Appendix

General description of the model

The equations in the model are published in reference (1); the model diagram is reproduced in Figure A1.  Using the approach applied in our previous analyses (1), contact between individuals is not explicitly incorporated in the model and we assume that a proportion of uninfected individuals and those in the “latent” category are infected and reinfected each year, depending on the size of the annual risk of infection (see below).  Figure A2 summarizes the assumptions about the risks of disease.  The risk of disease soon after initial infection or reinfection is assumed to decrease with time since initial infection, as implied by data on the proportion of individuals who developed disease at different time periods after tuberculin “conversion” during the UK MRC BCG trial during the 1950s(2).  The proportion of individuals who are infectious is assumed to be age-dependent, following the pattern shown in Figure A2.B

For simplicity, we assume that 100,000 individuals are born into the population each year; since the model equations are used to track the disease process in these individuals to calculate the disease incidence rate in different age groups and years, assumptions about the number of births into of the population do not affect our conclusions.   For analogous reasons, deaths out of the population are also not accounted for:  deaths from all-causes should not affect estimates of the disease incidence rate, and tuberculosis-attributable deaths make up only a small proportion of all the deaths in the population and therefore should not influence model predictions.  

The equations describing the model are given below.  The definitions of the parameters and variables in this equation are provided in Tables A1 and A2.
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Boundary conditions:

U(0,t)=B(t)

I(a,t,0)=i(t)U(a,t)

Ir(a,t,0) = I(t)L(a,t)

The total number of incident cases of a given age a at time t in the model (D(a,t)) is given by the total number of individuals experiencing sputum positive disease as a result of recent infection, reinfection or through reactivation, according to the following expression:
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The disease incidence in a given age group A (spanning the ages a1 and a2) is then given by the expression  
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Estimating the annual risk of infection in Hong Kong during the 20th century

Annual risk of infection in the general population until 1950

The only data on the annual risk of infection which predate 1950 in Hong Kong come from a tuberculin survey carried out by WHO using the Wolmer Patch test among 1-17 year olds between 1947 and 1951 (Figure A1.A)(3).  Though it is unclear whether individuals included in the survey were representative of the Hong Kong population(3), the findings are consistent with those presented in later reports, according to which 35% and 77% of 0-6 and 7-14 year olds in 1952 in Hong Kong were Mantoux positive ((6mm induration to 5TU)(4).  Based on these data, we assume that the annual risk of infection was 10.3% until 1950.

Annual risk of infection in the general population after 1950

Given the lack of reliable tuberculin data after 1950 from Hong Kong, we base assumptions about the annual risk of infection on notification rates among 0-4 year olds, since disease among the very young is attributable to recent infection.  Thus the decline in these notification rates, after adjusting for the proportion of individuals who were protected by BCG vaccination which varied between years according to the coverage (see Figure A1.B and A1.C), should have equalled that in the annual risk of infection.  We estimate that the annual risk of infection declined by 13.5% pa after 1967 since the adjusted notification rates declined at this rate (assuming that 80% of vaccinated infants were protected against tuberculosis disease, which is consistent with the estimated level of protection among infants of 74% (95% CI: 62-83%) based on randomized control trials and 83% (95% CI: 58-88%) based on case control studies involving laboratory-confirmed cases (5)).

Since neither the trend nor the magnitude in the risk of infection between 1950 and 1967 are known, we explored the effect of several different assumptions for this period, namely that the annual decline was 2.5%, 5.0%, 7.5%, 10.0% and 13.5%.  The implications of these assumptions for the magnitude in the annual risk of infection after 1950, and the prevalence of infection in 1967 and 1978 are shown in Figure 1 in the main text.
Estimating age-dependencies in the annual risk of infection 

Unless otherwise stated, the annual risk of infection was assumed to be the same for all individuals in the population.  For the instance in which the annual risk of infection was estimated for specific age groups (see main text), the annual risk of infection in a given age group at a given time t in the model was expressed using the equation:

fa i(t)

where fa is the factor by which the annual risk of infection in the age group a differs from that in the general population and i(t) is the annual risk of infection at time t.  The factor fa was assumed to differ between the age groups 25-34, 35-44, 45-54, 55-64 and 65-74 years and was estimated by fitting model predictions of the disease incidence to notification data in these age groups for the period 1967-78 by maximum likelihood (see below).  To reduce computational complications, the annual risk of infection in the general population during this time was taken to be at the level implied by a 2.5% annual decline between 1950 and 1967; this assumption had little effect on the absolute value for the annual risk of infection estimated in specific age groups between 1967 and 1978.  

