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Abstract

Quantifying the strength and timing of epidemics requires a reasonable expectation of seasonal base-
line mortality. However, in historical and some subgroups of contemporary populations, it is difficult to
find this information at weekly or daily intervals. Using several data sources of varying temporal aggre-
gations (individual death records, weekly, and monthly aggregated death counts primarily related to the
Spanish flu), we explore traditional methods of baseline and excess mortality calculations as well as some
adaptations. We then propose additional ways to calculate and refine the seasonality in yearly mortal-
ity baseline using both Metropolis-hastings MCMC and interpolation. We present baseline and excess
mortality estimates from all models and conclude with a discussion of the merits and practicality of each
method.

1 Background

Contemporary estimations claim the influenza pandemic events between 1918 and 1921, the so-called
“Spanish” flu, account for the deaths of more than 50 million people throughout the world [1]. The series
of successive influenza virus outbreaks gripped the world beginning in early 1918, however results of various
phylogenetic and molecular-clock analyses indicate the initial circulation of the virus from avian or swine
and other mammal species to humans may have occurred as early as 1911 [2, 3]. Moreover, the symptoms
and mortality patterns associated with this particular flu pandemic are particularly unique. For example,
young-adults often exhibited the highest excess mortality rates, in contrast to seasonal influenza epidemics,
which primarily affect the very young and elderly [4, 5]. Also, death from the virus was often labeled a result
of respiratory illnesses, such as pneumonia or bronchitis rather than directly from “influenza.” For this reason,
the study of all respiratory related mortality is desirable by researchers when such data exists. The difference
in influenza-related mortality by year and flu sub-type is often examined by using age specific mortality rates
as both an absolute value and as a ratio of excess mortality rates between vulnerable (young and old) and
lesser affected populations [5]. Ergo, a reliable estimation of baseline overall and baseline mortality is essential.

The first major world-wide influenza pandemic during the modern age of transportation was that of the
Russian flu in 1889-1890, spreading to every corner of Europe in only 6 weeks and throughout the world as
the winter progressed [6, 7]. Due to this shift in the speed of which influenza pandemics spread and their
increase in scope, the study of pandemic timing has also become a topic of interest. However, within the
context of the 1918 Spanish flu, quantitative research about the specific timing of each wave is difficult, as at
smaller geographic levels, most longitudinal mortality data is aggregated. Thus, while some areas collected
daily information about the flu as it progressed, it is difficult to ascertain how its specific timing may have
differed from baseline flares of seasonal influenza. Smaller intervals of baseline mortality data in these areas

may provide a better indication of the specific time-frame from which the virus spread not only into Spain, but
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through the rest the world. While the location of the first human infection remains unclear, the virus likely
moved to Spain via Spanish and Portuguese labor migrants returning to the Iberia peninsula from Southern
France during the World War T [8].

In fact, the actual timeline and progression leading to the virus’s emergence is debated, though likely,
the HIN1 strains responsible for the Spanish flu are related to those which caused the “Russian” pandemic
influenza events at the end of the 19th century and may have been present in both swine and humans more
than 5 years before the first waves in 1918 [2]. While strains of the HIN1 virus continue to circulate in the
form of seasonal influenza viruses, biological remnants of the particularly deadly 1918 strains are still found
in avian species via the presence of specific encoded proteins [9]. In this manner, continued research into
the timing of the Spanish flu, as well as its health and mortality impacts on different populations is essential
to understanding the potential effects that a virulent influenza strain could have on the global population
today. To quantify these impacts at a refined level, a reasonable and reliable mortality baseline (at small time
intervals of time) in non-epidemic years from which excess mortality may be determined is vital.

Moreover, because waves often affected places more than once and at different times of the year, calculations
of excess mortality depend heavily on the estimated underlying level of mortality. For example, in the 1918
herald wave in Madrid, some weeks had excess levels well above the seasonal level, but others were barely—or
not at all-above what would have been a normal seasonal peak in the fall or winter [10].

