[bookmark: _GoBack]Appendix – Model Technical details and validation
This supplementary material provides technical details of the model design including parameter values, model assumptions and results of model validation. Figure 1 shows the basic model design. Briefly, the model is an individual-based simulation of the full population of Zimbabwe, representing births and death, HIV incidence and disease progression and the development of several NCDS. The model uses data and estimates that are available for the period 1950 to 2015, and is then used to forecast future trends in the period 2015 and 2035. 


[bookmark: _Ref444257378]Figure 1. Schematic of the multi-disease model for Zimbabwe. The model simulates demography (blue), HIV-infection (orange), and non-communicable diseases (green). The model accounts for demographic and medical risk factors for HIV-infection and for development of non-communicable diseases (red arrows to individual conditions and group of conditions). The model starts in 1950 and runs until 2035, making projections from 2015 onwards. Demographic and non-communicable disease patterns are simulated from 1950 and the HIV-epidemic from 1975. From 2015, the model is used to forecast the timing and nature of non-communicable diseases in the general population and HIV-positive population. 
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1. Technical details
Demographic simulation (age, sex and mortality)
The model simulated the whole population of Zimbabwe from 1950 until 2035. Demographic simulation of the population of Zimbabwe are based on data from United Nation’s (UN) Department of Economic and Social Affairs.(1) These include sex-specific age composition in 1950, age-specific fertility rates between 1950 and 2015, age-and-sex-specific mortality rates between 1950 and 2015. Rates are presented by 5-year time periods, with the model assuming that rates within these periods are constant. Cause-specific mortality was fitted by hand in the model (including mortality for HIV and each of the NCDs included) by reducing overall mortality estimates in HIV-negative and patients without NCDs by matching to overall mortality estimates provided by UN estimates. Projections beyond 2015 assume that fertility and mortality rate remain constant at the 2015 levels. 

HIV epidemic
The model simulates the HIV epidemic from 1975, including new HIV infection, CD4 count progression, ART initiation and HIV-related death. Annual age-and-sex-specific HIV incidence rates (including paediatric infection) were taken from the official UNAIDS estimates.(2) These incidence estimates are derived through fitting a model to available data, largely prevalence estimates in Demographic and Health Surveys. ART roll-out and scale-up, including the expanding ART eligibility criteria over time, are based on data on the number of people starting ART in Zimbabwe from UNAIDS estimates, including number of persons on ART by CD4 count.(2) 
	Estimates of CD4 count at seroconversation (Table 1), CD4 count progression rates (Table 2), and mortality by CD4 count (Table 3) were taken from a study by Mangal et al, AIDS (under review) of a joint analysis of all seroconverter data in Europe, Africa, South America and Asia (3). Projections of the number of new HIV-infections and people starting ART assume that incidence and ART trends remain constant the 2015 level. 

[bookmark: _Ref462131544]Table 1. CD4 count at HIV-infection. Age-and-sex-specific probability of being in specific CD4 count category at seroconversion. Source: Mangal et al AIDS  (3)
	 
	Age Category
	CD4 count category

	
	
	>500
	500-350
	350-250

	Men 
	<30
	0.58
	0.25
	0.17

	
	30-40
	0.53
	0.26
	0.20

	
	40-55
	0.48
	0.26
	0.23

	
	>55
	0.4
	0.26
	0.28

	Women
	<30
	0.63
	0.22
	0.15

	
	30-40
	0.58
	0.23
	0.18

	
	40-55
	0.53
	0.23
	0.21

	
	>55
	0.44
	0.23
	0.26



[bookmark: _Ref462131546]Table 2. Rate of CD4 count progression. Source: Mangal et al AIDS  (3)
	
	CD4 count progression

	
	From >500 to 500-350
	From 500-350 to 350-250
	From 350-250 to 250-200
	From 250-200 to 200-100
	From 200-100 to 100-50
	From 100-50 to <50

	Men
	0.19835
	0.32913
	0.33628
	0.50936
	0.57271
	0.86702

	Women
	0.18456
	0.30458
	0.31120
	0.47137
	0.52999
	0.80236



[bookmark: _Ref462131547]Table 3. Age-and-sex-specific mortality rate by CD4 count. Source: Mangal et al AIDS  (3)
	
	Age Category
	CD4 count category

	
	
