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Abstract

Purpose—Our understanding of the temporal dynamics and age-specific mortality patterns of the
1918-1921 influenza pandemic remains scarce due to lack of detailed respiratory mortality
datasets in the United States and abroad.

Methods—We manually retrieved individual death records from Arizona during 1915-1921 and
applied time series models to estimate the age specific mortality burden of the 1918-1921
influenza pandemic. We estimated influenza-related excess mortality rates and mortality rate ratio
increase over baseline based on Pneumonia and Influenza (P&lI), respiratory, tuberculosis and all-
cause death categories.

Results—Based on our analysis of 35,151 individual mortality records from Arizona, we
identified three successive pandemic waves in spring 1918, fall 1918-winter 1919 and winter
1920. The pandemic associated excess mortality rates per 10,000 population in Arizona was
estimated at 83 for P&I, 86 for respiratory causes, 84 for all-causes and 9 for tuberculosis. Age-
specific P&I and tuberculosis excess death rates were highest among 25-44-year-olds and
individuals =65 years, respectively. The 25-44-year-olds and 5-14-year-olds had highest P&I and
tuberculosis mortality impact respectively when considering the ratio over background mortality.

Conclusions—The 1918-1921 influenza pandemic killed an estimated 0.8% of the Arizona
population in three closely spaced consecutive waves. The mortality impact of the fall 1918 wave
in Arizona lies in the upper range of previous estimates reported for other US settings and Europe,
with a telltale age distribution of deaths concentrated among young adults. We identified a
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significant rise in tuberculosis-related mortality during the pandemic, lending support to the
hypothesis that tuberculosis was a risk factor for severe pandemic infection. Our findings add to
our current understanding of the mortality impact of this pandemic in the US and globally.
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Introduction

Pandemic preparedness may be enhanced through a detailed understanding of past
pandemics. In particular, the 1918-20 influenza pandemic, commonly referred to as the
“Spanish” flu, is the most devastating influenza pandemic on record [1]. It caused an
estimated 50-100 million deaths globally, with a mortality rate of 2.5-5 per 1,000 and
approximately 675,000 deaths in the United States alone [1]. In contrast to seasonal
influenza epidemics that primarily affect the very young and elderly [2]; the 1918-20
pandemic was characterized by an atypical mortality elevation among young adults [3, 4]. It
has been estimated that half of the influenza-related deaths associated with this pandemic
occurred among young adults 20-40 years [2, 3]. In parallel, several studies in Europe [5, 6],
and the US [7] reported low or negative excess mortality among senior populations,
suggesting a substantial clinical protection in this age group. Another unusual feature of this
pandemic is the rapid succession of pandemic waves over a period of 9-12 months [2, 3, 8].

Up to two distinct pandemic waves have been identified in 1918 in a number of areas of the
world including US cities [7, 9, 10]. The first “herald” wave likely started between February
[7] and March 1918 [2] followed by a major pandemic wave in September of the same year
[2, 7, 9]. Estimates of the mortality impact of this pandemic relying on mortality data from
24 US states with vital registration systems in place during the pandemic range from 0.25%
in Wisconsin to 1% in Colorado [11]. These estimates are imprecise however, as they rely on
analyzing annual all-cause mortality data, an approach that poorly controls for background
deaths unrelated to influenza. More refined quantitative mortality studies based on daily,
weekly or monthly respiratory and all-cause mortality data have estimated the excess
pneumonia and influenza (P&I) mortality rate at 51.8 and 42.9 per 10,000 populations in
New York City [7] and Kentucky [10] during the fall pandemic wave, respectively. Further
studies are needed for a more comprehensive account of the pandemic impact in the US;
however intensive efforts to retrieve historical individual-level mortality data make such
detailed studies prohibitive [12].

