Cost-effective interventions for breast cancer, cervical cancer, and colorectal cancer: new results from WHO-CHOICE
Additional file 1: State-transition (Markov model) cohort simulation model for estimation of health outcomes presented in the main manuscript

Overview
Health outcomes of the disease and the impact of alternative interventions for breast cancer, cervical cancer, and colorectal cancer were evaluated using a deterministic state-transition (Markov model) cohort simulation. The general structure of the model is described in the main manuscript. Here we present the mathematical structure of the simulation using breast cancer as an example. The states and transitions of the Markov model are depicted as flow diagram in Figures S1 (breast cancer), S2-S4 (cervical cancer), and S5 (colorectal cancer). 
Mathematical structure of the simulation using breast cancer as an example
Let, Ζ be the state space, a set of mutually exclusive collectively exhaustive states, of the Markov model containing healthy (H), preclinical (UC1,UC2,UC3,U4), and clinical stages (C1,C2,C3,C4) of breast cancer (see Figure S1 for reference), and 
 be a matrix of transition rates (per person year) between states. 
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	 


Note: empty cells =0

where,  (see Figure S1 for reference of notations) 
 are the disease onset rates 
are the progression rates 
are the diagnostic rates 
are the disease-free mortalities, and 
are the disease mortalities with treatment, 
 are the disease mortality rates without treatment 
To simulate the population we use a set of first-order differential equations given by
								
where, 
, is a vector with each element equal to the number of people in that state (denoted in the vector) at  time 
 is the transpose of the vector 
 is a small time-step
Simulation steps 
Initialization: 
· Set  base year of simulation. 
·  suitably small time-step
· For each age-group in the simulation, set  as population in base year of simulation
Repeat below steps until  final year of simulation
1. For each age-group in the simulation, apply , taking age-specific rates for elements of   where applicable
2. For the first age-group in the simulation, increment 
3. Increment =
Similar structures were developed for cervical cancer and colorectal cancer. All transition rates of the Markov models were assumed static (except for HPV transmission rates), i.e., we do not model changes in cancer risk in the population due to changes in factors such as lifestyle or environment. In the case of cervical cancer simulation, we dynamically estimate HPV transmission rates over time to capture the changes in risk from interventions such as vaccination.
Dynamic estimation of HPV transmission rates in the cervical cancer simulation
The cervical cancer simulation dynamically estimates HPV transmission rates in men and women over time using
 where,
 are the age-based column-vectors of HPV infection rates for HPV type  in men and women, respectively,
 ={r32, r33, or r34} in Figure S4,
 {r1, r23, or r8} in Figure S2,
 and  are the age-based column vectors for partner exposure-rates, which we assume are inclusive of multiple sexual parameters such as partner turn-over rate, and number of sexual exposures not 100% protected by condoms, for men and women, respectively,
and  are matrices representing age-mixing of sexual partnerships for men and women, respectively; each element  representing the probability that a man in age  has a partnership with a woman of age , and  representing the probability that a woman in age  has a partnership with a man of age , each row adding to 1,
and are the age-based column vectors of prevalence of HPV-type  in men and women, respectively, 
 is the probability of transmission per infected-susceptible contact (t  for HPV), and
 are the coverage of vaccination for HPV type  in men and women, respectively, which is 0 in the base case.
We assume that are available or can be estimated through other sexual behavior data available from national surveys, here we estimated them using partnership age differences from the Demographics and Health Surveys (DHS). and are estimated dynamically in the simulation using .
Markov model transition rate estimates and data sources
The transition rates for the natural progression of cancer are presented in Tables S1-S2 (breast cancer), S3-S4 (cervical cancer), and S5-S6 (colorectal cancer). We assumed that disease onset rates, i.e., transitions from healthy to first stage of disease, and diagnostic rates, i.e., transitions from preclinical to clinical stages of cancer, vary by population, these rates are presented in Table S2, S4, S6 for 2 world regions. These rates were estimated using a newly developed methodology that is presented elsewhere [1]. We assume that progression and regression rates between cancer stages do not vary by population, these rates and data sources are presented in Tables S1, S3, S5. 













