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Prior to updating global influenza-associated mortality estimates, the World Health Organization convened a
consultation in July 2017 to understand differences in methodology and implications for results of 3 influenza
mortality projects from the US Centers for Disease Control and Prevention (CDC), the Netherlands Institute
for Health Service Research’s Global Pandemic Mortality Project Il (GLaMOR), and the Institute for Health
Metrics and Evaluation (IHME). The expert panel reviewed estimates and discussed differences in data sources,
analysis, and modeling assumptions. We performed a comparison analysis of the estimates. Influenza-associated
respiratory death counts were comparable between CDC and GLaMOR; the IHME estimate was considerably
lower. The greatest country-specific influenza-associated fold differences in mortality rate between CDC and
IHME estimates and between GLaMOR and IHME estimates were among countries in Southeast Asia and the
Eastern Mediterranean region. The data envelope used for the calculation was one of the major differences
(CDC and GLaMOR: all respiratory deaths; IHME: lower-respiratory infection deaths). With the assumption that
there is only one cause of death for each death, IHME estimates a fraction of the full influenza-associated
respiratory mortality that is measured by the other 2 groups. Wide variability of parameters was observed.
Continued coordination between groups could assist with better understanding of methodological differences
and new approaches to estimating influenza deaths globally.

comparison; estimates; global; influenza; mortality

Abbreviations: AD, analytical division; CDC, US Centers for Disease Control and Prevention; EMR, excess mortality rate; GBD,
Global Burden of Disease Study; GHE, Global Health Estimates; GLaMOR, Global Pandemic Mortality Project Il; IHME, Institute
for Health Metrics and Evaluation; LRI, lower-respiratory infections; PAF, population attributable fraction; WHO, World Health
Organization.

Seasonal influenza epidemics contribute significantly to influenza-associated excess deaths by subtracting out deaths
annual global mortality (1). The availability of influenza- that are unlikely to be associated with an influenza virus
associated burden estimates, especially in resource-limited infection (i.e., chronic respiratory deaths included in the
settings (2), can support evidence-based policy decisions by baseline death calculation). Other groups might use a
guiding funding priorities for prevention and control, such multiplier approach, beginning with lower-respiratory in-
as influenza vaccine introduction or expansion of existing fection (LRI) deaths, and assign a proportion of those to
immunization programs (3), or availability and use of antivi- influenza.
ral medications (4). Previous global influenza-associated mortality estimates

National estimates of influenza-associated deaths may from the World Health Organization (WHO) were widely
use different outcomes. Some studies use ecological models referenced, despite lack of documentation on the methodol-
beginning with all respiratory-coded deaths to calculate ogy and data sources (5). In parallel, the increased number of
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countries with high-quality influenza viral surveillance data
and national disease mortality registries has highlighted a
need to update global estimates and document methods.

Prior to updating global influenza-associated mortality
estimates, WHO convened a consultation to compare the
3 recent global influenza-mortality projects from: 1) the US
Centers for Disease Control and Prevention (CDC), 2) the
Netherlands Institute for Health Service Research, and 3) the
Institute for Health Metrics and Evaluation (IHME). These
groups used slightly different outcomes measures to arrive
at global estimates.

CDC led a collaboration of more than 47 countries to
estimate global seasonal influenza-associated deaths, focus-
ing on respiratory mortality (6). The Netherlands Institute
for Health Service Research, in collaboration with the US
National Institutes of Health and CDC, conducted the Global
Pandemic Mortality Project II (GLaMOR), funded by WHO
(7), to estimate global seasonal influenza-associated respi-
ratory mortality. IHME leads the Global Burden of Disease
Study (GBD), funded by Bill and Melinda Gates Founda-
tion. Estimates of LRI and etiology-specific LRI mortality
(influenza) from GBD 2016 were used in this compari-
son (8).

We describe the different approaches to estimate global
influenza mortality, focusing on data sources, analysis, and
model assumptions, and compare the differences between
estimates. We compare methods and provide additional
details regarding methodology to understand factors that
might explain differences in these estimates and to make
recommendations for future global burden efforts.

Table | summarizes the approach taken by each research
group: CDC, GLaMOR, and IHME.