A long-standing debate surrounding the 1918 pandemic is the potential role of tuberculosis
in driving the unusually high impact of this outbreak, as tuberculosis was predominant
among adults in the early 20th century [13]. It has been observed that tuberculosis mortality
in the United States increased sharply during the 1918-1919 pandemic period, followed by a
significant decline in tuberculosis mortality rates in the subsequent 2 years, compared to
rates during the pre-pandemic period [14, 15]. However, it is unknown whether such patterns
are consistent at different spatial scales.
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A better understanding of the factors that shaped the mortality patterns during the 1918-
1920 influenza pandemic in diverse geographic settings can lead to improved pandemic
preparedness plans [16]. Here we set out to comprehensively analyze the age-specific
absolute and relative mortality impact of the pandemic and the role of tuberculosis in the
state of Arizona using 35,151 mortality records manually retrieved from the Arizona
Genealogy Database in the years surrounding the pandemic.

Methodology

Study setting

The state of Arizona is located in the southwest United States, bordering Mexico. It became
a state of the US only a few years prior to the 1918 influenza pandemic. Arizona’s climate is
arid with a landscape ranging from low elevation deserts in the south to mountains and
forests in the north. Arizona’s population increased by 64% in 10 years, from 204,354 in
1910 to 334,162 in 1920 [17].

During late 1800s and early to mid-1900, the state of Arizona was a popular destination for
individuals seeking a cure for diseases such as tuberculosis [18, 19]. It was believed that the
arid climate of Arizona would facilitate recovery of individuals afflicted by tuberculosis [18,
20]. During the early 1900s, Arizona had already established health institutions like the
Pamsetgaaf sanatorium (established 1903, for cases of pulmonary and laryngeal
tuberculosis), St. Luke’s Home (established 1907 for incipient cases), East Farm Sanatorium
(established 1909 for American Indian tuberculosis patients) and Maricopa hospital
(established 1909 for advanced cases) [21, 22]. As a result, Arizona was one of the states
with the highest tuberculosis prevalence in the country [19] and hence it is a particular
interesting area to study the interaction between the 1918 pandemic influenza virus and
tuberculosis.

Data sources

Historical death records—The Arizona Genealogy Database is freely available online
and contains mortality records during the years 1870-1996 in the state of Arizona. For our
study, a total of 35,151 individual death certificates from January 1915 to December 1921
were manually retrieved from this database. For each death record, we compiled date of
death, cause of death and age. We then created weekly and monthly mortality time series for
the following death categories: pneumonia and influenza (P&lI), respiratory causes,
tuberculosis and all-causes stratified by 6 age groups: <5, 5-14, 15-24, 25-44, 45-64 and =
65. Deaths due to respiratory causes included influenza, pneumonia, bronco-pneumonia,
bronchitis and lung congestion as in previous studies [23, 24]. Information about age or
cause of death was missing or could not be identified for only 0.34% (121 out of 35,151) of
all the records.

We also derived the overall population size and age-specific population size estimates from
1915 to 1921 in the state of Arizona by the method of linear interpolation of population size
from the 1910, 1920 and 1930 decennial censuses [17,25].
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Statistical analysis

To quantify the mortality pattern associated with the 1918-21 influenza pandemic in the
state of Arizona, we estimated excess mortality rates per 10,000 population across age
groups by computing the mortality rate above a seasonal baseline of expected mortality rates
in the absence of influenza activity, as in prior studies (e.g., [10, 26]).

Definition of pandemic periods

First, we determined the most likely period of pandemic influenza activity from the time-
series of weekly P&I death rates (the most specific mortality outcome). Weeks associated
with influenza activity were excluded from further modeling of baseline non-influenza
mortality. Baseline mortality level was estimated by fitting cyclical Serfling regression
models to P&I deaths in non-influenza weeks. Once a weekly baseline and 95% CI were
obtained, periods of pandemic influenza circulation were defined as the weeks in 1918-1921
where observed total P& mortality rate exceeded the upper 95% confidence limit of the
baseline. The same pandemic waves were used for estimation of the total, age specific and
cause specific excess mortality rates in line with prior work [10, 26].

