Analyses of the 1957 (Asian) influenza pandemic in the UK and the impact of school closures

Supplementary online Appendices
APPENDIX A: Summary of the differential equations used for the model of the Asian influenza pandemic
The population size and the age distribution in the model were taken to be that for England and Wales for 1957 (i.e. 44.9 million) [1].  Individuals were stratified into annual age bands until age 90 years and all individuals aged at least 90 years were grouped into a single category.  Since the model described the transmission over a relatively short (9 week) period, the effects of individuals being born into or dying from the population were not considered.   

The definitions of the variables and parameters used in the model are provided in Tables A1 and A2.  The equations used in the model are as follows: 

For a=0, 1, 2, ...,90 (years):
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The number of new clinical cases of age a occurring at time t is given by the expression pcfEa(t).  The number of cases of age a which are likely to be reported at time t is given by the expression pr(a)pcfEa(t).

The equations were solved using time steps of 1 day using the Euler method.  The number of infectious individuals in each age group in the population at the start of the pandemic was estimated by fitting model predictions of the weekly notifications to data from the Welsh GP practice and data on the serological and clinical attack rate from Sheffield and SE London respectively (see below).  20 percent of individuals aged at least 70 years were assumed to be immune and all remaining individuals were assumed to be susceptible (uninfected) as implied by serological data [2]. 

The force of infection at time t for individuals of age a at any time t, λa(t), is given by the expression:
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TABLE A1. Summary of the definitions of the variables used in the model

	Variable
	Definition

	Sa(t)
	Number of susceptible individuals aged a years at time t.

	Ea (t)
	Number of infected (but not infectious) individuals aged a years at time t.

	Ia(t)
	Number of infectious individuals aged a years at time t.

	Ra(t)
	Number of individuals aged a years at time t who are immune (“recovered”) to the pandemic strain as a result of natural infection.


TABLE A2.  Summary of the definitions of the parameters used in analyses 

	Parameter
	Value
	Definition

	(a(t)
	See text.
	The force of infection for individuals of age a at time t.

	(a,a’
	Estimated by fitting model predictions to the observed data.
	The probability of an effective contact between specific individuals of age a with those of age a’ per unit time.  An effective contact is defined as one which is sufficient to lead to transmission between an infectious and susceptible individual [3].  

	pc
	Estimated by fitting model predictions to the observed data.
	Proportion of infected individuals who experience clinical symptoms.  

	pr(a)
	Estimated by fitting model predictions to the observed data.
	Proportion of symptomatic individuals of age a who were reported to the General Practice in Wales.  

	ma
	See right.
	The mortality rate for individuals of age a.  Deaths are not included in the model for the 1957 Asian influenza pandemic; the mortality rates for 2003 for England and Wales are incorporated into the analyses of the effects of school closures [4]. 

	b
	See right.
	The number of births per unit time.  Births are not included in the model for the 1957 Asian influenza pandemic; for analyses of school closures, the number of births per unit time is specified to equal the number of deaths per unit time.

	f
	0.5/day or 0.667/day
	The rate at which infected individuals become infectious, assuming an average latent period of 2 or 1.5 days.

	r
	0.5/day or 0.667/day
	The rate at which infectious individuals recover and become immune, assuming an average infectious period of 2 or 1.5 days.

	ca,a’(t)
	25%, 50% or 75%
	The reduction in the amount of contact between individuals in age groups a with those in age group a’ occurring at time t.  During school closures, this reduction is applied when a=a’ and a=1-4 and 5-14 years.


Appendix B: Details of fitting the model to the observed data
The maximum likelihood method used an algorithm based on the simplex method of Nelder and Mead [5] using the following expression for the deviance: 
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where  oa,t,  
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, Na and Pa are defined in Table B1  95 percent confidence intervals on the parameters were estimated using the method of profile likelihood.

TABLE B1.  Definitions of the variables used in the fitting process
	Variable
	Definition

	oa,t
	The number of cases of age a in week t reported to the GP practice in Wales.
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	Model prediction of the number of cases of age a in week t reported to the GP practice in Wales.

	ca
	The proportion of individuals of age group a in the practice in South East  London which were reported to have experienced clinical disease during the Asian influenza pandemic.
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	Model prediction of the proportion of individuals of age group a who experienced clinical disease during the Asian influenza pandemic.

	La
	The number of individuals of age a who were present in the GP practice in SE London. 

	Ca
	The number of individuals of age a in the GP practice in SE London who were reported to have experienced clinical disease.

	pa
	The proportions of individuals of age a in the Sheffield data set which were observed to be serologically positive to the Asian influenza strain.
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	Model predictions of the proportions of individuals of age a which were immune to the Asian influenza strain by the end of the Asian influenza pandemic.