	>500
	500-350
	350-250
	250-200
	200-100
	100-50
	<50

	Men
	<25
	0.00321
	0.00912
	0.00733
	0.01281
	0.02161
	0.03741
	0.84544

	
	25-35
	0.00403
	0.01145
	0.00921
	0.01608
	0.02713
	0.04696
	1.06123

	
	35-45
	0.00497
	0.01412
	0.01136
	0.01984
	0.03347
	0.05794
	1.30933

	
	>45
	0.00712
	0.02022
	0.01626
	0.02841
	0.04792
	0.08296
	1.87488

	Women
	<25
	0.00334
	0.00948
	0.00762
	0.01331
	0.02245
	0.03887
	0.87847

	
	25-35
	0.00419
	0.01189
	0.00957
	0.01671
	0.02819
	0.04879
	1.10269

	
	35-45
	0.00517
	0.01467
	0.01180
	0.02061
	0.03478
	0.06020
	1.36048

	
	>45
	0.00740
	0.02101
	0.01690
	0.02952
	0.04980
	0.08620
	1.94813




NCDs 
The model simulates the development of a number of NCDs including: asthma, chronic kidney disease (CKD), depression, diabetes, hypertension, strokes and cancers. The individual cancers, which were chosen based on the most prevalent non-AIDS defining cancers (as determined by 2012 GloboCan (4)) in Zimbabwe, were: colorectal, liver, oesophageal, breast, cervical and prostate cancer as well as ‘other’ cancer, which comprise all other cancers. 
	An extensive literature review was carried out to obtain age-specific incidence or prevalence to parameterise the development of NCDs. The literature review focused on published studies recording age-specific prevalence or incidence rates for Zimbabwe or neighbouring countries (with the implicit assumption that that neighbouring countries experience similar age-specific prevalence patterns as Zimbabwe). The review found a paper by Negin et al, using survey of a representative sample of people in South Africa report data on 2008 age-specific prevalence of asthma, depression, diabetes, hypertension and stroke.(5) Questions included whether individuals had every been diagnosed with a number of NCDs, with asthma and depression validated against a set of symptom questions and related diagnostic algorithm.(5) A paper from Tanzania by Stanifer et al was identified, presenting age-specific estimates of CKD prevalence for 2014 (6). CKD was defined as estimated glomerular filtration rate ≤60ml/min/1.73m2 using the Modification of Diet in Renal Disease equation and/or persistent albuminuria (6), Age-specific cancer incidence estimates were taken from the GloboCan dataset for Zimbabwe, which used a number of data sources and methods, including regional incidence data and mortality data to provide national cancer-specific incidence estimates.(4) Age-standardized cancer rates are presented in Table 4. 

[bookmark: _Ref499799401]Table 4. Age-standardized cancer rates (ASR) per 100,00 (both sexes). Source: Globocan (4)
	cc
	Breast cancer
	Cervical cancer
	Colorectal cancer
	Liver cancer
	Oesophagus cancer
	Prostate cancer
	Other cancers

	ASR
	38.8
	40.1
	8.6
	5.4
	17.6
	31.6
	39.7



	Where studies presented prevalence estimates, age-specific incidence rates were calculated, assuming age-specific prevalence estimates are constant over time as per Equation 1, fitting I(a) to solve for P(a), where I(a) stands for incidence at age a and p(a,b) for the probability of an individual infected at age a surviving to age b.  We assumed that NCD prevalence/incidence only varied significantly by HIV status if found to do so in a comprehensive study by Schouten and colleague in HIV-positive patients and age-and-sex-matched uninfected controls (7). Therefore, where prevalence estimates were presented by HIV-status, prevalence data was pooled between HIV-negative and HIV-positive individuals to provide average estimates for both groups. Estimates were pooled by weighing for the proportion of patients in each group as generated by the model. For example, if 80% of people in Zimbabwe in the year of the reported prevalence were HIV-negative and 20% were HIV-positive, prevalence for HIV-negative counted 8/10 and HIV-positive 2/10 towards the pooled average. We used age-specific population estimates (number of people in the population) generated by the model to back-calculate estimates of the number of new cases diagnosed to match prevalence levels observed. These were used to calculate incidence estimates. 


[bookmark: _Ref462937264]Equation 1. 

	The model further accounts for the propensity for one NCD to be associated with an increased risk to develop another– for example for hypertension to increase the risk of having a stroke through common causal pathways. Parameters defining these increased risks were based on the output of an extensive literature review including studies from all regions.(8) These links are illustrated by the red arrow in Figure 1. The increased risk for HIV-positive individuals to develop certain NCDs was incorporated into the model through parameters based on a large study The Netherlands that compares NCD risk amongst HIV-positive individuals and uninfected controls.(7) The mechanisms driving increased NCD risk amongst HIV-positive patients are complex and their relative contribution a topic of ongoing research.(9) 


2. Model calibration
A number of model checks were carried out to ensure that the model was able to reconstruct demographic and epidemiological trends robustly.  This was done by comparing model output to available data. 