Excess mortality estimation

Results

Separate seasonal baseline models were fitted to age- and cause-specific weekly mortality
time series after exclusion of pandemic weeks. Excess mortality was defined as the
difference between the observed and model adjusted baseline mortality rates for each week
constituting a pandemic wave. Negative excess mortality estimates were replaced by zero in
our analyses. Overall pandemic excess mortality attributed to each cause for each age group
and total population was calculated by summing excess death rates across pandemic waves
in 1918-1921 [26]. We also calculated the ratio of observed mortality rate during each
pandemic wave to the model predicted baseline mortality level in the absence of influenza
for the given age category (RR). This ratio has been shown to standardize differences in
background mortality across age groups (or countries).

P&I and respiratory deaths accounted for 37% and 42% of the total recorded mortality in
1918, respectively, while these causes of death represented only an average of 10% and 16%
of total mortality in pre-pandemic years (1915-1917). This indicates a 2 to 4-fold increase in
P&I and respiratory deaths in 1918 compared to non-pandemic years. In the years following
1918, deaths due to P&I and respiratory deaths started to decline compared to 1918. Unlike
P&I and respiratory deaths, tuberculosis deaths displayed a slight decline in 1918 compared
to the pre-pandemic period and then subsequently increased to similar levels observed
during the pre-pandemic period (17% in 1918, vs 19-25% in other study years) (Table 1).

Timing of pandemic waves and excess mortality patterns

The time series of P&I mortality in Arizona (Figure 1) displays three successive waves of
increased mortality, a brief episode in spring 1918 (April), a prolonged and intense wave in
fall 1918-winter 1919 (October 1918-April 1919), and a wave of intermediate density in
winter 1920 (February—April). We have described the data from the long second wave in two
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periods: Fall 1918 (October— December) and winter 1919 (January—April). Weekly time
series for other causes of deaths are shown in Figure 2, overlaid with the pandemic periods.
Peaks in respiratory and all-cause mortality aligned those in with P&l mortality, while
tuberculosis mortality showed only weak departure from typical seasonal patterns in periods
of pandemic activity.

In the spring 1918 wave, the rate of P&I mortality was between 1.5 to 4.2 times the baseline
mortality depending upon the age group. For the fall 1918 wave, the P&I mortality was more
pronounced, ranging from 2.5 to 26.1 times. Similarly, this rate ranged from 1.7 to 5.2 times
the baseline in winter 1919 and from 1.6 to 4.6 in winter 1920. There was a similar pattern
for respiratory mortality rates. Tuberculosis mortality rate increase ranged from 1.2 to 2.2
times the baseline levels in spring 1918 wave, 1.4 to 5.5 times in fall wave, 1.3 to 4.9 times
in winter 1919 and 1.2 to 4.1 times in winter 1920 wave. Total pandemic attributed excess
mortality rate per 10,000 population in Arizona was estimated at 82.8 for P&I, 86.1 for
respiratory causes, 84.1 for all-causes and 8.6 for tuberculosis (Table 2).

Age specific excess mortality and RR pattern

Over the total pandemic period, age-specific excess death rates were highest among 25-44-
year-olds followed by young children (<5 year olds) for P&, respiratory, and all-cause
deaths. For tuberculosis, however, the highest excess death rate during the pandemic period
was observed among individuals =65 years followed by 25-44-year olds. Among =65-year
olds, P&I and TB excess death rates per 10,000 population were 64.9 and 21.4, respectively.
Similarly, among 25-44-year-olds, P&I and TB rates were 135.4 and 17.2 respectively
(Table 2).