More specifically, the effect of a reliable mortality baseline can shape the debate surrounding the specific
topics of interest in the flu. In the wealth of information and research on Spanish and other influenza outbreaks,
much examination has focused on how age-specific mortality differs from seasonal outbreaks. Often, analyses
featuring little-to-no baseline mortality information show high rates of excess mortality for young adults,
which in the past led to some discussion of a “w”-shaped curve of excess mortality. However, other research
calls into question this large peak; while the standard mortality ratio (SMR) continues to follow the shape of
an inverted “V”—that is, the probability of dying in the epidemic period relative to a non-epidemic period is
higher in the young adult ages—, the actual amount of excess mortality peaks only at the lowest and highest
ages. While this is not to say only one shape of age-specific mortality curve is possible, the extent to which a
baseline is calculated and implemented can have a large impact on results. Given the ongoing debate about
total mortality related to the Spanish flu and its associated pattern, we found it fitting, one hundred (and
one) years following the pandemic, to reexamine traditional baseline estimation methods and the application
of an interpolation technique to refine aggregate data for timing analyses on a smaller-scale.

As such, the rest of this paper is structured as follows. First, we briefly outline the two sets of data used
in our calculations, whose peculiarities inspired this examination. Next, we quickly introduce the “standard”
Serfling Regression model used to estimate seasonal mortality patterns, then provide some potential adapta-
tions to the method to ensure a better fit and quantify uncertainty when faced with with limited pre-epidemic
mortality data. We then propose using a Metropolis-hastings MCMC approach to estimate the distribution
of deaths throughout the year by optimizing the Serfling parameters. Finally, we switch gears to explore how
monthly-aggregated data may be interpolated in order to provide a “best-guess” of weekly mortality patterns
throughout the year. After providing the results of these methods when applied to our Madrid data, we
calculate excess mortality from each method and discuss the similarities and differences of each completed
baseline and the applications of these methods in the future.



2 Data

The Madrid Civil Register of Deaths provides excellent, detailed information about the deceased, including
age, sex, civil status, location, data, and cause of death [11]. However, the death records are only available
for the years 1917-1922; this is enough to cover the full period of the Spanish-flu related outbreaks in Madrid
but only one year of data from which to calculated a baseline.

Other mortality data sources exist, including the Boletin Mensual Estadistico Sanitario-Demogréfico,
which provides monthly mortality information by selected causes for the entire Madrid province (both the
city proper and surrounding rural area in the administrative region) [12]. While the data does not provide
individual level information, these monthly death counts published by the Ministry of Government in Spain
for the years 1915-1919 encapsulate the first three waves of influenza in Spain. In addition to total deaths,
this data also provides counts for several causes; thus, we can create and compare our baseline estimations
for both overall and influenza-specific mortality in the city and province of Madrid.

Finally, we gain population information city the from the Yearly Statistical Books of Madrid. At the
time of the influenza outbreaks, the evolution of the city’s population was recorded via a quasi-register based
system, of which a census-equivalent was taken every five years. Published on an annual basis, the volumes
we use provide population by district both for the city and the region of Madrid given reported and estimated
changes. Because our mortality data describes two different geographic areas and thus, different population
numbers, we calibrate our mortality estimates according to the at risk population of both the city and the

region it encompassed.

3 Methods

Several methods exist to infer a seasonal mortality baseline using the single year of 1917 data, but the
monthly counts from 1915-1917 also allow a way to see if mortality in 1917 is significantly different from
prior years, and thus, using only this year mis-estimates overall and cause specific excess morality during the
influenza epidemic waves. We first briefly review the Serfling regression model which incorporates parameters
for time and seasonal trends in mortality. Then, we outline some additional modifications to the traditional
model in order to better fit Madrid’s non-traditional mortality pattern and overcome our own data limitations
before explaining how the application of a Metropolis-Hastings Markov Chain Monte Carlo model can also
estimate the mortality baseline and its upper bound. Lastly, we explore how interpolating monthly-aggregated
data can provide additional insight into mortality patterns at the weekly level.

While for epidemiologists, the “gold standard” of mortality baseline estimation remains the noted Serfling
regression model and “current model” for count data, additional methods exists to calculate changing mortality
patterns across the year. Several recent studies have begun to estimate seasonal mortality through the use of
other methods, such as with Poisson counts or cubic splines (i.e. [13, 14, 15, 16]), which also allows for baseline
changes during the observation period, such for the introduction of a vaccine. We do not specifically review
these methods in this paper. We also expand this paper to discuss the use of Markov Cs to model seasonal
variations in mortality and determine the presence of epidemic waves through examining the likelihood that

an observed point of weekly mortality occurs based on the parameterized baseline distribution [17].