Description of the Maximum Likelihood method used to estimate the age-dependent risks of infection or of developing disease in Hong Kong

The maximum likelihood method used an algorithm based on the simplex method of Nelder and Mead(6) and involved identifying values for the parameters of interest which resulted in the minimum value for the following Poisson deviance expression:
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where ea is the model prediction of the numbers of cases in age group a, and oa is the number of cases observed in age group a.  The 95% confidence limits (CI) on the parameters were calculated by profile likelihood. i.e. the upper and lower confidence limit for a given parameter was obtained by fixing the remaining parameters at their best-fitting values, and identifying the value for the parameter of interest for which the value for the deviance differed by 3.84 from the optimal deviance.   

Table A1: Summary of parameter values used in model

	Variable
	Definition
	Assumption

	i(t) 
	Infection and reinfection rates at time t. 
	10% until 1950 and declining by 13.5% per annual during the period 1967-78.  The effect of declines of 2.5%, 5.0%, 7.5%, 10% and 13.5% pa between 1950 and 1967 are explored (see Figure 1 in the main text).  After 1978, the annual risk of infection is assumed to decline either by 6.75% or to have remained unchanged.

	dp(a,s) 
	Risk of developing the first primary episode at time s after infection at age a. 
	Declines with time since initial infection (Figure A2.A). For the UK, the cumulative risk within 5 years of initial infection for adult males is 13.8% (1)

	dx (a,s)
	Risk of developing exogenous disease at time s after reinfection at age a.
	Declines with time since reinfection (Figure A2.A). For the UK, the cumulative risk within 5 years of recent reinfection for adult males is 8.25%(1)

	dn (a)
	Annual risk of developing endogenous disease at age a.
	For the UK, the annual risk is 0.0299% for adult males (1)

	d+ (a)
	Proportion of total disease incidence among cases aged a assumed to be infectious. 
	10% for 0-10 year olds, increasing linearly to 65% for 20 year olds and increasing linearly to 85% for 90 year olds (Figure A2.B).

	kL(s) 
	Rate at which individuals who have been infected or reinfected for time s without developing disease move into the ‘latent’ class. 
	Transition occurs exactly 5 years after infection/reinfection. 

i.e. kL(s) = 0 if  0 < s < 5 and ( for s = 5 years.
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	Recovery rate for cases of age a at time t at time 
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ˆ

 after disease onset. 
	Individuals are diseased for two years unless they die in the meantime in the UK model; this assumption has no effect in the model for the Hong Kong population.


Table A2: Definitions of state variables used in the model (see Figure A1)

	Variable name
	Definition

	B(t) 
	Number of live births at time t. Assumed to be 100,000 per year. 

	U(a,t) 
	Number of uninfected persons of age a at time t .

	I(a,t,s) 
	Number of individuals of age a at time t who have been infected for time s (( 5 years) without having yet developed disease.

	P(a,t,
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)
	Number of individuals of age a experiencing their first primary episode at time t,  who have been diseased for time 
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	L(a,t)
	Number of individuals of age a at time t in the ‘latent’ class (comprising those who have either just recovered from their first primary episode, or who have been infected for more than five years).
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	Number of individuals of age a at time t, who have been reinfected for time s (( 5 years) and who have not yet developed exogenous disease.
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	Number of persons of age a with exogenous disease at time t, who have been diseased for time 
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	Number of persons of age a with endogenous disease at time t, who have been diseased for time 
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	N(a,t)
	Total population of age a at time t.


Table A3: Summary of best-fitting estimates for the risks of developing disease soon after recent (primary) infection, through (endogenous) reactivation or following (exogenous) reinfection among males in Hong Kong for different assumptions about the decline in the risk of infection between 1950 and 1967.  The risk of infection is assumed to decline at 13.5% after 1967. 

	
	
	
	Risk of disease (%)    (95% CI)

	Assumed annual decline in the annual risk of infection between 1950 and 1967 
	Age

(yrs)
	Deviance1
	Recent (primary) infection2
	(Endogenous) reactivation3 
	(Exogenous) reinfection 2

	2.5% 
	45-54
	147
	0.002       (0,24.8)
	0.072    (0.062,0.081)
	15.6   (15.3,15.9)

	
	55-64
	65
	0.001       (0,100)
	0.158    (0.144,0.172)
	19.3   (18.9,19.7)

	
	65-74
	34
	0.594         (0,100)
	0.499    (0.474,0.524)
	13.6   (12.8,14.3)

	5.0%
	45-54
	141
	9.52(10-4  (0,26.5)
	0.092    (0.083,0.101)
	21.6   (21.2,22.0)

	
	55-64
	64
	0.003       (0,100)
	0.181    (0.168,0.195)
	26.6   (26.0,27.2)

	
	65-74
	34
	18.2         (0,100)
	0.510    (0.486,0.534)
	18.1   (17.0,19.2)