Figure 3 represents the curve of excess mortality rate, for P&I, respiratory and all-causes, by
age group and pandemic wave. In the most intense pandemic wave in fall 1918-winter 1919,
the influenza age mortality profile displayed a “broken W” like shape, with peak mortality in
youngest children and young adults, and reduced excess mortality among the elderly
compared to other age groups. In this lethal pandemic wave, excess mortality estimates from
P&, respiratory and all-cause mortality aligned particularly well. The herald wave in spring
1918 was characterized by a W-mortality profile, indicating that young adults were at high
risk of mortality, but so were seniors. A similar profile of excess mortality was observed in
the recrudescent wave in 1920. Of all 3 waves, individuals 5-64-years experienced highest
P&I excess death rates in fall 1918-winter 1919.

Interestingly, absolute and relative mortality rates showed different age patterns. The rate
ratio (RR) for P&I and respiratory causes was highest among 25-44-year-olds across all
pandemic waves (Figure 4). For both P&I and respiratory causes, excess death rates were
lowest among 5-14-year-olds across pandemic waves but this was not the case for RR
estimates. In most of the waves, P&I and respiratory RR was lowest among <5 years and >
65 years age groups (Table 2). In addition, in the winter 1920 wave, two RR peaks were
observed: one among individuals aged 25-44-years and another among individuals 5-14-
years for both P&I and respiratory causes. As regards tuberculosis, the age group with
highest excess mortality was individuals = 65 years followed by adults 25-44 years. In
contrast, the RR peaked among children 5-14 years across pandemic waves (except for the
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herald wave). The rise in TB excess mortality was balanced between the fall 1918 and winter
1919 waves, while most of the P&I and respiratory excess deaths were concentrated in the
fall.
Discussion

In this study, we characterized the mortality impact of three influenza pandemic waves
during the 1918-1920 by age and cause of death in the state of Arizona. The pandemic was
associated with an excess mortality rate per 100,000 of 82.8 for P&I, 86.1 for respiratory
causes, 84.1 for all causes and 8.6 for tuberculosis. Our estimates fall in the upper range of
estimates previously reported for several US settings [7, 10, 11]. While P&, respiratory and
all-cause excess mortality rates were higher among 25-44-year-olds, excess mortality from
tuberculosis peaked among individuals = 65 years followed by individuals 25-44 years.

While a herald pandemic wave has been documented in February 1918 in New York City [7]
and in April 1918 in Kentucky [10], our data suggest that the herald wave started the first
week of April 1918 in Arizona. This information suggests that the pandemic likely had an
early start in northeastern US [27]. The second and most lethal wave started in October in
both Kentucky [10] and in Arizona, and in September in New York City [7]. This aligns with
studies outside of the US, reporting waves of intense pandemic mortality from September to
November 1918 [2]. The timing of peak pandemic activity in the US also suggests a
westward travelling wave, starting in October—November 1918 in New York City [7] to
October—December 1918 in Kentucky [10] and Arizona. Figure 5 compares the timing of the
pandemic waves in 1918 for Kentucky, New York City and Arizona.

Overall, we estimated the all-cause excess mortality rate of 0.84% associated with the 1918-
1920 influenza pandemic in Arizona (Table 2). For comparison, a previous study based on
all-cause annual mortality data for 24 US states reported an excess mortality rate of 0.84%
for the state of Arizona [11], nicely in line with the results of our study. Among those 24
states, the excess mortality ranged from 0.25% in Wisconsin to 1% in Colorado, and Arizona
ranked second in terms of excess mortality[11]. It is also noteworthy that these were based
on annual mortality calculated from vital registration, while our study is based on weekly
mortality estimated from individual death certificates and using more elaborate methods to
estimate excess mortality. Compared to other parts of the world, the excess mortality rate in
Arizona was found to be greater than in Madrid (0.53%) [28], Mexico City (0.7%) [12],
Concepcion, Chile (0.76%) [26], Australia (0.29%) [11]; and it was lower than in Austria
(1.61%), Japan (0.94%), Portugal (2.64%) [11]. Geographic variability in pandemic
mortality impact is not entirely understood, but has been linked with factors such as socio-
economic status, latitude, environmental conditions, climate and population density [11, 12,
26, 29].