Demography
The model-based simulation of the demographic trends in Zimbabwe were compared to data from United Nations’ (UN) Department of Economic and Social Affairs for Zimbabwe (1). The model was able to accurately reconstruct the Zimbabwean demographic transitions observed by national surveillance between 1950 and 2015. Figure 2
[bookmark: OLE_LINK3][bookmark: _Ref444186966][bookmark: OLE_LINK2]shows the comparison between UN surveillance data and model output. The model was able to reconstruct the population growth between 1950 and 2015 (Figure 2), as well as accurately reconstruct age distribution in between 1950 and 2015 (Figure 3 shows comparison to 2015 data as a snapshot). Fertility and mortality patterns were accurately simulated in the model, recreating both the number of births and death between 1950 and 2015 (Figure 4A and Figure 4B) and births and deaths by age group (Figure 4C and Figure 4D). Any discrepancies between the data and the model can in part be explained by the stochastic nature of the model, with results presented below based on one model run. 
	We have further checked the model between 2015 and 2035 against all available projections generated from UN Department of Economic and Social Affairs for Zimbabwe (Figure 5) (1). We compared both the projected number of people in Zimbabwe and the age composition of the population between 2015 and 2035. We find that the model is able to recreate the future projected trends well (Figure 5). 











[bookmark: _Ref463359098]Figure 2.Comparison of the total population (both sexes) measures for Zimbabwe from UN Department of Economic and Social Affairs for Zimbabwe to the model output between 1950-2015. Data source: UN Department of Economic and Social Affairs for Zimbabwe.(1) 
[image: ]

[bookmark: _Ref487199765]Figure 3. Comparison of the age structure in July 2015 for Zimbabwe from UN Department of Economic and Social Affairs for Zimbabwe to the model output. Data source: UN Department of Economic and Social Affairs for Zimbabwe.(1) 
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[bookmark: _Ref487199782]Figure 4. Comparison of demographic measures for Zimbabwe from UN Department of Economic and Social Affairs for Zimbabwe to the model output between 1950 and 2015. Specifically; A. The number of births between 1950 and 2015, B. Number of births by age group of the mother between 2005 and 2015, C. Number of deaths between 1950 and 2015, and D. Number of deaths by age group in July 2015.  Data source: UN Department of Economic and Social Affairs for Zimbabwe.(1) 
A. [image: ] B. [image: ]
C. [image: ] D. [image: ]


[bookmark: _Ref487487856]Figure 5. Comparison of demographic projections for Zimbabwe from UN Department of Economic and Social Affairs for Zimbabwe to the model output between 2015 and 2035 for A. Total population and B. population by age groups. Data source: UN Department of Economic and Social Affairs for Zimbabwe (1). 
A. [image: ] B. [image: ]





HIV epidemic
The model-based simulation of the HIV epidemic in Zimbabwe was compared to data from UNAIDS for Zimbabwe.(2) The output demonstrates that the model-based reconstruction of the HIV epidemic in Zimbabwe was able to reconstruct both the incidence and prevalence transition in the country between 1975 and 2015, as well as trends in treatment between 2004 and 2015. 
	Figure 5 A and B shows the number of new HIV-infections from the start of the epidemic in 1975 to 2015 amongst men and women respectively, illustrating that the model was able to capture the increase in the number of new infections from 1975, the peak in 1993 and gradual decrease from 1993 to 2015. When comparing the patterns of overall HIV-infections, the output also managed to reconstruct the increase in HIV prevalence amongst men and women (Figure 5 C and D respectively) from 1975 to the peak in 2000, followed by a gradual decrease, as well as the age-specific prevalence estimates as reported by DHS (2,10). 
	Figure 6 shows that the model was able to recreate the increasing number of persons on antiretroviral therapy (ART) between 2004 and 2015, including trends by sex (Figure 6 B and C) and in children Figure 6D). The model was further able to match trends in ART initiation by CD4 counts in men and women (Figure 6E and F). Differences between UNAIDS estimates (Figure 6 - data) and our computed prevalence estimates (Figure 6 - model) arise due to differing assumptions relating to natural history and disease progression.


