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Abstract Influenza pandemics through history have
shown very different patterns of incidence, morbidity
and mortality. In particular, pandemics in different
times and places have shown anywhere from one to
three “waves” of incidence. Understanding the factors
that underlie variability in temporal patterns, as well
as patterns of morbidity and mortality, is important
for public health planning. We use a likelihood-based
approach to explore different potential explanations
for the three waves of incidence and mortality seen in
the 1918 influenza pandemic in London, England. Our
analysis suggests that temporal variation in transmis-
sion rate provides the best proximate explanation and
that the variation in transmission required to generate
these three epidemic waves is within biologically plau-
sible values.
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Introduction

The 1918 influenza pandemic displayed three distinct
waves of infection and mortality within a 12-month
period (Jordan 1927; Taubenberger and Morens 2006;
Chowell et al. 2008; Miller et al. 2009). This fact has led
many scientists and public health planners to anticipate
multiple waves of infection whenever a new influenza
variant causes a pandemic. The historical pattern of
pandemic waves has not been consistent: Different
parts of the world have experienced different numbers
of waves of given pandemics (e.g. three clear waves
in 1918 in England, but only two in the USA (Eggo
etal.2010)), and the number of waves in given locations
has been different for different pandemics (e.g. three
waves in England in 1918, but two in 1957, one in
1969 and two in 2009 (Miller et al. 2009; Ross et al.
2010; Mishra et al. 2010)). Making predictions about
the occurrence of multiple waves during pandemics is
hampered, moreover, by the fact that the cause of these
epidemiological patterns remains unknown.

Potential causes of multiple waves include the effects
of public health interventions (Ferguson et al. 2005;
Hatchett et al. 2007; Bootsma and Ferguson 2007),
social distancing as a result of individual behavioural
responses to the outbreak (Markel et al. 2007; Liu et al.
2007; Caley et al. 2008), seasonality in social and/or
climatic factors that affect transmission (Earn et al.
2002; Lipsitch & Viboud 2009; Shaman et al. 2010), viral
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evolution (Earn et al. 2002; Day et al. 2006) or rapid loss
of immunity in previously infected people.

From a theoretical standpoint, all of these are plausi-
ble explanations for the qualitative pattern of multiple
waves. It remains unclear, however, whether any of
them can provide an adequate quantitative match to
observations and, if so, whether the parameter values
required to do so are biologically reasonable.

In this paper, we approach this question with an
explicit, likelihood-based analysis of mortality data
from London, England, during the 1918 pandemic. The
mechanisms discussed above act at the population level
by changing the effective transmission rate, recovery
rate or rate of loss of immunity (or some combination of
these). Thus, we construct stochastic epidemic models
(Dushoff et al. 2004) and ask how well we can fit
observed data if the rates of transmission, recovery
and/or loss of immunity change over time and whether
the parameter values required to obtain good fits are
plausible.

Methods
The data

Weekly pneumonia and influenza mortality reports
for the period 1911-1921 were digitized from the
Registrar General’s Weekly Returns of Births and
Deaths in London, England. The Weekly Returns
list deaths from pneumonia and influenza separately,
but following standard practice (Serfling 1963; Mills
et al. 2004; Dushoff et al. 2006), we combine these
two categories and begin our analysis from pneumo-
nia and influenza (P&I) mortality. Data are available
at the International Infectious Disease Data Archive
(http://iidda.mcmaster.ca/).