We found that Arizona’s excess mortality rates for the fall 1918 pandemic wave based on
P&lI, respiratory and all-cause mortality data were higher than those reported for Kentucky
[10] and New York City [7]. For example, for Arizona we estimated an all-cause excess
mortality rate at 0.63% during the fall wave compared to 0.41% in Kentucky [10]. In New
York City [7], this rate was 0.53% for fall 1918 and winter 1919 waves combined
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(September 1918 to April 1919). Similarly, excess P&I mortality rate for the fall wave in
Arizona was 60.9 per 10,000 population compared to 51.8 in New York City [7] and 42.9 in
Kentucky [10]. Compared to other countries, the all-cause excess mortality rate during the
fall wave in Arizona (0.63%) was lower than in the city of Toluca, Mexico (1.62%) [12] and
higher than in Mexico City (0.47%) [12], but comparable with the rate reported for
Concepcion, Chile (0.64%) [26]. It is also remarkable that for the winter 1919 and winter
1920 waves, both all-cause and P&I excess mortality rates in Arizona were lower compared
to those in Kentucky [10] and New York City[7], respectively. Hence the brunt of pandemic-
related mortality was more intense and concentrated in time in Arizona than in New York
City and Kentucky, perhaps due to differences in prior immunity, mixing, and the presence
of vulnerable populations afflicted by tuberculosis.

Interestingly, a study from New York City [7] has shown that during early wave, individuals
> 65 years experienced little or no excess mortality based on all-cause deaths, and during the
wave from September 1918 to April 1919, they experienced an excess mortality rate lower
than that for individuals 5-14 years (see also [5]). Similarly, excess mortality rate for P&l,
respiratory and all-cause was less among individuals = 65 years compared to 5-18 years age
group during the fall wave in Kentucky. Low excess mortality among senior populations has
been explained as a result of protection provided by previous exposure to a similar virus [7,
30]. While we see some evidence of senior protection in the main pandemic wave in
Avrizona, fall 1918-winter 1919, consistent with these reports, we observe significant excess
mortality among seniors during the herald 1918 wave and recrudescent 1920 wave. Perhaps
these differences may be explained by differential circulation of respiratory viruses during
each pandemic wave. Also, this age pattern is intermediate between the strong senior
protection observed in New York City (based on all-cause mortality) or Copenhagen [7] and
the lack of protection reported in Latin American settings including central Mexico [12],
Colombia [31] and Chile [26]. Geographic differences in age mortality profiles likely reflect
differences in levels of pre-existing immunity to influenza, based on circulation of
antigenically-related viruses in a less connected world population in the 19th century [12,
32].

In a study of 35 large cities in the United States, respiratory tuberculosis was found to be an
important contributor to excess mortality during 1918-20 influenza pandemic [6]. Of all the
excess deaths from causes other than P&lI, respiratory tuberculosis contributed around 19%
of the total excess mortality [6]; tuberculosis excess mortality during the fall wave was as
high as 21.4 per 10,000 population aged = 65 year and 17.1 per 10,000 population aged
25-44 years. In the late 1800’s, the state of Arizona was promoted as a place of health, in the
claim that the dry climate could help alleviate or even cure those afflicted by lung diseases,
including tuberculosis (TB)[18]. Due to the westward movement of TB sufferers, Arizona
experienced one of the highest TB death rates of all 48 continental US states in the
mid-1920°s [18, 19]. Our data revealed that in Arizona, total tuberculosis excess mortality
during 1918-1920 was 8.64 per 10,000 population. This number increased to 21.4 per
10,000 population for individuals = 65 years and to 17.1 per 10,000 population for those
aged 25-44 years. The fall wave showed highest overall TB excess mortality rate, although
those <5 years suffered highest mortality rate in the winter of 1920. RR value for those <5
years and = 65 years was also highest in the winter of 1920. Relative to the typical pre-
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pandemic patterns of TB, those 5-14 years had highest risk of death (RR of 3.95), which
coincides with the age group with highest influenza attack rates during the pandemic. It is
important to note that most studies have failed to detect an elevation in TB mortality
associated with the 1918 influenza pandemic [15, 33], perhaps because these studies were
not set in populations affected by high TB prevalence levels.