3.1 Serfling Regression

Often, in an effort to quantify seasonal mortality and smooth a baseline across several years of data,

researcher employ a Serfling cyclical regression model [18], which provides an average mortality level incor-
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After calculation of the baseline, observed deaths during the period of analysis above the upper 95%
confidence interval bound of the expected values are defined as an epidemic period, from which excess mortality
is calculated. However, the traditional Serfling baseline approach requires several years of pre-epidemic
mortality data—normally at least three years—due to the fluidity of seasonal mortality. Additionally, shorter
time periods could result in a loss of continuity between the beginning and end of the year. In the case of our
1917 data, this is displayed in Figure 1, where due to the change in the timing of the seasonal peak between
the winter of 1916-1917 and 1917-1918, the baseline suggests there is significantly higher mortality in week

fifty-two of the year than in week one.

Figure 1: The black line shows the real weekly mortality rates from 1917-1922, while the solid red line displays the predicted
mortality values based on a simple Serfling regression (left). Lines show the real weekly mortality rates from 1917-1922, while

the solid black line displays the predicted mortality value based on a simple Serfling regression (right).

Raw Mortality Data from Death Records, 1917-1922 Raw Mortality Data from Death Records, 1917-1922

Year
1917
1918

— 1918
— 1920

Mortality Rate
Mertality Rate

1921

1922

0 20 40 B0 B0 100 120 140 160 1ED 200 220 240 260 280 300 o 5 w15 2 2 0 3
Week of Year Week of Year

Other issues can arise when mortality does not follow the parameter patterns of a traditional Serfling
model. For example, Madrid experiences a small but noticeable summer mortality peak which the basic
Serfling model does not account for (see Figure 1). However, this may be rectified through the addition
of more time and seasonality parameters to better fit the mortality pattern [19]. While much statistical
research avoids overfitting the data, if the mortality data used to create the baseline is trusted to be a
correct representation of actual mortality, and that actual mortality is assumed to follow a normal pattern
in the area of study, than the regression model with additional parameters used to create the baseline can be
better in providing a realistic expectation of normal mortality than the simple approach. In the case of the
1917 mortality records, the visible mortality peak in the summer can be represented through the addition of

parameters such that the baseline equation is written as
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The added coefficients in the model account for both linear and non-linear time (a) and seasonal (5 & 7)

variations in normal mortality activity that create the oscillations present in the data.

3.1.1 Serfling Regression with Parametric Bootstrapping

While visual analysis reveals similarity in our yearly pre- and post-Spanish flu epidemic mortality data, we
only use mortality information from before the epidemic to construct the baseline, as post-outbreak mortality
may be influenced by the increased number of deaths during the flu onslaught. We felt that using only the
one year of available death records (1917) may ultimately provide an incorrect estimation of the baseline, as it
forced the assumption that mortality in 1917 followed a normal pattern at all ages. Thus, we used parametric
bootstrapping to generate some uncertainty and account for the potential variability of the 1917 data from
typical mortality patterns [20].

We first simulated data before fitting the above regression model, accounting for the possibility of afore-
mentioned fluctuation in the annual timing of winter and summer mortality peaks. A single set of mortality
points from which the bootstrapped points were estimated consisted of six consecutive iterations of total

L For each of these

weekly deaths in 1917, to mimic the six years of mortality data used in our analysis.
312 week sets of weekly death counts, we simulated a number of expected deaths, assuming a Poisson count
distribution. Our Poisson estimations assumed the mean and variance of a week were equal the observed total
number of deaths in that week of 1917.

From each of simulated six-year datasets, a;, 8, and ~y parameters are estimated according to the modified
seasonal regression model above. We calculate our five year baseline from the mean values of the coefficients
from the models and compute the upper baseline from the upper quartile value of the 95% confidence interval
of coefficients. As in previous literature, we define weeks with mortality above the upper baseline as “epidemic”

19, 21, 22, 23, 14].

3.2 Metropolis-Hastings Markov Chain Monte Carlo

In the example above, numbers of weekly deaths are simulated according to parameters of their observed
values in 1917 to account for the lack of multi-year baseline data. From these simulated vectors of weekly
mortality data, we create a baseline and upper 95% certainty epidemic threshold according with Serfling
regression. However, other ways exist to estimate these baseline parameters that may better take into account
how each parameter affects mortality at different times. Here, we explore an application of the Metropolis-
Hastings algorithm via Monte Carlo Markov Chains to recreate the distribution of deaths throughout the year
[24].