The epidemic model

The pandemic is modelled using a simple SIRS epi-
demic model in which we also keep track of individuals
who die from infection. The mean field limit of the
model can be expressed as the following set of ordinary
differential equations:
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I=p~—vI (1b)
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M=oyl (1d)
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Here S, I and R are the numbers of susceptible, in-
fected and recovered individuals at time ¢, and M de-
notes the cumulative number of individuals who have
died from infection. N is the total population size (of
those alive), and since M/N < 0.01 throughout, we as-
sume for simplicity that N is constant. 8 is the transmis-
sion rate, y is the recovery rate (i.e. the mean infectious
period is y '), § is the immunity decay rate (i.e. mean
duration of immunity is §~!) and ¢ is the case fatality
ratio (CFR). We ignore the vital dynamics of the host
population because the time frame of interest is a single
year. We obtain individual stochastic realizations of
the model using the standard fixed time-step binomial
approximation (Breté et al. 2008) of the Gillespie al-
gorithm (Gillespie 1976), in which each term in Eq. 1
determines the rate of a given Markov transition.

With constant parameter values, Eq. 1 gives rise to
an outbreak consisting of a single wave of infection and
thus a single wave of mortality as well (Dushoff et al.
2004; the same is true of stochastic realizations of the
model, except that some realizations fizzle). Therefore,
in order to reproduce a pattern of multiple waves, one
or more of the parameters must vary over time. For
both the transmission rate, 8, and the rate of recovery,
y, we consider two possibilities: (a) time independent
or (b) time dependent, described by an exponentiated
spline function. In particular, we assume these func-
tions can be represented as:

Np
exp |:bo(t —t) + ZbiBi(t - fs)i| 2
i=1

where ¢; is the start time, b is the magnitude of the lin-
ear trend, B;(-) are periodic (period 1) cubic B-splines
(i.e. piecewise-cubic, smooth, periodic basis functions;
de Boor 1978) and N is the number of basis functions
used. The parameters to be estimated are then b,
i=0,1,---, Ng. The use of an exponential B-spline,
rather than a linear B-spline, is convenient because
it ensures that the fitted function is always positive.
We also fitted non-periodic (exponentiated) cubic B-
splines and a piecewise log-linear function to S(¢) and
obtained negligibly different results (hence we do not
present the details of these additional fits).

For the rate of immunity loss, §, we consider four
possibilities: (a) § =0 (i.e. no loss of immunity), (b)
8 nonzero, time independent (i.e. constant rate of im-
munity loss), (c) § time dependent (an exponential B-
spline function plus a linear trend as above) or (d)
8 zero except a single impulse on 30 August 1918 to
mimic the sudden appearance of a new strain before
the fall wave (Rios-Doria and Chowell 2009).
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Itis also believed that the case fatality ratio, ¢, might
have changed over the course of the 1918 pandemic,
with the highest levels occurring during the second peak
in incidence. Although this alone is unlikely to provide
an explanation for the occurrence of multiple waves, it
might nevertheless play an important role when fitting
the model to mortality data. Consequently, we consid-
ered two possibilities with respect to case mortality: (a)
¢ time independent and (b) ¢ piecewise constant:

¢1, te[1918-Jun-07, 1918-Aug-30),
¢(0) = {4, te[1918-Aug-30,1919-Jan-15),  (3)
¢s, € [1919-Jan-15, 1919-Jun-07] .

We also explored other models: (a) the SEIRS model
includes an exposed class, (b) the SI’RS model uses
two extra infectious classes to create a more realistic
infectious period distribution and (c) the SId’RS model
has an explicit (three-stage) delay between recovery
and death. Models (b) and (c) use a succession of identi-
cal exponential transitions to create Erlang-distributed
residence times (Anderson and Watson 1980; Lloyd
2001).

Model fitting

We estimated parameters using maximum likelihood
and compared models using the sample-size-corrected
Akaike criterion (AICc; Akaike 1974; Burnham and
Anderson 2002; King et al. 2008; He et al. 2009). We