As for the indices to measure the mortality impacts, absolute (excess mortality rate) and
relative mortality (RR) displayed substantially different age patterns. Absolute excess
mortality rates could be useful to guide the amount of medical resources needed to confront
a similar influenza pandemic. Relative mortality (RR), on the other hand, would be practical
to prioritize a vulnerable age group when available medical resources are limited.

It is worth highlighting some limitations. First, we applied Serfling regression modeling to
tuberculosis mortality series although the tuberculosis mortality signal did not display a
marked seasonal pattern as the other mortality signals studied here. Second, due to the lack
of laboratory confirmation at the time, our excess mortality approach would not have been
able to distinguish elevation in mortality rates associated with other causes including other
respiratory pathogens circulating at the time and coinciding with the pandemic period. For
instance, mortality due to Respiratory Syncytial Virus (RSV) cannot be ruled out and may
have inflated our pandemic mortality estimates particularly for infants. Another limitation of
this methodology is that estimates of excess mortality by age groups are not guaranteed to be
additive as noted previously [34, 35].

In conclusion, the impact of 1918 influenza pandemic was substantial in Arizona. The
pandemic-associated excess mortality rate was higher than most of those reported elsewhere
in the US, and comparable with settings in South America. Our data suggests an
intermediate profile of clinical protection in senior population, relative to other locations in
the US and Europe (pronounced senior sparing) and Latin America (low or no sparing) but
the pattern is likely marred by co-circulation of pandemic influenza and other respiratory
viruses. A moderate rise in tuberculosis mortality during the fall 1918 and winter 1919, with
a telltale increase among young adults during the intense fall pandemic wave, brings support
to the hypothesis that TB may have been a risk factor for influenza-related mortality. On the
flipside, TB cannot be the sole reason for the intriguing rise in young adult mortality, which
is unique to the 1918 pandemic, given the magnitude of RR estimates and age patterns
identified here. Our data also suggests that interventions directed towards influenza of
similar nature in the future should be based on assessment of the expected absolute and
relative mortality patterns. Further influenza historical studies in settings of high and low
tuberculosis prevalence, and remote locations, will bring more light on the mechanism of
prior immunity and underlying risk factors for pandemic-related mortality. As the centennial
of the 1918 pandemic approaches, it gives us pause to realize how little we understand about
this major epidemic event.
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Weekly P&I death rate per 10,000 population, Arizona
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Figure 1.
Weekly time series of P&I death rates per 10,000 population in Arizona, 1915-1921. The

green line is the weekly P&I death rates. Dotted lines highlight pandemic waves. The
Serfling seasonal regression model baseline (blue curve) and corresponding upper limit of
the 95% confidence interval of the baseline (red curve) are also shown.
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Figure 2.
Weekly time series of all the studied causes of death per 10,000 population in Arizona,

1915-1921. The dotted lines represent the time period of high mortality associated with
pandemic waves occurring in spring of 1918 (April), fall 1918 (October-December), winter
1919 (January-April) and winter 1920 (February-April)
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Age-specific excess mortality rate per 10,000 population for each pandemic wave.
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Age-specific rate ratio of death (RR) for each pandemic wave.
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Peak pandemic mortality
in New York City
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Figure 5.
Timeline of different pandemic events in 1918 in New York City, Kentucky and Arizona.

Note. In New York City pandemic was defined based on monthly P& mortality rate, in
Kentucky it was based on daily all-cause mortality rate, and in Arizona it was based on
weekly P&I mortality rates
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