The application of these methods are particularly appropriate when considering the inter-year seasonality
in mortality. As modeled in Serfling regression, mortality throughout the year depends heavily on parameters
both the time and the extent to which mortality is seasonal. Yet, rather than maximizing the likelihood of the

regression function, the Metropolis-Hastings algorithm approaches the vector of weekly deaths as a probability

1 We consider each year to have 52 weeks, and calculate the “total” deaths in the 52nd week of the year as the % or % of

deaths in the final week and associated excess day(s) of the year (1920 was a leap year).



distribution of deaths throughout the year. That is to say, the distribution can be expressed mathematically

as the integral of the parameters from time 0 to the end of the year, or, in the case of Madrid, as:
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By sampling the distribution parameters within the state space, defined as the space of one year, the
algorithm converges to a specific distribution by comparing the log-likelihoods of the functions for current
and randomly selected proposed values [25]. After the distribution and its parameters have been optimized,
the 95% probability of the distribution can be calculated from the parameter quantiles of accepted values
during the random walk. As in the other methods, weeks in which total deaths are higher than this 95%
threshold are assumed to be “epidemic.”

Thinking of the yearly baseline mortality pattern as a distribution is quite useful. For example, we can
consider that the mortality rate in a year is relatively constant—i.e., from year to year, the total number of
deaths in a stable population (akin to the total density of the distribution) will not change. However, the
distribution of these deaths changes throughout the year, resulting in a non-normal distribution that generally
has two modes at the beginning and end of the year. In the case of Madrid, the deaths appear to have a
distinct tri-modal distribution with peaks at the beginning (winter), middle (small summer peak), and end of
the year. This general distribution, for which the Metropolis-hastings algorithm seeks to define parameters,
follows the same general pattern from year to year. While the peaks are defined mostly according to the
observed points in 1917, the uncertainty allows for the possibility that the exact timing of these peaks may

vary from year to year, as does the onset of seasonal diseases and weather patterns.

3.2.1 Implementation

To implement the Metropolis-Hastings procedure, the target distribution is defined according to the
adapted Serfling regression parameters explored in section 3.1, such that 9 parameters are proposed and
tested with each iteration. This includes a value for the intercept, two for the time coefficients, and three-each
for sine and cosine coefficients. The initial proposed distribution gives a value of average mortality to the
intercept and 9 to the other seasonal and time-varying parameters such that the mortality distribution is
represented as a straight line, equal throughout the state space (year). A Markov Chain samples new param-
eters selected from a random uniform distribution, then accepts or rejects these new parameters based on the
change in log-likelihood of the function [25]. The log-likelihood value is preferred over the normal likelihood
as it is more numerically stable. If the log-likelihood of the proposed parameters is better than that of the
previous ones by a randomly specified amount, the proposed parameters become the new values from which a
new set of randomly selected proposed values are generated. Over time, the parameters convene to an optimal
distribution based on the 1917 weekly mortality. This method can be generalized for all seasonal mortality
distributions by optimized the log-likelihood of an appropriate set of parameters.

3.3 Interpolation of Monthly Data

The above methods explored involve mathematically determining a baseline from data at smaller intervals
in order to quantify seasonal patterns in weekly mortality. Especially in the context of both historical and
population- and geographic-specific subgroups, mortality data is not always available in such refined time
intervals. Thus, here we explore the idea of interpolating data such that weekly death counts can be inferred
from monthly aggregated mortality information [16]. Several methods exist to interpolate values form smaller

intervals of time from aggregated values. Within the realm of fertility research, this often involves determining



single-year age specific fertility rates from grouped five-year intervals. Here, we adapt similar methods to those
outlined in the Human Fertility Database [26] to interpolate yearly age-specific rates from aggregated data.
Monotonicity is a requirement of most interpolation techniques, but both yearly mortality and the age-
specific fertility curve do not follow a pattern of strictly increasing or decreasing values through time (see
Figure 2). However, by using the aggregate amount of expected births (or deaths, in our case) across the
time period of study, a strictly increasing number of total deaths can be observed; that is, there will never be

fewer total deaths during a year on one day than on the day before.