	Na
	The number of individuals of age a who were tested for antibodies to the Asian influenza strain in Sheffield in November 1957.

	Pa
	The number of individuals of age a who were found to be positive to the Asian influenza strain in Sheffield in November 1957.


	TABLE B2.  Summary of the best-fitting estimates of the percentage of individuals who were infectious in different age groups at the start of the pandemic in the Welsh GP practice 

	Matrix
	Model
	% of individuals infectious at the start of the pandemic
	Deviance

	
	
	<1 yr olds
	1-4 yr olds
	5-14 yr
olds
	15-24 yr olds
	25-44 yr olds
	45-64 yr olds
	≥65 yr olds
	

	W1
	1
	5.64×10-4 

(0-0.813)
	1.46×10-5
(0-0.048)
	0.089

(0.082-0.096)
	5.54×10-6
(0-0.024)
	2.39 ×10-4
(0-0.022)
	1.73×10-3
(0-0.036)
	7.80×10-5
(0-0.099)
	869

	
	
	
	
	
	
	
	
	
	

	
	2
	7.23×10-4 

 (0-0.953)
	9.95×10-6
(0-0.054)
	0.100

(0.092-0.108)
	2.12×10-6
(0-0.024)
	5.68×10-6
(0-0.021)
	2.38×10-5
(0-0.033)
	1.77×10-5
(0-0.096)
	856

	
	
	
	
	
	
	
	
	
	

	
	3
	1.39×10-3 

(0-0.961)
	1.25×10-5
(0-0.055)
	0.094

(0.087-0.102)
	5.00×10-6
(0-0.024)
	5.73×10-6
(0-0.021)
	5.49×10-3
(0-0.039)
	2.88×10-5
(0-0.097)
	859

	
	
	
	
	
	
	
	
	
	

	
	4
	3.02×10-3 
(0-0.694)
	5.05×10-5 
(0-0.042)
	0.019

(0.013-0.026)
	0.190

(0.172-0.209)
	6.09×10-6 
 (0-0.014)
	6.17×10-3
(0-0.028)
	9.34×10-5 

(0-0.065)
	923

	W2
	1
	3.48×10-4
 (0-0.65)
	8.66×10-6
(0-0.028)
	2.74×10-6
(0-4.82×10-3)
	0.195

(0.176-0.215)
	0.031
(0.010-0.054)
	0.057
(0.017-0.100)
	8.33×10-5
(0-0.092)
	804

	
	
	
	
	
	
	
	
	
	

	
	2
	2.29×10-3 

(0-0.786)
	7.46×10-6
(0-0.034)
	5.42×10-6
(0-5.60×10-3)
	0.170

(0.153-0.189)
	0.055
(0.035-0.076)
	0.034

(0-0.075)
	1.18×10-4

(0-0.089)
	787

	
	
	
	
	
	
	
	
	
	

	
	3
	2.09×10-3 

(0-0.809)
	2.27×10-5
(0-0.034)
	1.81×10-6
(0-5.39×10-3 )
	0.166

(0.148-0.184)
	9.70×10-3
(0-0.031)
	0.126
(0.087-0.168)
	4.40×10-3
(0-0.094)
	788

	
	
	
	
	
	
	
	
	
	

	
	4
	0.018

(0-0.572)
	1.40×10-5
(0-0.031)
	2.39×10-4 
(0-5.54×10-3)
	0.164 
(0.151-0.177)
	5.06×10-3

(0-0.019)
	7.77×10-3 
(0-0.036)
	1.68×10-4 
(0-0.060)
	875

	W3
	1
	1.13×10-4 

(0-0.615)
	4.34×10-6
(0-0.022)
	3.18×10-7
(0-4.36×10-3)
	7.20×10-7
(0-0.010)
	0.173

(0.143-0.206)
	0.270
(0.233-0.309)
	6.84×10-6
(0-0.120)
	709

	
	
	
	
	
	
	
	
	
	

	
	2
	3.30×10-5 

(0-0.73)
	5.32×10-6 (0-0.025)
	1.20×10-6
(0-4.91×10-3)
	3.54×10-7 (0-9.35×10-3)
	0.220
(0.190-0.253)
	0.228

(0.191-0.268)
	9.46×10-6
(0-0.126)
	692

	
	
	
	
	
	
	
	
	
	

	
	3
	3.31×10-4 

(0-0.772)
	2.38×10-6
(0-0.027)
	4.47 ×10-7
(0-4.97×10-3  )
	3.87×10-7
(0-9.19×10-3)
	0.197
(0.166-0.230)
	0.260

