Extreme mortality during a historical measles outbreak on Rotuma is consistent with measles immunosuppression: Supplementary Material

This supplementary material contains:
1. Supplementary Methods (pages 1-3)
2. Supplementary Tables (page 4)
3. Supplementary Figures (pages 5-11)

1. Supplementary Methods
Equations for model 1 
The rates of change of numbers of individuals in the different compartments are as follows:




Where  is the force of infection with measles, and is calculated as follows:

All other parameters are described in table 1.

Equations for model 2
The rates of change of numbers of individuals in the different compartments are as follows:




















Where  is the force of infection with measles, and is calculated as follows:

And  is the force of infection with the secondary infectious agent, and is calculated as follows:


All other parameters are described in table 1.

Equations for model 3 












Where  is the force of infection with measles, and is calculated as follows:

And  is the force of infection with the secondary infectious agent, and is calculated as follows:


All other parameters are described in table 1.

Supplementary methods for least squares fitting
We wanted to use the least squares analysis to explore which parameter combinations were able to reproduce the mortality pattern seen on Rotuma.  We deemed a value of a sum of squares of 550 or below to be an acceptable fit when fitting models 2 and 3 to the dataset which separated measles deaths with and without gastrointestinal complications. This was an arbitrary cutoff, based on visual inspection of the pattern achieved. Figure S1 shows the worst fitting dynamics allowed by this cut off. All the parameter combinations shown in figures S3 and S4 achieve fits as good as, or better than, those illustrated in figure S1.



2. Supplementary Tables
Table S1 Sums of squares values for best fits achieved for models 1-3.  As described in the Methods and Results, we conducted two separate least squares analyses. In the first, we fitted models 1, 2 and 3 to the total number of measles-associated deaths per day. Sums of squares from this analysis can be directly compared for all 3 models to determine which model provided the closest fit to the overall mortality data. We also carried out a second least squares analysis, where the measles deaths were separated into those with or without gastrointestinal complications. This analysis could only be conducted for models 2 and 3, because only these two models separated out measles deaths into two different types. Sums of squares from this analysis can be directly compared for models 2 and 3, but it is not meaningful to compare the sums of squares from the second analysis to those achieved in the first.
	Model
	Starting conditions
	Smallest sum of squares achieved, fitting to the total number of measles-associated deaths per day
	Smallest sum of squares achieved, fitting to measles with gastrointestinal complications and measles without gastrointestinal complications deaths per day separately.

	Model 1 (measles is the only infectious agent present and immunosuppression is irrelevant)
	Two individuals arrive in the infectious class
	405.8
	n/a

	
	Two individuals arrive in the exposed class
	395.8
	n/a

	Model 2 (immunosuppression and the arrival of a second infectious agent)
	Two individuals arrive in the infectious class
	390.1
	483.4

	
	Two individuals arrive in the exposed class
	389.9
	483.5

	Model 3 (immunosuppression disrupts the equilibrium state of an existing microbe on the island)
	Two individuals arrive in the infectious class
	403.0
	524.6

	
	Two individuals arrive in the exposed class
	394.6
	512.0







3. Supplementary Figures
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Figure S1: Examples of the worst fitting dynamics that we deemed acceptable for either model 2 or model 3. This figure illustrates time series for the worst fitting sets of parameters that we deemed acceptable in our least squares analysis of models 2 and 3, where measles deaths were split into two different classes. Panels (a) and (b) show different starting conditions. The sums of squares are: 549.6 for model 2 and 550.0 for model 3 in panel (a) and 549.8 for model 2 and 550.0 for model 3 in panel (b). Only parameter combinations which generated fits of < 550 (and hence were as good as the fits above, or better) are included in figures S3 and S4. 
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Figure S2: Least squares fitting of mortality patterns during the 1911 measles outbreak on Rotuma. Panel (a) illustrates the best fitting mortality time series generated by each of models 1-3 using least squares fitting when the models were fitted to the total number of measles deaths per day. Panel (b) illustrates the best fitting mortality time series for models 2 and 3 using least squares fitting when the models were fitted to the pattern of measles deaths with and without gastrointestinal complications. In both panels (a) and (b) the two individuals who brought measles to Rotuma were assumed to be in the infectious class.
[image: A screenshot of a computer

Description automatically generated]
Figure S3: Least squares fitting where those bringing measles to Rotuma are assumed to be in the infectious class at time 0. This figure illustrates the distribution of parameter values associated with an acceptable fit (sum of squares <550) in our least squares analysis of model 2 (panel a) or model 3 (panel b), for starting conditions where we assume that the two initial measles infections on Rotuma were already infectious at time 0. The range of the x or y axis for each sub panel indicates the range of values tested for the labelled quantity. The parameters varied were: βM , βZ , αM  , αZ and ω (see Table 1 for definitions). For ease of interpretation, parameters βM  and βZ  have been converted into R0 values and the inverse of parameter ω is shown (i.e. the duration of immunosuppression).  All possible pairwise combinations of the parameters varied are shown as scatter plots (where the marker colour indicates the sum of squares associated with that combination of parameter values). We also show histograms of each parameter individually. 