Figure 2: Aggregate mortality data by month (left) and cumulative (right)
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To interpolate, we first take the logit of the cumulative (year-to-date) monthly mortality rates according

to Y(t) = log[Mi‘/I‘ — — M,], where Y is equal to the logit of the cumulative mortality rate (M) at time ¢t. T

ranges from 0, interpreted as the beginning of the year (before the nonoccurence of any deaths), to 12 (the

end of December), when all deaths have occurred, equal to M;. At these extreme ¢ points, we replace the logit
value with reasonable values. As according to the method in the Human Fertility Database, we then perform
cubic spline interpolation according to the “Interpl” function of the “signal” package in R.? We interpolate
for 52 points along the logit function of cumulative mortality in order to represent the weeks of the year.
Inverse logit transformation is used to return the interpolated values to cumulative mortality rates, using
the formula M (2)pat = [%] * M, . . From the difference of these cumulative points, we determine
weekly mortality estimates for three years of the monthly aggregated mortality data. The baseline and its
95% estimate are created by taking the upper bound of a Poisson distribution containing each the three

interpolated points.

4 Results and Discussion

4.1 Baseline Results from Serfling Regression with Parametric Bootstrapping

The estimation technique for the mortality baseline created a general linear pattern mimicking mortality
patterns for the year 1917. In the years following the main epidemic waves, the all-cause baseline continues
to mimic the general shape and pattern of the baseline, but the overall mortality rate falls relative to 1917.

2HFD uses Hermite spline interpolation, but we choose to use cubic splines.



Given the rich information present in our data, we can also use this method to account for mortality baseline
variations by age and estimate baseline mortality accordingly.

Figure 3: Grey points show the real weekly mortality rates from 1917-1922, while the blue and red lines display mean and upper
95% bound baseline from simulated 1917 deaths data. Shaded gray blocks represent the three epidemic wave periods.
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4.2 M-H MCMC optimization

Figure 4 shows graphical results of the Metropolis-Hastings MCMC for two potential distributions. The
gray-scale shows, after the a series of “warm up steps, the accepted distribution parameters during the
optimization process from start (gray) to end (black). The white line shows the mean distribution, and the
red lines represent the upper and lower 95% confidence intervals. The first figure demonstrates the random
walk of the optimization process using the Madrid 1917 data. The second figure shows the results of this

algorithm to a different distribution of deaths, similar to the standard Serfling regression parameters, such
that:
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Figure 4: MH MCMC results for 1917 Madrid data (left) and other distribution (right)
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In both cases, the algorithm slowly optimizes the distribution by sampling and accepting or rejecting new
parameter values. In outbreak periods, observed weekly rates higher than the red 95% confidence interval of
the accepted parameters will be considered epidemic weeks, and the level of excess is the difference between

the observed value and mean expected value (white line).

4.3 Baseline According to Interpolation Method

Initial results obtained by strictly adhering to the HFD methods revealed realistic estimations of the
baseline for all months, with the exception of the first and last several month of the year. In the case of time
t = 0 to time t = 4, the cumulative mortality rate is equal to zero at the beginning of the year and some
value of January mortality at ¢ = 4, but the interpolation function interprets this as zero deaths occurred
at time 0, rather than simply that zero deaths during the year had occurred. Likewise, the end of the year
shows a flattening of mortality rates towards zero as the values of the logits move towards an asymptote of
the function where cumulative mortality remains the same. This is not realistic, as cumulative mortality will
continue to grow even after the end of our early observation period.

To rectify this, we add “phantom deaths” to the beginning and end of the year before calculating cumulative
mortality, the logits, and performing interpolation. This can be interpreted as providing information about
mortality patterns before and after the end of the year (i.e. December mortality in the year prior to our
baseline and January of the following year). We randomly generate these six (two each for 1915, 1916, and
1917) values according to a Poisson distribution fit from the number of monthly deaths during the months of
January and December present in our data. Thus, the initial problems of our interpolated values remain at
the extremes of our interpolated function, but all values of cumulative mortality during the observation year
fall within a part of the increasing logit function such that the resulting values are realistic.

Both cases of interpolation results are visually depicted in Figure 5, where the quick rise of mortality in
the beginning of the year and plateau at the end are easily visible. The right side of the figure also depicts the
change in the expected number of deaths at the beginning and end of the year without and with the addition
of the phantom deaths.
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Figure 5: Interpolation issues and adaptation: Intitial technique—(a) estimated weekly values of cumulative yearly mortality
and (b) mis-estimation of deaths at the beginning and end of the year. Phantom deaths—(c) interpolated cumulative mortality
including additional December-January deaths and (d) realistic estimation of deaths from January to December of observed year