(0.222-0.300)
	1.05×10-5
(0-0.127)
	695

	
	
	
	
	
	
	
	
	
	

	
	4
	3.89×10-5 (0-0.432)
	1.50×10-6 (0-0.018)
	3.62×10-6 
(0-3.32×10-3)
	1.35×10-6 
(0-5.60×10-3)
	0.159 (0.139-0.18)
	0.153
 (0.126-0.182)
	3.46×10-5 (0-0.122)
	702

	W4
	1
	1.50×10-4 

(0-0.787)
	1.67×10-5 (0-0.045)
	0.069

(0.062-0.075)
	1.54×10-5  (0-0.023)
	4.69×10-5
(0-0.021)
	0.069
(0.037-0.104)
	1.33×10-5
(0-0.087)
	858

	
	
	
	
	
	
	
	
	
	

	`
	2
	2.14×10-3 

(0-0.909)
	3.69×10-5 (0-0.050)
	0.090
(0.083-0.097)
	8.36×10-6  (0-0.023)
	1.65×10-5
(0-0.020)
	2.37×10-3
(0-0.035)
	2.43×10-5
(0-0.086)
	845

	
	
	
	
	
	
	
	
	
	

	
	3
	1.00×10-3 

(0-0.927)
	1.76×10-5  (0-0.051)
	0.051

(0.044-0.058)
	1.49×10-5   (0-0.022)
	2.03×10-5
(0-0.021)
	0.172
(0.141-0.205)
	3.16×10-5
(0-0.086)
	849

	
	
	
	
	
	
	
	
	
	

	
	4
	5.74×10-4 (0-0.62)
	1.60×10-6 (0-0.039)
	0.077

 (0.071-0.083)
	2.28×10-6 (0-0.018)
	2.94×10-5 (0-0.014)
	3.13×10-6 
(0-0.021)
	2.60×10-4 (0-0.057)
	916
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B. Matrices obtained assuming a 1.5 day latent and infectious period


Figure A1

Figure B1:  Summary of the structures of the best-fitting matrices of “Who Acquired Infection From Whom” obtained assuming that the average latent and infectious periods were A) 2 days each and B) 1.5 days each.  For comparative purposes, these matrices have been scaled so that their basic reproduction number is identical (1.8).   Further details of the values for the β parameters are provided in Appendix C.  
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Figure B2: Proportions of all infections during the 1957 pandemic which were attributable to individuals aged <1, 1-4, 5-14, 15-24, 25-44 and ≥65 years, according to the best-fitting matrices W1, W2, W3 and W4.  The values plotted in Figure A correspond to the best-fitting values obtained assuming that the latent and infectious periods were each 2 days; those in Figure B correspond to those obtained assuming that the latent and infectious periods were each 1.5 days.
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Figure B3: Comparison between the best-fitting model-predictions of the weekly numbers of cases reported to the General Practice in Wales for matrices W1, W2, W3 and W4 and the observed data, assuming that the average durations of the latent and infectious periods were each 1.5 days.  
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Figure B4: Comparison between A. the best-fitting model-predictions of the expected proportion of individuals who were positive to antibodies of the Asian strain of influenza by the end of the pandemic against data collected in Sheffield in November 1957 and B. the best-fitting model-predictions of the proportion of individuals who experienced clinical disease during the Asian influenza pandemic wave and the corresponding observed proportion of individuals who experienced disease during the pandemic in a practice in South East London [6].  These predictions are based on the assumption that the latent and infectious periods were each 1.5 days.
Appendix C: Extensions to the model to incorporate the effect of school closures

To explore the effects of school closure, the model was extended to include the age-specific deaths for 2003 for England and Wales [4].  To avoid the complications of changes in the population denominator in the analyses of the effect of school closures on the epidemic size, the number of births into the population per unit time was specified to equal the number of deaths per unit time.  The numbers of individuals in each age group was also taken to be that for 2003 in England and Wales [4].  Given differences between the age distribution of the population in 1957 and 2003, the β parameters in the WAIFW matrices estimated using the data from the pandemic in 1957 were also scaled accordingly to give the intended value for the basic reproduction number.  The values for the β parameters for the matrices used in these analyses are summarized in Table C1.

The force of infection among individuals of age a at time t is given by the following expression:
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where ca,a’(t)  is the reduction in the amount of contact between individuals in age groups a with those in age group a’ occurring at time t.  

