of 1-13.
Estimation of rate of starting ART due to sypmtoms
The monthly probability that those with a CD4 count <200 cells/l will start ART due to being symptomatic was estimated as a function of the ART dropout rate, to give 35% ART coverage [3]. The function used was: 

Probability_start_ART_symptomatic = 47.61*ART_dropout2+1.321*ART_dropout-0.0065.

Cost model and data
Our cost model takes into account the higher number of medical visits required during the initiation year. According to Nigerian national ART guidelines, patients are required to have thirteen visits during the initiation year while it is common to have one visit every two months for the follow-up years. For PrEP users, we assumed that those initiating PrEP would have one visit to confirm HIV testing and conduct laboratory tests, and that, similar to ART, they would have eight additional collection visits during the first year to monitor adherence and ensure that treatment is well tolerated, and another two visits to increase adherence and monitor side effects, giving a total eleven visits during the initiation year. In subsequent years, it was assumed that patients would have collection visits every two months, the same as for ART. 
We followed Nigerian national guidelines on the treatment regimens prescribed for first line ART (Lamivudine/Zidovudine/Nevirapine), to estimate the drug cost ($146 per person per year) and used local estimates of the costs for the drugs used for PrEP (Tenofovir/Emtricitabine, $91 per person per year). 
Laboratory test costs were estimated separately for ART and PrEP users. For HIV-positive patients on TasP or ART, we considered that one CD4 count ($3.16), one full blood count ($24.00), one creatinine test ($4.17), two viral loads ($27.80 each), one chest X-ray ($12.00), one TB sputum test ($10.00), one hepatitis B test ($12.00) and two pregnancy tests for female users ($5.00 each) were conducted during the initiation year. We then considered that during the following years, HIV-positive patients receive one CD4 count, one full blood count and two viral load assessments every year. This is in line with the national guidelines on ART and also seems realistic if we refer to the availability of those tests in ART clinics in Nigeria[4]. Quantities were obtained from national guidelines [5] and from Filler et al.[6]. For PrEP users, during the initiation year we considered one HIV test ($11.54) to confirm the eligibility for PrEP. To monitor liver and kidney function, we also assume one serum creatinine and one hepatitis B test. Additionally two pregnancy tests were considered for the initiation year [7]. For follow up years, we considered that PrEP users will receive one HIV test and one serum creatinine assessment per year. We also included logistics costs, obtained from [8], in the estimated laboratory costs. 
Facility delivery costs were estimated using information on the wages of health staff as well as the duration of each visit. We obtained this information from health staff of two hospitals in FCT and Plateau states. We found that an initiation visit lasts 30 minutes on average and is carried out by a doctor who usually earns around 200,000 Naira per month ($US1274), giving an estimated human resources cost per initiation visit of $4.25. For the collection visits, we found that on average about 15 minutes are spent with a doctor and 15 minutes with a pharmacist, resulting in a cost of $3.72 for human resources. To these costs, we applied a facility and health system mark-up equal to 100% and 50% to account for facility delivery costs (staff recruitment, etc.) and health system costs above facility [9]. We multiplied the cost of each visit by the number of visits per year.
For the different scenarios, a training cost of $27 was used per person on ART/PrEP, estimated from the literature [10]. We also included a mass media campaign cost. Since we did not have any cost information for Nigeria we used the microbicide campaign conducted in South Africa, which gave a cost of $1 per person [11]. 
The cost of opportunistic infections for people on ART was found to be around $10 per year in the literature [12]. 
For condom promotion, we assumed 12 visits per couple per year. We considered that 8 condoms (at a unit price of $0.0362) would be distributed per visit. Human resources costs were estimated assuming that the condom promotion was conducted by a nurse and that each visit would last 15 minutes. We also considered a 20% wastage[13]. This gives a total of $1.62 per condom promotion visit. 
Costs are summarised in Table S2.

The total costs of each intervention scenario in the transmission model were estimated by calculating, for each scenario, the number of people initiating PrEP or ART per month, the number of individuals on PrEP or ART each month and the number of couples engaged in condom promotion. The number of people initiating PrEP or ART was multiplied by the estimated initiation costs plus any additional costs incurred in the first year of treatment relative to subsequent years, and the number of individuals currently on each intervention was multiplied by the estimated yearly cost per person. 