Figure S1: State-transition model for breast cancer in women
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Table S1: Breast cancer- Transition rates for natural disease progression for breast cancer state-transition model in Figure S1
	Parameters
	Value
	
	Source

	
	
	
	[2], [3], [4]

	Progression rates

	
	
	

	In-situ to Local ()
	
	
	

	Local to Regional ()
	0.33
	
	

	Regional to Distant ()
	
	
	

	
Annual mortality rate (per person year) with treatment by stage at diagnosis
	

	In-situ ()
	0.01
	
	

	Local ()
	0.02
	
	

	Regional ()
	0.08
	
	

	Distant ()
	0.27
	
	

	
	
	
	















Table S2: Breast cancer- Population-specific natural disease onset rates and diagnostic rates for breast cancer state-transition model in Figure S1
	Age group
	Eastern 
Sub-Saharan Africa 
	
	Southeast Asia

	
	

	Onset rates of in-situ (y)(per 1000 persons per year)
	

	Age Groups
	
	Eastern Sub-Saharan Africa
	
	Southeast Asia

	
	
	
	
	
	
	
	
	

	15_19
	
	
	0.07
	
	
	
	0.07
	

	20_24
	
	
	0.18
	
	
	
	0.17
	

	25_29
	
	
	0.35
	
	
	
	0.34
	

	30_39
	
	
	0.57
	
	
	
	0.58
	

	40_49
	
	
	1.45
	
	
	
	1.67
	

	50_59
	
	
	2.44
	
	
	
	2.96
	

	60_69
	
	
	3.57
	
	
	
	3.82
	

	
	
	
	
	
	
	

	Diagnosis rates (per year)
	
	

	Age Groups
	
	Eastern Sub-Saharan Africa
	
	Southeast Asia

	
	
	Local
	Regional
	Distant
	
	Local
	Regional
	Distant

	15_19
	
	0.38
	0.83
	1.00
	
	0.49
	0.95
	1.00

	20_24
	
	0.33
	0.73
	0.87
	
	0.39
	0.76
	0.80

	25_29
	
	0.20
	0.45
	0.53
	
	0.24
	0.46
	0.49

	30_39
	
	0.24
	0.53
	0.63
	
	0.29
	0.56
	0.59

	40_49
	
	0.20
	0.43
	0.52
	
	0.25
	0.49
	0.51

	50_59
	
	0.09
	0.21
	0.25
	
	0.12
	0.23
	0.25

	60_69
	
	0.05
	0.11
	0.13
	
	0.06
	0.11
	0.12

	
	
	
	
	
	
	
	
	







Figure S2: Overview of HPV and cervical cancer state-transition model
 (
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Module for HPV infection and cervical cancer in women (Figure S3) 
Module for HPV infection in men (Figure S4)
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Figure S3: State-transitions model for HPV infection and cervical cancer in women
[image: C:\Users\chaitrag\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Diagram updated2.png]

Figure S4: State-transition model for HPV infection in men
[image: ]












[bookmark: _Ref453076921][bookmark: _Ref453076888]Table S3: HPV and Cervical cancer- Transition rates for natural disease progression for cervical cancer state-transition model in Figures S2- S4
	Parameters
	Values
	
	Source

	
	
	
	

	PARAMETERS FOR WOMEN

	HPV types
	[5], [6]
	

	
	16/18
	High risk[footnoteRef:1] [1: 
] 

	Low risk
	
	

	Transition rates in pre-cancer stages 2
(per person year) 2
	
	
	
	

	
	
	
	
	
	

	HPV to CIN 1 ()
	0.0931
	0.0931
	0.0568
	
	

	CIN 1 to CIN 2/3 ()
	0.2107
	0.2107
	0.0921
	
	

	CIN 2/3 to CIS ()
	
	
	
	
	

	      1-30 years
	0.0292
	0.0292
	0.007
	
	

	      30–39 years
	0.0506
	0.0506
	0.014
	
	

	      40–49 years
	0.1344
	0.1344
	0.0221
	
	

	      50-100 years
	0.1952
	0.1952
	0.0445
	
	

	HPV to Immunity ()
	0.0363
	0.0363
	0.0363
	
	

	CIN 1 to Immunity ()
	0.1188
	0.1188
	0.1059
	
	

	CIN 1 to Regression ()
	0.1188
	0.1188
	0.1059
	
	

	CIN 2 to Immunity ()
	0.0171
	0.0171
	0.0704
	
	