[bookmark: _Ref444189964]Figure 6. Comparison of measures of HIV epidemic in Zimbabwe from UNAIDS estimates to mode output. A. and B. show the number of new HIV-infections between 1975 and 2015 in men and women respectively. C. and D. show the year total number of HIV-infections men and women respectively between 1975 and 2015. E. compares age-specific prevalence estimates from the model to DHS data. Data stands for UNAIDS estimates and DHS data (for E). Data source: UNAIDS epidemic estimates for Zimbabwe.(2,10). 
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C. [image: ] D. [image: ]

E. [image: ]

[bookmark: _Ref460327482]Figure 7. Comparison of number of people on ART from UNAIDS estimates for Zimbabwe and model output between 2004 and 2015 for A. both sexes, B. women, C. men, D. children. Comparison by CD4 count are shown in E and F for men and women respectively. The solid colours illustrate data and the dotted colours model output.  Data source: UNAIDS epidemic estimates for Zimbabwe (2).
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E.  [image: ] F. [image: ]


NCD epidemic
[bookmark: OLE_LINK1]We compared model-based age-specific prevalence in 2008 of asthma, depression, hypertension, diabetes and ever having had a stroke to 2008 age-specific prevalence data from Negin et al (Figure 7 A to E). We also compared age-specific prevalence estimates of CKD generated by the model to 2014 age-specific prevalence of CKD from Stanifer et al (Figure 7 F). The results show that the model was able to accurately reconstruct age-specific prevalence patterns. 






[bookmark: _Ref444251580]Figure 8. Comparison of age-specific prevalence from data to mode output for Zimbabwe, including A. asthma, B. depression, C. diabetes, D. stroke, E. hypertension, and F. CKD. A to E were compared to 2008 age-specific prevalence data from Negin et al (2008) (5) and F to 2014 age-specific prevalence data from Stanifer et al (6). 

A.  [image: ] B. [image: ]
C.  [image: ] D. [image: ]
E.  [image: ] F. [image: ]














Cancer epidemic
We compared model-based overall cancer-specific prevalence in 2012 of colorectal, liver, oesophagus, and stomach cancer as well ‘other’ cancers (any other cancer except the aforementioned) to 2012 GloboCan estimates for Zimbabwe (Figure 8)(11). The results show that the model was able to accurately reconstruct cancer-specific prevalence patterns in 2012. 


[bookmark: _Ref450310934]Figure 9. Comparison of cancer-specific prevalence from model to 2012 GloboCan in Zimbabwe.  Data source: GloboCan estimates for Zimbabwe (11). 
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Mortality
We compared model-based cause-specific deaths in 2013 to the Institute for Health Metrics and Evaluation’s Global Burden of Disease 2013 estimates of causes of death for Zimbabwe (Figure 9) (12). The results show that the model was able to accurately reconstruct the percentages of death contributed by individual conditions. 


[bookmark: _Ref450813705]Figure 10. Comparison of causes of death from model to 2013 Global Burden of Disease.  Data source: Institute for Health Metrics and Evaluation’s Global Burden of Disease 2013 estimates of causes of death for Zimbabwe (12).
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Sensitivity analyses

Changes in HIV incidence and ART coverage
The model was re-run with changes in both HIV incidence and ART coverage.  Results comparing baseline (HIV incidence remains stable at 2015 level and ART coverage gradually increases to 90:90:90 targets by 2035) to a scenario where HIV incidence increases or decreases annually by 10% and where ART coverage remains stable at 2015 level are presented in Table 5.  We have also tested scenarios where ART was never introduced in 2004 (in which case mean age would be 34 by 2035), HIV incidence remained at highest level (mean age would be 31 by 2035), and HIV had no impact on NCD incidence (36% would be diagnosed with at least one NCD by 2035).

[bookmark: _Ref487124673]Table 5. Sensitivity analyses comparing baseline scenario for HIV incidence and ART coverage to variations in ART coverage and HIV incidence. 
	Projection in 2035
	Baseline*
	ART coverage remains at 2015 level
	10% annual increase in HIV incidence
	10% annual reduction in HIV incidence

	Mean age
	45
	45
	45
	45

	Total HIV population
	1.0 million
	0.95 million
	1.02
	0.98

	Proportion with ≥ 
1 NCD
	59%
	58%
	59%
	59%

	Number of people with at least one NCD
	0.84 million
	0.77 million

	0.84 million
	0.84 million


*Baseline defined as HIV incidence that remains stable at 2015 levels up until 2035 and where ART coverage increases steadily to 90:90:90 targets. 

Addition of Myocardial Infraction
Due to the lack of robust age-specific data on myocardial infraction (MI) in the region, MI was not included in the model. We did however carry out additional analyses, where MI was included in the model and incidence rates were assumed to be similar to the incidence of stroke. We assumed interactions between pre-existing NCDs and risk of MI (Figure 1) to be the same as stroke. The results showed that the proportion with at least one NCD by HIV status would not vary greatly, reflecting the low incidence of MIs assumed. The proportion of HIV-negative people suffering from at least one NCD would increase from 14.3% to 14.4% in 2015 and 21.2% to 21.3% by 2035. Amongst HIV-positive this would increase from 33.2% to 33.3% in 2015 and from 59.4 to 59.5% by 2035. 
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