Supplementary results
Influential parameters
Estimated impact varied substantially across different parameter combinations. For PrEP and condom promotion interventions, ANCOVA showed that the most influential parameters upon both infections and DALYs averted were the frequency of sex within serodiscordant partnerships (accounting for 27-29% of all variation accounted for by the varied parameters), the probability of transmission per sex act (14-16%), circumcision efficacy (8-9%), condom efficacy (16-17% for condom promotion, 4% for PrEP) and ART dropout rate (8% for condom promotion, 20-23% for PrEP). PrEP impact was also influenced by PrEP efficacy (16%) and the impact of condom promotion by background condom use (7%) and condom dropout (8%). For TasP, the parameters influencing infections averted were frequency of sex (28%), ART efficacy (22%), per-sex-act transmission probability (16%), ART dropout (12%), circumcision efficacy (8%) and condom efficacy (4%). The parameters influencing DALYs averted by TasP were somewhat different: ART dropout (28%), dropout from pre-ART care (19%), HIV-related death rate (11%), frequency of sex acts (10%), percentage accepting ART (6%), per-sex-act transmission probability (6%) and CD4 testing frequency (4%). The total costs of each intervention were most strongly influenced by ART dropout (≥24%), rates of intervention dropout (PrEP 3-4%, condom promotion 14%) and the yearly per-person costs of each intervention (≥33%). The total costs of TasP were additionally influenced by rates of HIV progression (10%) and proportion accepting ART (8%).
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Table S1: Parameter table with data sources and references
	Parameter (symbol used in equations)
	Estimate
	Range 
	Country/study for estimate
	Source/reference

	Number of discordant couples
	1000
	fixed
	-
	Set

	% of couples with HIV-positive woman
	93
	85-100
	Nigeria 
	FHI 360 data 

	% CD4 at ANC testing 200-350 cells/l
	29
	28-29
	Nigeria ANC data 
	Jos University hospital;[1]

	% CD4 at ANC testing <200 cells/l
	13
	13-21
	Nigeria ANC data 
	Jos University hospital;[1]

	
% PrEP effectiveness (efficacy × adherence)
	70
	44-90
	Partners PrEP trial in Kenya and Uganda
	[14] 

	
% condom efficacy ()
	80
	58-95
	East and southern Africa; Cochrane review 
	[15, 16]

	
% of sex acts in which condom used ()
	66
	64-80
	Rwanda; Uganda; South Africa 
	[17-19]

	% reduction in non-condom protected acts following condom promotion 
	62
	50-62
	Rwanda; Uganda; South Africa
	[17-19]


	
Frequency of CD4 testing for HIV-positives in care but not yet on ART (), per year
	2
	1-2
	Nigeria national treatment guidelines
	[5]; assume sometimes lower frequency achieved 

	
% of treatment naïve accept ART ()
	68
	65-83
	sub-Saharan Africa; Africa, Thailand
	[20] [21]

	
Relative prob. death per month off ART, CD4>350 vs 200-350 cells/l ()
	0.206
	0.206-0.258
	Cote d’Ivoire; Zimbabwe; South Africa
	[22-24]; non-HIV death rates subtracted [25]

	
Monthly probability of death off ART, CD4 200-350 cells/l () 
	0.00272
	0.00156 – 0.00397
	Cote d’Ivoire

	[22]; non-HIV death rates subtracted [25]

	
Relative prob. death per month off ART, CD4<200 vs 200-350 cells/l ()
	9.08
	3.45-9.08
	Cote d’Ivoire; Zimbabwe; South Africa
	[22-24] non-HIV death rates subtracted [25]

	
Relative prob. death on vs. off ART for those with the same CD4 count ()
	0.19
	0.14-0.25
	South Africa
	[24, 26] 

	
Off ART, monthly probability of moving from CD4>350 to 200-350 cells/l ()
	0.0257
	0.0119-
0.0289
	eART-linc cohorts in Uganda and Cote d’Ivoire; South Africa; Ethiopia
	[24, 27, 28] 

	
Off ART, monthly probability of moving from CD4 200-350 to <200 cells/l () 
	0.0188
	0.0186-0.0274
	eART-linc cohorts in Uganda and Cote d’Ivoire; South Africa; Ethiopia
	[24, 27, 28]

	
On ART, monthly probability of moving from CD4 200-350 to >350 cells/l ()
	0.0569
	0.0247-0.0888
	South Africa; Europe
	[24, 29-31] 

	
On ART, monthly probability of moving from CD4<200 to CD4 200-350 cells/l ()
	0.0293
	0.0274-0.0863
	South Africa; Europe
	[24, 29-31]

	
Yearly % of people who drop out of ART()
	10
	5-30
	Nigeria (multiple sites); Kenya
	[32-36][37]

	
Ratio of dropout from PrEP relative to ART dropout ()  
	-
	1-1.5 
	PrEP trials multiple sites; allowing for higher dropout expected outside trial
	PrEP trials reported 2-29% loss per year [14, 38, 39]