	CIN 2 to Regression ()
	0.0171
	0.0171
	0.0704
	
	

	Regression to Immunity ()
	0.0363
	0.0363
	0.0363
	
	

	Immunity to Disease Free ()
	0.1000
	0.1000
	0.1000
	
	

	
	
	

	Transition rates in preclinical stages (per person year)
	[6]
	

	
	
	

	Stage 0 (CIS) to Stage I ()
	
	All Types
	
	

	      1-34 years
	
	0.03
	
	
	

	      35–54 years
	
	0.273
	
	
	

	      55–61 years
	
	1.185
	
	
	

	      62–100 years
	
	5.290
	
	
	

	Stage I to Stage II ()
	
	0.310
	
	
	

	Stage II to Stage III ()
	
	0.332
	
	
	

	Stage III to Stage IV ()
	
	0.485
	
	
	

	
	
	
	
	
	

	Annual mortality rate with treatment (per person year)
	[6]

	      
	

	Stage I ()
	
	0.027
	
	
	

	Stage II ()
	
	0.062
	
	
	

	Stage III (
	
	0.167
	
	
	

	Stage IV  ()
	
	0.316
	
	
	

	
	
	
	
	
	

	PARAMETERS FOR MEN
	
	
	
	

	
	
	
	
	

	
	16/18
	High risk
	Low risk
	

	Transition rates in men (per person-year)
	
	
	[6]


	
	
	
	
	

	HPV to Immunity ()
	0.0363
	0.0363
	0.0363
	

	Immunity to Disease Free ()
	0.1
	0.1
	0.1
	

	
	
	
	
	


1 All high-risk types of HPV other than type 16/18.
2 6-months probabilities from [4] have been converted to annual rates using  where  is the probability and  is the time in years.
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[bookmark: _Ref453077859]Table S4: Cervical cancer- Population-specific natural disease onset rates and diagnostic rates for HPV and cervical cancer state-transition model in Figures S2-S4) 
	Age group
	Eastern 
Sub-Saharan Africa 
	
	Southeast Asia

	
	

	PARAMETERS FOR WOMEN                                                                                              
	 

	
	

	Onset rates of HPV (per 1000 women per year)                                                       
	

	Age Groups
	Eastern Sub-Saharan Africa
	Southeast Asia

	
	16/18
	High risk
	Low risk
	16/18
	High risk
	Low risk

	
	
	
	
	
	
	

	15-19
	8.20E-03
	1.80E-03
	6.82E-03
	7.20E-03
	2.80E-03
	4.63E-03

	20-24
	130.14
	28.57
	11.66
	47.11
	18.32
	4.69

	25-29
	46.57
	10.22
	7.01
	16.02
	6.23
	2.1

	30-39
	49.27
	10.81
	6.54
	14.11
	5.49
	1.68

	40-49
	39.38
	8.64
	3.13
	8.01
	3.12
	0.58

	50-59
	38.5
	8.45
	2.71
	7.95
	3.09
	0.49

	60-69
	47.68
	10.47
	3.15
	9.04
	3.51
	0.54

	
	
	
	
	
	
	

	Diagnosis rates of cervical cancer (per 1000 person years among women in pre-clinical stages)                                   
	

	Age Groups
	Eastern Sub-Saharan Africa
	Southeast Asia

	
	Stage I
	Stage II
	Stage III
	Stage IV
	Stage I
	Stage II
	Stage III
	Stage IV

	15-19
	171.15
	375.31
	838.63
	1000
	193.28
	554.62
	949.58
	1000

	20-24
	171.15
	375.31
	838.63
	1000
	193.28
	554.62
	949.58
	1000

	25-29
	161.68
	354.54
	792.23
	944.67
	188.91
	542.09
	928.12
	977.4

	30-39
	44.5
	97.58
	218.05
	260
	42.29
	121.35
	207.76
	218.8

	40-49
	30.06
	65.91
	147.29
	175.63
	26.69
	76.6
	131.15
	138.11

	50-59
	11.94
	26.19
	58.52
	69.78
	8.97
	25.74
	44.06
	46.4

	60-69
	9.06
	19.87
	44.41
	52.95
	6.89
	19.76
	33.84
	35.63

	
	
	
	
	
	
	
	
	

	PARAMETERS FOR MEN                                                                                                                              
	
	
	