[image: ]
Figure S4: Least squares fitting where those bringing measles to Rotuma are assumed to be in the exposed class at time 0. This figure illustrates the distribution of parameter values associated with an acceptable fit (sum of squares <550) in our least squares analysis of model 2 (panel a) or model 3 (panel b), for starting conditions where we assume that the two initial measles infections on Rotuma were not yet infectious (i.e. in the “exposed” measles class) at time 0. The range of the x or y axis for each sub panel indicates the range of values tested for the labelled quantity. The parameters varied were: βM , βZ , αM  , αZ and ω (see Table 1 for definitions). For ease of interpretation, parameters βM  and βZ  have been converted into R0 values and the inverse of parameter ω is shown (i.e. the duration of immunosuppression).  All possible pairwise combinations of the parameters varied are shown as scatter plots (where the marker colour indicates the sum of squares associated with that combination of parameter values). We also show histograms of each parameter individually. 
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[bookmark: _Hlk147865426]Figure S5: Sensitivity analysis of measles R0 and acute measles case fatality rate results.  Figure 3 in the main text illustrates posterior distributions for measles R0 and the case fatality rate for acute measles infection, obtained for each of our 3 models when the individuals who brought measles to Rotuma were in the exposed class. We also fixed the value of R0 for the secondary infectious agent (R0Z) to be 1.61 because fixing this parameter made our MCMC analysis computationally feasible, and we knew that a value of R0Z close to 1.61 was necessary for model 2 to fit the data (see figures S3 and S4). Here we show the effect of changing these assumptions. In (a), the individuals who brought measles to Rotuma are assumed to be in the infectious class. The top row of (a) compares all 3 models, as in figure 3 of the main text. The bottom row of (a) considers just model 3 and illustrates the impact of varying R0Z, because model 3 can fit the data with a variety of values of R0Z (see figures S3 and S4).  Panel (b) illustrates the impact of varying R0Z on the posterior distribution of measles R0 and the acute measles case fatality rate generated by model 3, when the two individuals who brought measles to Rotuma are assumed to have been in the exposed class (just like in the main text).
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Figure S6: Sensitivity analysis of immunosuppression duration and immunosuppressed case fatality rate results.  Figure 4 in the main text illustrates posterior distributions for the duration of immunosuppression and the case fatality rate for infections whilst immunosuppressed obtained for each of our 3 models when the individuals who brought measles to Rotuma were in the exposed class. We also fixed the value of R0 for the secondary infectious agent (R0Z) to be 1.61 because fixing this parameter made our MCMC analysis computationally feasible, and we knew that a value of R0Z close to 1.61 was necessary for model 2 to fit the data (see figures S3 and S4). Here we show the effect of changing these assumptions. In (a), the individuals who brought measles to Rotuma are assumed to be in the infectious class. The top row of (a) compares all 3 models, as in figure 3 of the main text. The bottom row of (a) considers just model 3 and illustrates the impact of varying R0Z, because model 3 can fit the data with a variety of values of R0Z (see figures S3 and S4).  Panel (b) illustrates the impact of varying R0Z on the posterior distribution of the duration of immunosuppression and the case fatality rate for infections whilst immunosuppressed generated by model 3, when the two individuals who brought measles to Rotuma are assumed to have been in the exposed class (just like in the main text).
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Figure S7: MCMC fitting where those bringing measles to Rotuma are assumed to be in the infectious class at time 0.  This figure illustrates individual (histograms) and joint (scatter plots) posterior distributions obtained for the parameters we fitted in the MCMC analysis. The parameters fitted were: βM , αM  , αZ and ω (see Table 1 for definitions). For ease of interpretation, βM has been converted into the R0 implied for measles by that value of βM and the inverse of parameter ω is shown (i.e. the duration of immunosuppression).  The prior distribution for each parameter was a uniform distribution with maximum and minimum values that are equal to the range of the x or y axis in each sub panel.
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Figure S8: MCMC fitting where those bringing measles to Rotuma are assumed to be in the exposed class at time 0. This figure illustrates individual (histograms) and joint (scatter plots) posterior distributions obtained for the parameters we fitted in the MCMC analysis. The parameters fitted were: βM , αM  , αZ and ω (see Table 1 for definitions). For ease of interpretation, βM has been converted into the R0 implied for measles by that value of βM and the inverse of parameter ω is shown (i.e. the duration of immunosuppression).  The prior distribution for each parameter was a uniform distribution with maximum and minimum values that are equal to the range of the x or y axis in each sub panel.
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(a) Model 2: immunosuppression and arrival of additional new microbe
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(a) Posterior distribution of measles R, (left panels) and acuie measles case
fatality rate (right panels) assuming that the two people who brought measles to
Rotuma were in the infectious class at time 0
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(b) Posterior distribution of measles R, (left panels) and acute measles case
fatality rate (right panels), assuming that the two people who brought measles to
Rotuma were in the exposed class at time 0
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(a) Posterior distribution of the duration of Immunosuppression (left panels) and
the case fatality rate of infections during the period of immunosuppression (right
panels) assuming that the two people who brought measles to Rotuma were in
the infectious class at time 0
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(b) Posterior distribution of the duration of immunosuppression (left panels) and
the case fatality rate of infections during the period of immunosuppression (right
panels) assuming that the two people who brought measles to Rotuma were in
the exposed class at time 0
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(a) Model 2: iIimmunosuppression and arrival of additional new microbe
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(a) Moadel 2: iImmunosuppression and arrival of additional new microbe
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Deaths per day

(a) Worst acceptable fits; first infections in the infectious class
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(b) Worst acceptable fits; first infections in the exposed class
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Deaths per day

(a) Best fits to total measles deaths per day
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(a) Model 2: immunosuppression and arrival of adaitional new microbe
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