	
Ratio of dropout from condom promotion relative to ART dropout ()
	-
	0.3-1
	DR Congo, Uganda
	Condom promotion dropout 2.8-3.3% [19, 40]  

	Ratio of dropout from pre-ART care 

relative to ART dropout ()
	-
	1-2
	South Africa, Malawi
	41-59% loss from pre-ART care [41]

	
Per vaginal sex act probability of HIV transmission from man to woman () 
	0.0019
	0.0010-0.0037
	Partners HIV/HSV study, multiple sites in east and southern Africa
	[15]

	
% efficacy of medical male circumcision in reducing female to male HIV transmission () 
	0.66
	0.4-0.77
	South Africa, Kenya and Uganda
	[42]


	
% of men circumcised () 
	98
	fixed
	Nigeria
	[2]

	
% efficacy of ART in reducing HIV transmission ()
	92
	26-99 (triangular) 
	Meta-analysis; east/southern Africa; HPTN052 trial (multiple countries); China
	[43-46] 

	
Relative transmission risk from HIV-positive person with CD4<200 vs >200 cells/l ()
	4.18

	2-8
	Partners in Prevention cohort, east/southern Africa
	[44, 47]; range is halved and doubled

	DALY weight HIV-positive on ART or CD4>350 cells/l
	0.947
	0.921-0.966
	Global Burden of Disease study 2010 
	[48]

	DALY weight HIV-positive CD4 200-350 cells/l
	0.779
	0.690-0.854
	Global Burden of Disease study 2010 
	[48]

	DALY weight HIV-positive CD4<200 cells/l
	0.453
	0.285-0.618
	Global Burden of Disease study 2010
	[48]

	Sex acts per month with external partners 
	3.4
	1.3-6.4 
	Nigeria 
	[2] 

	
Sex acts per month with regular partner ()
	5.6
	1.4-15.3 
	Nigeria 
	[2] 

	% of sex acts condom used with external partners (men)
	49.0
	44.9-53.1
	Nigeria 
	[2] 

	% of sex acts condom used with external partners (women)
	11.8
	6.4-17.2
	Nigeria 
	[2]

	ART coverage external partners (%)
	35
	fixed
	Nigeria 
	 [3]

	Yearly % testing for HIV, general population
	6.5
	6.5-11.7
	Nigeria
	[2, 49]

	Relative infectiousness of external vs asymptomatic regular infected partner 
	2
	1-2.5
	Uganda 
	[50, 51]  


	Provider unit cost PrEP initiation (2012$)
	118
	82.6-153.4 
	Nigeria, South Africa (drug costs)
	[7, 10, 12, 52, 53] (range + 30%)

	Provider unit cost PrEP per year (2012$)
	233
	163.1-302.9 
	Nigeria, South Africa (drug costs)
	[7, 10, 12, 52, 53] (range + 30%)

	Provider unit cost ART initiation (2012$)
	150
	105.0-195.0 
	Nigeria costing studies
	[7, 10, 12, 52, 53] (range + 30%)

	Provider unit cost ART per year (2012$)
	365
	255.5-474.5 
	Nigeria costing studies
	[7, 10, 12, 52, 53] (range + 30%)

	Provider costs of condom promotion per couple per year (2012$)
	19
	13.3-24.7
	Nigeria costs for counselling, international prices for condoms
	Jos university hospital, [13]


Other parameters used in the transmission model
· The monthly probability of death from non-HIV related causes varied with age and gender. The values used are given in table S3 and come from WHO life-tables for Nigeria [25]
· HIV prevalence in the general population varied with age and gender. The ranges used came from a 2007 national HIV survey [54], and are given in table S4.


Table S2: Cost components
	Cost component
	
	Unit cost 
(2012 $)
	quantity per year
	source

	ART/TasP
	
	
	
	

	HIV testing
	Voluntary counselling and testing
	12
	 1
	[8]

	Drug costs
	ART price 1st line Lamivudine/Zidovudine/Nevirapine
	146
	1
	[53]

	Laboratory costs
	CD4 count
	3
	1
	[55]

	
	Full blood count
	24
	1
	[8]

	
	Serum creatinine test
	4
	1
	[8]

	
	Viral load
	28
	2
	[55]

	
	Pregnancy test for women
	5
	2
	obtained from discussion with experts in Nigeria

	
	Chest X-ray
	12
	1
	[56]

	
	Sputum
	10
	1
	obtained from discussion with experts in Nigeria

	 
	Hepatitis B test
	12
	1
	obtained from discussion with experts in Nigeria

	 
	Logistics costs
	20
	 1
	[8]