4.4 Comparison of Baselines

Figure 6 shows both baselines overlain on all mortality data as well as for the year 1917 according to
both monthly and death record data. There are many similarities between the three; all share the same basic
shape and take into account the summer mortality peak, and the baselines follow nearly identical paths and
values in the second half of the year. Overall, the baselines reinforce each other’s legitimacy, as the three
years of interpolated data validate the relative shape of the curve determined by only 1917 data. Moreover,
the thickness of the confidence intervals show that neither our simulated data and the number of simulations
involved in our bootstrapping nor the iterations of the MH MCMC optimization overfit the variability in the

baseline estimation.
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Figure 6: Blue shaded region shows baseline and upper 95% of interpolated monthly data, gray shaded region shows the same
for parametric bootstrapping of death records, green shaded region shows same for the m-h mcmc estimated baseline; mortality
rates for all years of data plotted on left, two years of 1917 (death records and interpolated provincial counts) on right
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Outside of its calculation method, the MH MCMC baseline largely differs from the parametric bootstrap-
ping technique in that it predicts the mean and 95% uncertainty interval of the summer and winter peaks
with greater certainty and the spring and fall mortality troughs with less uncertainty. This is due to the
selection mechanism for the proposed parameters; it should be noted that a greater number of simulations
and increase in the specified “burnout period would further decrease the level of uncertainty and lower the
confidence intervals. Overall, the two share very similar mean values of predicted mortality levels, though this
is expected given they are derived from the dame data and are calculated using the same parameter values,
even if via different methods.

Nonetheless, there are also noticeable differences in the the baselines. Because the data used to construct
the single-year baseline follows the distribution of deaths in 1917, the resulting shape of the mortality curve,
despite the introduced uncertainty, adheres to the timing and strength of the peaks in 1917. That is to say, the
winter seasonal peak in 1917 occurred mid-way through January, and this is reflected through the early peak
while the monthly data declines from the beginning of the year. Likewise, the summer peak was lower in 1917
than what was observed in the aggregated monthly data. However, this could also possibly be attributed to
the timing of the summer peak. Whereas the individual death dates can pinpoint an exact peak, the monthly
data may show a muted rise if the peak occurred during the end of one month and the beginning of another.

In general, the methods using the 1917 data only highlight the importance of using more than one year
of baseline mortality data; both place winter mortality peaks in the middle of January and at the end of
December. This seemingly indicates a winter “trough in the beginning of January, however, as a general

pattern of seasonal mortality, this valley is unrealistic. However, we also cannot be sure that the monthly
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data is interpolated correctly such that the location of the peaks within a month is where it actually occurred.
The interpolation infers a smooth rate of increase towards and away from the peak according to the monthly
aggregates, and without more precise information, we must rely on this assumption.

Several additional interpolation methods exist that should be considered in order to best quantify a weekly
baseline from aggregated data. We briefly considered a type of polynomial regression [27], but found that
due to the summer mortality peak, the high-order function produced results that were quite complex for our
simple baseline. Another option to determine our weekly baseline involves using a calibrated splines method
to estimate four segments of the mortality curve across the year [28]. Though this technique would require
estimation of several segments of the baseline, its applications to fertility data (if the age-specific fertility
curve is thought of in a similar manner to the time-of-year-specific mortality curve) appear to produce at
least comparable, if not better results than the current Human Fertility Database technique [29] and thus

should be considered as a possible additional procedure to interpolate mortality data.

4.5 Excess Mortality

Table 1 shows five estimates of excess mortality in Madrid for the influenza waves in the spring of 1918
and the combined fall/winter waves in 1918-1919. The first estimates are derived from our technique of
parametric bootstrapping our single year of 1917 mortality data. We calculate the second column from the
95% probability interval of the MH MCMC derived distribution of deaths, and we estimate the third set
from our interpolated data, using the upper 95% interval of an assumed Poisson distribution. The fourth set
applies the MH MCMC method to the interpolated data, and the final set of estimates come from a previously
published paper on excess mortality in Spain during the pandemic [30]. These excess mortality rates are based

on a simple three year Serfling model using the monthly data in its aggregated form.