For simplicity, to reflect the fact that the epidemic may start as a result of multiple sources of infection, 0.15 percent of individuals aged 5-50 years were assumed to be infectious at the start of the pandemic.  All other individuals were assumed to be susceptible (uninfected) to the new strain at the start of the simulations.
Table C1: Summary of the β parameters used in the analyses of the effect of school closures.  The values have been scaled so that the basic reproduction number is 1.8.  The values of these parameters are in units of “per day”.
	Assumed durations for the latent and infectious periods
	
	Matrix


	
	Parameter
	W1
	W2
	W3
	W4

	2 days
	β1
	4.71×10-9
	4.52×10-9
	4.10×10-9
	4.69×10-9

	
	β2
	1.24×10-7
	1.27×10-7
	4.51×10-8
	1.19×10-7

	
	β3
	1.11×10-7
	1.14×10-7
	9.83×10-8
	1.11×10-7

	
	β4
	7.49×10-8
	1.24×10-7
	7.39×10-8
	6.86×10-8

	
	β5
	1.40×10-8
	3.44×10-8
	3.91×10-8
	1.24×10-8

	
	β6
	8.63×10-9
	5.30×10-9
	3.51×10-8
	7.91×10-9

	
	β7
	6.21×10-9
	2.76×10-8
	2.51×10-9
	1.13×10-8

	
	β8
	1.60×10-8
	--
	--
	1.77×10-8

	1.5 days
	β1
	6.42×10-9
	6.80×10-9
	5.85×10-9
	6.87×10-9

	
	β2
	2.92×10-7
	2.52×10-7
	2.28×10-7
	2.32×10-7

	
	β3
	1.45×10-7
	1.48×10-7
	1.41×10-7
	1.47×10-7

	
	β4
	1.57×10-7
	1.61×10-7
	1.57×10-7
	1.20×10-7

	
	β5
	1.88×10-8
	4.91×10-8
	6.23×10-8
	1.85×10-8

	
	β6
	1.26×10-8
	8.30×10-9
	2.15×10-8
	1.20×10-8

	
	β7
	9.08×10-9
	1.69×10-8
	2.05×10-9
	1.62×10-8

	
	β8
	3.22×10-10
	--
	--
	1.24×10-8


Appendix D: PREDICTIONS OF THE IMPACT OF SCHOOL CLOSURES ASSUMING THAT THE LATENT AND INFECTIOUS PERIODS ARE EACH 1.5 DAYS
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Figure D1: Model predictions of the impact of school closures on the average reduction in the epidemic size, for different assumptions about the threshold weekly influenza disease rate at which school closures are introduced, the effect of school closures on contact between individuals of pre-school and school age and the basic reproduction number.  The lower and upper limit of each confidence interval reflects the minimum and maximum reductions predicted under each WAIFW matrix.  The average latent and infectious periods are here assumed to be 1.5 days.
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Figure D2: Model predictions of the impact of school closures introduced once the disease incidence exceeds 50 per 100,000 per week on the reduction in the proportion of individuals experiencing influenza, assuming that the basic reproduction number is 1.8 and that school closures reduce contact between individuals of nursery/school-age by 75%, for different assumptions about contact between individuals in the overall population (matrices W1, W2, W3 and W4).  The latent and infectious periods are here assumed to be 1.5 days.
[image: image17.emf]0

50

100

150

200

250

300

350

0

50

100

150

200

250

300

350

0

50

100

150

200

250

300

350

Number of days

R

0

=1.8

R

0

=2.5

R

0

=3.5

0

50

100

150

200

250

300

350

0

50

100

150

200

250

300

350

0

50

100

150

200

250

300

350

Weekly disease incidence (per 100,000) at which schools and 

nurseries are closed

Duration of school/nursery closures Duration of the epidemic

25%               50%                75%

Assumed reduction in contact between children in 

schools/nurseries because of school/nursery closures:



50 100 200 1000 50 100 200 1000 no

closures

50 100 200 1000 50 100 200 1000 no

closures

50 100 200 1000 50 100 200 1000 no

closures


Figure D3: Model predictions of the time period during which schools would be closed (left-hand panel) and the duration of the epidemic (right-hand panel), defined as the time period during which the disease incidence rate was above 10 per 100,000 per week, for different assumptions about the threshold weekly influenza disease rate at which school closures are introduced, the effect of school closures on contact between individuals of pre-school and school age and the basic reproduction number.  The lower and upper limit of each confidence interval reflects the minimum and maximum durations predicted under each WAIFW matrix.  Note that for the situation in which the basic reproduction number is 1.8 and school closures are assumed to reduce contact between individuals in the age bands 1-4 and 5-14 years by 75%, the predicted duration of the epidemic was over a year.  The latent and infectious periods are here assumed to be 1.5 days.
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