Fig. 1 Weekly P&I mortality
in London, England and the
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calculated likelihoods using sequential Monte Carlo
methods, also known as particle filters, where “parti-
cles” refer to samples of a distribution of an unobserved
variable and “filtering” means estimating the distrib-
ution at a given time based on “particles” available
up to that time (Doucet et al. 2001) We maximized
likelihoods via iterated filtering (i.e. solving a recursive
sequence of filtering problems), using the R package
POMP 0.16-9 (King et al. 2009) (technical parame-
ters: number of particles, 10,000; scale coefficient for
parameter modification, 2; time delay in initial condi-
tion, 52 weeks; cooling factor, 0.95). Observed mor-
tality was modelled as the sum of a baseline process,
b (?), reflecting estimated pneumonia deaths not due
to influenza, and estimated observed deaths from our
influenza model, z(¢). Likelihoods were calculated us-
ing the negative binomial distribution, with a shape
parameter that we estimated; this is a standard method
for a Poisson process with over-dispersion (Bret6 et al.
2008). We used the method of King et al. (2008) to cal-
culate 95% confidence intervals based on the likelihood
ratio test. For our model fits, we defined the pandemic
period to be the 52 weeks from 1 June 1918 through 30
May 1919.

Seasonal pneumonia

Following the standard approach (Serfling 1963; Mills
et al. 2004), we estimated influenza deaths by subtract-
ing a “Serfling baseline” (seasonal pneumonia deaths
presumed to have nothing to do with influenza) from

reconstructed transmission 3000
rate. The main panel shows
the reported weekly P&I
mortality in London, England
from 1911 to 1922 (black) and
the annual baseline of
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Table 1 Maximum likelihood estimates of parameters from the best-fit model (see Table 2)

Parameter Our estimates Our 95% CI Previous results (reference)
y~! (days) 4.68 (3.09,7.09) 3 to 6 (Mills et al. 2004)
Overall Ry 1.52 (1.18,2.2) 1.3 to 1.9 (Chowell et al. 2008)
¢, CFR 0.0078 (0.0058, 0.0213) 0.02 (Mills et al. 2004)

the P&I mortality time series. Thus, we fit the annual
baseline function

b(H) =ag+ a,(t —ty) + arcos[2m (t — as)] 4)

to P&I mortality observations for all weeks with <150
cases between June 1913 and May 1918 (using least
squares) and defined influenza deaths z(f) to be the
“excess” (i.e. total P&I deaths minus b (¢)).

Results

Figure 1 summarizes our results. The main panel shows
the weekly pneumonia and influenza (P&I) mortality
data for London, England, from 1 January 1911 to 31
December 1921 (solid black) together with our fitted
Serfling baseline for this period (dashed green). Thus,
with the standard interpretation of the Serfling fit,
deaths attributable to influenza are represented by the
difference between the black and green curves. The

Fig. 2 Excess P&I mortality,
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and likelihood profiles for 100
four parameters. The top

panel a shows the observed 3
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pandemic period (1 June 1918 to 31 May 1919) had
24,158 P&I deaths, 19,533 (81%) of which we attribute
to influenza. In contrast, in the years from 1911 to 1917,
there was an average of 6,621 P&I deaths per year
(1 June to 31 May), of which an average of 23% are
attributable to influenza according to our Serfling fit.
The inset panel of Fig. 1 shows excess P&I mortality
(blue) during the pandemic period, together with our
fitted time-varying transmission rate $(¢) in units of re-
production number (red). The () curve that we show
comes from the best model as judged by AICc, namely
the model with constant mean infectious period (1/y),
constant CFR (¢), permanent immunity (§ = 0) and 12
B-spline basis functions to represent S(f). Point esti-
mates and confidence intervals for 1/y, ¢ and the over-
all (time-averaged) R, are given in Table 1, which also
lists some previous estimates of these parameters from
different 1918 influenza data sets for comparison. For
several points on the plotted transmission rate curve,
95% confidence intervals are also shown. While the
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Table 2 All of the models considered here (ordered from best to worst according to AICc)