	10.0%
	45-54
	126
	3.02(10-4 (0,40.5)
	0.120    (0.112,0.129)
	44.5   (43.6,45.4)

	
	55-64
	59
	0.002       (0,100)
	0.213    (0.201,0.226)
	54.7   (53.3,56.1)

	
	65-74
	34
	0.62         (0,100)
	0.527    (0.504,0.550)
	35.2   (32.9,37.6)

	13.5% 
	45-54
	117
	9.95(10-4 (0,62.2)
	0.134    (0.126,0.143)
	77.7   (76.0,79.5)

	
	55-64
	56
	0.072       (0,100)
	0.229    (0.217,0.242)
	97.2   (94.4,100)

	
	65-74
	34
	60.0         (0,100)
	0.535    (0.513,0.558)
	59.4  (55.2,63.8)


1 See Appendix text for the equation

2 Cumulative risk during five years after infection or reinfection

3 Annual risk of disease

[image: image14.emf]Uninfected

U(a,t)

Infected

(<5 years)

I(a,t,s)

“Latent”

L(a,t)

“Exogenous”

disease

E

x

(a,t,ŝ)

Reinfected

I

r

(a,t,s)

“Exogenous”

disease

E

x

(a,t,ŝ)

“Exogenous”

disease

E

x

(a,t,ŝ)

Reinfected

I

r

(a,t,s)

1st Primary 

episode

P(a,t,ŝ)

r(a,t,ŝ)

“Endogenous”

disease

E

n

(a,t,ŝ)

r(a,t,ŝ)

r(a,t,ŝ)

d

n

(a)

d

p

(a,s)

d

x

(a,s)

k

L

(s)

k

L

(s)

i(t)

Live births (B(t))

i(t)


Figure A1.  General structure of the model.
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Figure A2: Summary of the main assumptions in the model relating to the risks of developing disease.  A. Risk of developing the first primary episode (or exogenous disease) in each year following initial infection (or reinfection), relative to that experienced in the first year after infection. The relationship was derived by using data on the interval between tuberculin conversion and disease among persons who were tuberculin negative at intake during the U.K. Medical Research Council BCG trial during the 1950s (2) B) Proportion of respiratory disease incidence manifested as sputum-positive (i.e. infectious) (pers. comm. K. Styblo, Tuberculosis Surveillance Research Unit, and K. Bjartveit, Norwegian National Health Screening Service).
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Figure A3. Summary of the data used to estimate the annual risk of infection in Hong Kong.  A.  The age-specific percentage of individuals who were positive to the Wolmer patch test in Hong Kong during the period 1947-51.  The report states that the testing was carried out “sporadically as circumstances permitted”, principally among schoolchildren(3).  The solid lines show the expected proportion infected which is predicted by the best-fitting (simple catalytic) model through the data for 0-4 year olds, assuming that the annual risk of infection was 10.3% in 1950 and remained unchanged until then.   B. The vaccination coverage in Hong Kong among infants since the 1950s.   C. The notification rate of all forms of tuberculosis among 0-4 year olds which might have been seen if BCG vaccination had not been introduced, assuming that the BCG vaccine efficacy was 70% or 80%.  The adjusted notification rates for a given year were calculated as the observed notification rate ( (1- average coverage during the preceding 5 years ( vaccine efficacy).  The rate of decline in these adjusted notification rates during the period 1967-75 is 15.5%, 14.5% and 13.5% for vaccine efficacy assumptions of 0%, 70% and 80% respectively.  

ReferenceS

1. 
Vynnycky E, Fine PEM. The natural history of tuberculosis: the implications of age-dependent  risks of disease and the role of reinfection. Epidemiol Infect 1997; 119(2):183-201.


2. 
Sutherland, I. The ten-year incidence of clinical tuberculosis following "conversion" in 2,550 individuals aged 14 to 19 years.  1968.  KNCV. The Hague, The Netherlands.  


3. 
World Health Organization. Analysis and evaluation of tuberculosis in the British Crown colony of Hong Kong.  6-9-1951.   


4. 
Moodie AS. Tuberculosis in Hong Kong. Tubercle 1963; 44: 334-45.


5. 
Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. The efficacy of bacillus Calmette-Guerin vaccination of newborns and infants in the prevention of tuberculosis: meta-analyses of the published literature. Pediatrics 1995; 96 (1 Pt 1): 29-35.


6. 
Press WH, Teukolsky SA, Vetterling WT, Flannery BP. Numerical Recipes in C. Second ed. Cambridge: Cambridge University Press; 1992.



PAGE  
12

_1234268549.unknown

_1234268971.unknown

_1234268187.unknown

_1223897574.unknown