CDC used a multistep approach to extrapolate country-
specific (185 countries/territories), regional, and global
seasonal influenza-associated excess deaths, under the as-
sumption that influenza burden scales with respiratory
infection death rates (6). Deaths were estimated for 1999—
2015 and for 3 age groups (<65 years, 65-74 years, and
>75 years). First, they estimated influenza-associated
excess mortality rates (EMRs) for 33 contributing countries
or territories by applying time-series linear regression
models to weekly or monthly national vital statistics and
viral surveillance data. Prior to extrapolation, Bayesian hier-
archical models were used to calculate the mean influenza-
associated EMR for multiple years for each contributing
country. These mean EMRs were applied to countries with-
out data to estimate influenza-associated mortality. For
extrapolation, countries were divided into analytical divi-
sions (ADs) using age-specific 2015 WHO Global Health
Estimates (GHE) respiratory infection mortality rates. To
adjust for differences in the risk of respiratory infection
death between countries, country-specific respiratory mor-
tality rate ratios were calculated by comparing GHE respira-
tory infection mortality rates from countries that do not have
EMR estimates with those that have estimates. Extrapolation
was conducted within each age-specific AD, and uncertainty
was quantified via 5,000 Markov chain Monte Carlo simu-
lations for each country. For the 33 contributing countries,
extrapolated estimates were replaced by the mean influenza-
associated EMR provided by the country.
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The GLaMOR model used a 2-stage approach to estimate
global and region-specific influenza-associated respiratory
mortality, using a multiple imputation method for extrapola-
tion (9). They calculated seasonal influenza-associated death
estimates for 2 age groups (<65 years and >65 years). In
stage 1, they used age-specific seasonal influenza-associated
EMRs from countries or subnational regions. Thirty-three
countries contributed data, of which 30 overlapped with
CDC contributing countries. In stage 2, GLaMOR extrap-
olated EMRs to 196 countries using a multiple imputation
method that involved a data-creation step followed by a
hierarchical regression modeling step. Ten broad country-
level indicators of development, demographic factors, or
health were used to match countries in the data-creation step.

In the GBD 2016, IHME estimated the number of LRI
deaths directly attributable to influenza, using a 2-step
modeling approach. First, they estimated overall LRI
mortality according to 23 age groups (0-6 days, 7-27 days,
28-364 days, 1-4 years, and then in 5-year increments
up to 99 years), sex, location (195 countries), and year
for 1980-2016 (8, 10). LRI mortality was modeled in a
Cause of Death Ensemble model (11). Next, they estimated
the etiology-specific LRI mortality using a counterfactual
approach to calculate the population attributable fraction
(PAF) for influenza, or the proportion of LRI that could be
averted if exposure to influenza was eliminated. PAF for
influenza was estimated by:

PAF = Prop x (1-1/OR)

where Prop is the proportion of influenza-positive LRI cases
and OR is the odds ratio of LRI given influenza detection
(12). Additionally, the influenza mortality PAF was adjusted
for the age-specific relative case-fatality rate of viral to
bacterial pneumonia episodes.

METHODS

Country- and age-specific influenza-associated respira-
tory mortality rates were provided by CDC, GLaMOR, and
IHME for 3 age groups (<65 years, >65 years, and all
ages) and for the 183 countries common between the groups
for this comparison. CDC and GLaMOR used 2015 United
Nations World Population Prospects, and IHME used their
own population estimates for 2015 (Web Figure 1, avail-
able at https://doi.org/10.1093/aje/kwaal96). CDC provided
death counts and rates, as well as 95% credible intervals
and the 2.5th and the 97.5th intervals from the posterior
Markov chain Monte Carlo distribution. GLaMOR provided
the mean death counts, rates, and the range (lowest to highest
annual estimate) across estimated years. IHME provided
death counts, rates, and the 95% uncertainty interval. Given
the different interval estimates provided, we compared the
point estimates. Analyses were completed for 183 common
countries and 3 age groups.

We compared influenza mortality rate estimates between
CDC and IHME, CDC and GLaMOR, and IHME and
GLaMOR by calculating the fold difference or rate ratios be-
tween country- and age-specific mortality rates. We obtained
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Comparison Seasonal Influenza Mortality Estimates 721

the coefficient of variation within a WHO Region for the
country- and age-specific mortality rates using the ratio of
the standard deviation to the mean. Then we compared
between-country variability within the WHO Regions for
CDC, IHME, and GLaMOR. We calculated pairwise Spear-
man’s ranked correlations by age group and WHO Region.

0.2,0.9
23,83

95% Ul
0.6, 1.0

Rates Per
100,000
0.8
0.4¢
4.6°

IHME®

RESULTS

95% Ul

Magnitude of difference in influenza mortality estimates

13,019, 60,297
13,718, 49,871

43,953, 74,175

Overall, global influenza-associated respiratory deaths
and rates (per 100,000 population) overlapped between CDC
(409,111, 95% credible interval, 291,243, 645,832; 5.6, 95%
credible interval, 4.0, 8.8) and GLaMOR (389,213, range,
293,980-518,230; 5.9, range, 4.0-8.0) methods. In con-
trast, both CDC and GLaMOR influenza-associated death
estimates were higher than IHME influenza-attributed LRI
deaths (58,193, 95% uncertainty interval, 43,953, 74,175;
0.8, 95% uncertainty interval, 0.6, 1.0), a difference of nearly
350,000 deaths (Table 2).