Model type B y 8 ¢ Np Np MLL AlCc
SIRS B-spline Constant Zero Constant 18 12 —221.34 499.42
SI’RS B-spline Constant Zero Constant 20 14 —218.35 503.79
SEIRS B-spline Constant Zero Constant 19 12 —221.16 504.06
SIRS B-spline Constant Impulse Constant 19 12 —221.86 505.47
SIRS B-spline Constant Constant Constant 21 14 —216.54 505.88
SIRS B-spline Constant Zero Step-function 20 12 —221.86 510.82
SIRS Constant B-spline Zero Constant 22 16 —217.94 514.78
SId*RS B-spline Constant Zero Constant 21 14 —221.95 516.69
SIRS Constant Constant B-spline Constant 17 10 —260.23 572.46

The SEIRS model includes an exposed class. The SI’'RS model includes three stages in the infectious class. The SId>RS model includes
a three-stage delay before deaths are observed. Np is the number of B-spline basis functions used while N, is the total number of
parameters in the model (including initial conditions). Our best model has time-varying g with 12 cubic B-spline basis, constant y and

¢ and permanent immunity

confidence intervals are wide, the best model clearly
suggests that each pandemic wave was preceded by a
rapid rise in transmission rate and a rapid fall before the
wave crest. The falls in transmission allow the epidemic
to peak before the susceptible pool becomes too small
and thus allow subsequent waves of infection.

The top panel of Fig. 2 shows the observed P&l
mortality (blue), together with box plots of 1,000 re-
alizations of the best model. The other panels show
profiles for some of the key parameters of our fit (see
figure caption).

Table 2 lists all the models we considered (ordered
from best to worst according to AICc). The different
models are defined primarily by which parameters were
allowed to vary with time and how (either using B-
splines, a step function or a sudden impulse). In this
table, Np is the number of B-spline basis functions used
while N, is the total number of parameters in the model
(including initial conditions). Note that for each of the
models listed in the table, we examined Ng = 7 to 26,
but we show only the value of Ny with the best (lowest)
value of AICc.

Discussion

We have attempted to obtain a better understanding
of the underlying causes of multiple pandemic waves
by fitting influenza transmission models to the weekly
pneumonia and influenza (P&I) mortality in London,
England, over the course of the three waves of the
1918 pandemic. We investigated the proximate mecha-
nisms of multiple wave generation by considering tem-
poral changes in the rates of transmission, recovery
and loss of immunity. Based on an explicit likelihood-
based analysis, we found that, of these three proximate

mechanisms, temporal changes in transmission provide
the best explanation for the observed weekly pattern
of mortality in London in 1918-1919. Moreover, the
magnitude of changes in the transmission rate that
are required (as measured by temporal changes in the
reproduction number R) are within a biologically rea-
sonable range.

Our analysis provides only indirect insight into the
ultimate causes of multiple pandemic waves. Climatic
factors (humidity and temperature) are generally be-
lieved to act through transmission rates. Behavioural
changes can also influence transmission rates (in ad-
dition, if people are quarantining themselves based on
symptoms, their behaviour could also lead to changes in
the effective infectious period and hence the effective
recovery rate). Evolution of the virus is most often
thought to act through the rate of loss of immunity
(antigenic evolution), but it is certainly possible that the
transmission rate or recovery rate could evolve as well
(particularly in a pandemic variant, which may not be
well adapted to humans at first). Our results do argue
against rapid loss of immunity in people as a mechanism
for the observed waves, since our best models with
changing immunity have AAICc &~ 6 compared to the
best-fit model. Our best-fit model also provides esti-
mates for the lag time between changes in transmission
rate and observed changes in P&I mortality patterns.

The changes in transmission rate that we infer are
likely due to a combination of viral evolution (a shift
before the first wave and drift or adaptation between
waves), behavioural changes in response to the epi-
demic and changes in temperature and humidity. Al-
though we can only speculate about these mechanisms,
our analysis provides a starting point for investigating
hypotheses that can be tested using additional data,
such as newspaper reports and public health records.
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Further work should explore model-fitting methods for
combining various types of data (perhaps in a Bayesian
framework) to better understand the mechanisms be-
hind multiple waves of influenza pandemics.
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