	Facility delivery
	Initiation costs
	38
	1
	From Nigeria

	 
	Collection costs 1st year
	89
	1
	From Nigeria

	 
	Collection costs subsequent years
	67
	1
	From Nigeria

	Training
	Training costs per person
	27
	1
	[6]

	Mass Media
	Mass media
	1
	1
	[11]

	Opportunistic infection 
	cost of opportunistic infections per year
	28
	1
	[8]

	 PrEP
	
	
	 
	

	Drug costs
	PrEP regimen (TDF/FTC)
	91
	1
	obtained from discussion with experts in Nigeria

	Laboratory costs 
	HIV test 
	12
	1
	[8]

	 
	Serum creatinine test
	4
	1
	[7]

	 
	Hepatitis B test
	12
	1
	obtained from discussion with experts in Nigeria

	 
	Pregnancy test for women
	5
	1
	obtained from discussion with experts in Nigeria

	 
	Logistics costs
	20
	1
	[8]

	Facility delivery
	Initiation costs
	28
	1
	From Nigeria (data on wages of HRH and time  were collected at the Maitama facility in Abuja)

	
	Collection costs 1st year
	89
	1
	From Nigeria

	
	Collection costs subsequent years
	67
	1
	From Nigeria

	Training
	Training costs per person
	27
	1
	[6]

	Mass Media
	Mass media
	1
	1
	[11]

	Condom promotion
	
	

	Condoms
	condom unit price
	0.04
	 96
	[57]

	
	condom wastage
	20%
	
	Assumption

	 
	counselling session
	1.6
	 12
	Estimated from Nigeria



Table S3: Monthly age and gender specific non-HIV related probabilities of death used in the model (taken from WHO life-tables[25])
	Age group
	Men
	Women

	18-19
	0.00013
	0.00034

	20-24
	0.000279
	0.000403

	25-29
	0.000405
	0.000562

	30-34
	0.000574
	0.00074

	35-39
	0.000777
	0.000894

	40-44
	0.000975
	0.000927

	45-49
	0.001182
	0.000989

	50-54
	0.001486
	0.00119

	55-59
	0.002059
	0.001619

	60-64
	0.002796
	0.00215

	65-69
	0.00402
	0.00331

	70-74
	0.006102
	0.005202

	75-79
	0.009279
	0.008081

	80-84
	0.014351
	0.012526

	85-89
	0.022486
	0.019556

	90-94
	0.029473
	0.026124

	95-99
	0.034394
	0.031501

	100-104
	0.040744
	0.037381

	105-109
	0.047095
	0.043261

	110
	0.053445
	0.049141



Table S4: Age- and gender-specific HIV prevalence (%) amongst external partners assumed in the model (estimated from national HIV survey 2007 [54]). Note that, in the model, for each parameter set a single parameter is selected from a uniform distribution between 0 and 1, and this is used to determine where between the minimum and maximum values for each age- and gender specific range the HIV prevalence is assumed to be.
	Age group
	Men
	Women

	18-19
	1.24-2.96
	0.57-2.03

	20-24
	0.99-2.81
	3.10-5.90

	25-29
	2.25-4.95
	3.18-6.22

	30-39
	3.68-6.52
	4.27-7.13

	40-49
	2.99-6.21
	2.12-4.88

	50-64
	1.42-3.98
	-







Figure S1. Schematic diagram showing different infection states for individuals within the model and transitions between the states. 
S0     (Susceptible, no PrEP)
I1,1                       (CD4 ≥350, ART naïve)
I2,1           (200≤CD4<350, ART naïve)
I3,1                 (CD4 < 200, ART naïve )
I1,2                   (CD4 ≥350, on ART)
I2,2             (200≤CD4<350, on ART)
I3,2         (CD4<200, on ART)
D (Death - both HIV-related and non-related)
HIV infected
SP     (Susceptible, on PrEP)
I1,3                   (CD4 ≥350, post- ART)
I2,3             (200≤CD4<350, post-ART)
I3,3        (CD4<200, post-ART)



Figure S2. Sensitivity of results to assumed discount rate. Cost-effective frontiers for median values (from 1103 parameter sets) are plotted for different discount rates, applied to both impacts and costs (see figure key).[image: Q:\LSHTM work\Nigeria PrEP paper\Figure S2.tiff] 











Figure S3. Sensitivity of results to time horizon used. Cost-effective frontiers for median values (from 1103 parameter sets) are plotted for time horizons of 10 years, 20 years and full life time (see figure key).  
[image: ]
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