	
	

	Onset rates of HPV (per 1000 person years)
	

	
	Eastern Sub-Saharan Africa
	Southeast Asia

	
	
	

	Age group
	16/18
	High risk
	Low risk
	16/18
	High risk
	Low risk

	
	
	
	
	
	
	

	15-19
	0
	0
	0
	0
	0
	0

	20-24
	22.53
	4.95
	2.26
	22.34
	8.69
	2.32

	25-29
	30.37
	6.67
	3.14
	9.63
	3.75
	1.01

	30-39
	49.85
	10.94
	5.48
	3.57
	1.39
	0.38

	40-49
	39.73
	8.72
	4.27
	0.27
	0.1
	0.03

	50-59
	30.21
	6.63
	2.8
	1.83E-02
	7.12E-03
	1.62E-03

	60-69
	24.5
	5.38
	1.99
	1.39E-03
	5.40E-04
	1.10E-04

	
	
	
	
	
	
	



Figure S5: State-transition model for colorectal pre-cancerous polyps and cancer
[image: ]
Table S5: Colorectal cancer- Transition rates for natural disease progression for colorectal cancer state-transition model in Figure S5
	Parameters
	Value
	
	Source

	
Progression rates (per person year)

	
	
	

	PolypLT5mm to Polyp6to10mm (q1)
	0.021
	
	[7], [8], [9]

	PolypLT10mm to PolypGT10mm (q2)
	0.057
	
	

	PolypLT10mm to Preclinical 0 (q3)
	0.063
	
	

	
	
	
	

	In-situ to Local  (p1)
	     0.29
	
	[9], [10], [11], [12], [13], [14]

	Local to Regional (p2)
	     0.34
	
	

	Regional to Distant (p3)
	0.64
	
	

	
	
	
	


	Proportion of cancers from de novo carcinoma (q4)
	  23%
	
	[7], [15]


	
	
	
	

	
Annual mortality rate (per person year) with treatment
	
	
	[9], [10], [11], [12], [13], [14]

	In-situ ()
	0.01
	
	

	Local ()
	0.01
	
	

	Regional ()
	0.05
	
	

	Distant ()
	0.57
	
	

	
	
	
	











Table S6: Colorectal cancer- Population-specific natural disease onset rates and diagnostic rates for colorectal cancer state-transition model in Figure S5 
	Age groups
	Eastern 
Sub-Saharan Africa 
	
	Southeast Asia

	
	

	Rate of adenoma polyp onset (y)(per 1000 person-years)
	

	
	
	
	
	

	Age Groups
	
	Eastern Sub-Saharan Africa
	
	Southeast Asia

	20_24
	
	
	1.6
	
	
	
	3.4
	

	25_29
	
	
	2.1
	
	
	
	4.4
	

	30_39
	
	
	2.1
	
	
	
	4.5
	

	40_49
	
	
	2.1
	
	
	
	4.7
	

	50_59
	
	
	2.2
	
	
	
	4.9
	

	60_69
	
	
	2.2
	
	
	
	5.2
	

	70_79
	
	
	2.2
	
	
	
	5.4
	

	
	
	
	
	
	
	

	Diagnostic rates (per person year) (rates for in-situ (d1) are zero)
	
	

	Age Groups
	
	Eastern Sub-Saharan Africa
	
	Southeast Asia

	
	
	Local(d2)
	Regional(d3)
	Distant(d4)
	
	Local(d2)
	Regional(d3)
	Distant(d4)

	15_19
	
	0.01
	0.06
	0.10
	
	0.01
	0.06
	0.10

	20_24
	
	0.01
	0.12
	0.19
	
	0.01
	0.07
	0.11

	25_29
	
	0.03
	0.39
	0.60
	
	0.01
	0.14
	0.22

	30_39
	
	0.04
	0.47
	0.72
	
	0.03
	0.31
	0.48

	40_49
	
	0.05
	0.62
	0.96
	
	0.05
	0.56
	0.86

	50_59
	
	0.06
	0.64
	1.00
	
	0.06
	0.64
	1.00

	60_69
	
	0.05
	0.63
	0.98
	
	0.06
	0.64
	1.00

	70_79
	
	0.04
	0.43
	0.67
	
	0.05
	0.58
	0.90
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