Table 1: Estimates of Excess Mortality with Different Baseline Estimations

Serfling with MH MCMC Interp Data & Interp Data Monthly Data
Wave Param Bootstrapping Parm Bootstrapping with MCMC
Spring 1918 18.19 17.46 14.92 16.58 11.7
Fall/Winter 1918-1919 22.44 22.15 25.36 35.61 55
Overall 40.63 39.61 40.28 52.19 66.7

Despite the differences in the overall baseline discussed above, both of our baseline estimations reveal
very similar numerical results of excess mortality during the two waves in Madrid but with varying degrees
of relative difference in excess mortality. The spring waves are calculated from only three months of data;
thus, the differences in the upper baselines are different enough that the results are about 12.5% different.
Our estimated excess mortality estimates for the fall wave differ by about 6.25%. This period encompasses
a longer time period, and the variations in the epidemic threshold of the mortality baseline appear to even
each other out over time.

Our findings of overall excess mortality do differ from those of the previous study of excess monthly
mortality in all provinces of Spain [30]. For example, the excess mortality from both of our baselines is much
lower in the fall/winter wave, and higher in the spring. When the interpolated data is used to calculate a
baseline with the MH MCMC method, we also find higher results of excess mortality than with the other
methods, most notably in the combined fall/winter wave. Part of this could come from the lower expected
mortality of interpolated data at the begining of the year, but it is difficult to ascertain what specifically
contributes to these differences. Also, it should be mentioned the previous estimates use additional monthly

data from 1918 and 1919 to estimate the excess, while we exclusively use our death records to estimate the
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excess from calibrated baselines in the first four methods of table 1.

Additionally, the overall timing of the baseline mortality rate for the city of Madrid may vary compared
to the province due to varying levels of influenza immunity. Previous exposure to influenza virus and a
person’s triggered immune defense changes the probability of (a) contracting a specific strain of influenza
from exposure and (b) the body’s reaction to fighting such a virus [31]. Moreover, the connectedness of the
city itself resulted in the presence of a strong spring wave and this is present in the provincial data due to
its inclusion of the city. However, the population in the countryside of the surrounding region likely did not
face the same exposure to the spring wave, meaning the monthly provincial data may not perfectly reflect the
mortality conditions in the city during the outbreaks.

In many urban centers that experienced a stronger herald wave in the spring or summer of 1918, the
severity of the succeeding fall wave is less pronounced relative to the rest of the world. Often, the total effect
of the epidemic was lower in cities with herald waves. While the spring wave lacked the virulence of the
successive fall outbreaks, its overall transmission rates were quite high, and where present, the virus tended
to spread through much of the population [32, 33]. However, excess mortality rates specific to the spring
waves are generally lower than in the fall. Thus, the differences in the province-wide mortality from our
city estimates may be due to a lack of exposure to the spring wave, followed by a strong fall wave to which
the provincial population had no mortality. While further sensitivity analysis will be done to look at the
differences in the city and surrounding populations, the current results reveal a stark contrast of more than
50% higher mortality in the province itself.

4.6 Final Notes

While here, we explore novel ways to calibrate a mortality baseline, caution should be taken when deciding
the best approach to take. When producing a mortality baseline, it is most essential that the seasonal rates
are a reasonable expectation of “normal” mortality patterns for the population of analysis. As mentioned, the
monthly data used in the paper covers the entire province of Madrid, whereas the individual-level death records
provide information from the city only. While the provincial-level data takes into account the population of
the city as well, the differences in mortality during the baseline period of 1917 are stark, specifically during the
winter peaks. Both baselines accurately reflect their input data—that is, according to available data, they both
paint a believable picture of mortality—, but there are large, significant differences in the epidemic threshold,
particularly in the first two thirds of the year.

The content of this paper currently focuses on the city of Madrid during several waves of Spanish influenza,
but as noted, these estimation techniques are applicable to all types of aggregated mortality data. To further
understand the benefits and limitations of the interpolation and baseline re-calculation process, future analyses
should incorporate data from other locations and time periods. Yet, in this analysis, we find that reasonable
mortality time-series at finer time intervals can be created through interpolating higher-level aggregated data.
For example, the severity of the 1918 Influenza Pandemic throughout the world led many cities, counties, and
other administrative areas to collect daily and/or weekly surveillance and mortality data during the epidemic
periods, especially in the fall of 1918. However, the usefulness of this data relies heavily on the estimation
of baseline mortality during the time and the discernment of how much larger an outbreak was compared
to seasonal flu. In these same areas with detailed 1918 information, often, previous years of mortality data
are available only in a larger aggregate scale. Thus, interpolating this information, as shown through our
estimations, provides a viable method through which a finer baseline may be calculated. From this, researchers

can better understand some of the intricacies of the influenza pandemic and other events still debated today.
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