Among those <65 years of age, CDC and GLaMOR
estimated the highest mortality rates for African region
countries, followed by the Eastern Mediterranean, Southeast
Asia, and European region countries (Web Figure 2A and
2B). In comparison, the highest IHME influenza-attributed
LRI mortality rates for this age group were observed in the
European and Eastern Mediterranean countries, then African
countries (Web Figure 2C). For those aged <65 years and all
countries, the median mortality rate was 1.6/100,000 pop-
ulation for CDC and GLAMOR and 0.5/100,000 popula-
tion for IHME. Among those aged >65 years, CDC
and GLaMOR estimates were higher, particularly among
American, African, and Southeast Asian countries (Web
Figures 3A and 3B). The median mortality rate for all
countries in the >65-years age group was lowest for [HME
(6.2/100,000), compared with CDC (46.0/100,000) and
GLaMOR (40.4/100,000) (Web Figure 3C). The median all-
age mortality rates were 1.0/100,000 for IHME, compared
with 5.4/100,000 and 4.2/100,000 for CDC and GLaMOR,
respectively (Figure 1). Scatter plots comparing influenza-
associated mortality rates show the highest differences in
the African region for CDC and IMHE as well as the CDC
and GLaMOR models. The comparison of rates between
IHME and GLaMOR is consistent across WHO Regions
(Web Figure 4).

Overall, fold differences comparing influenza mortality
rate estimates were lowest between CDC and GLaMOR
(Figure 2A; Web Figures 5A and 6A). Across all age groups,
country-specific influenza rate fold differences were the
highest in the Southeast Asia and Eastern Mediterranean
regions between CDC and IHME (Figure 2B; Web Figures
5B and 6B) and GLaMOR and IHME (Figure 2C; Web
Figures 5C and 6C). Among those aged >65 years, the
influenza-associated mortality-rate mean fold differences
observed between CDC and IHME and GLaMOR and IHME
were similar, at 7.6 and 8.1, respectively (Web Figures 6B
and 6C).

Median
58,193

30,041°
27,884°

1.6-3.1

Range®
4.0-8.0
35.6-71.7

Rates Per
100,000
5.9
21
53.7

GLaMORP

Range®
91,764-184,980

187,430-333,250

389,213 293,980-518,230

128,512

Median
260,701

95% Crl
4.0, 8.8
1.0, 5.1

31.0, 54.5

100,000
5.6
2.6

40.2°

Rates Per

cbc?

95% Crl
291,243, 645,832
67,255, 342,576
188,261, 330,694

Median

409,111
175,303
244,012¢

years
Abbreviations: CDC, US Centers for Disease Control and Prevention; Crl, credible interval; GLaMOR, Global Pandemic Mortality Project; IHME, Institute for Health Metrics and Evaluation;

Ul, uncertainty interval.
€ Estimates for these age groups were not included in publications.

¢ Global Burden of Disease 2016 LRI Collaborators (8).

d Range, minimum and maximum value.

Age Group
<65 years
>65
a Juliano et al. (6).
b Paget et al. (7).

All ages

Table 2. Global Influenza-Associated Mortality Estimates According to Age Group, Multiple Countries, 1980 -20163-¢
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A 4,000 miles
N 4,000 kilometers

C)

A 4,000 miles
N 4,000 kilometers

A 4,000 miles
N 4,000 kilometers

Mortality Rate

0.1-1.2

1.3-35

B 36-52
B 53165

No Data

Figure 1. Country-specific influenza respiratory mortality rates by quartile, all ages, multiple countries. A) US Centers for Disease Control and
Prevention (CDC); B) Global Pandemic Mortality Project (GLaMOR); C) Institute for Health Metrics and Evaluation (IHME). Mortality rate per
100,000 population. Study periods: CDC, 1999-2015; GLaMOR, 2002-2011; IHME, 1980-2016. Rates for 183 countries included. Lighter colors

indicate a lower mortality rate.

Across methods, the coefficients of variation for the in-
fluenza-associated mortality estimates were similar (Table 3),
except among those aged <65 years in the European region,
where ITHME had a higher coefficient of variation (3.5)
compared with CDC (2.8) and GLaMOR (2.0). Among those
aged >65 years, IHME had the smallest (2.4) coefficient
of variation in the Western Pacific region. Comparing the
groups, the mortality rate coefficient of variation within
WHO Regions was consistent between CDC, IHME, and
GLaMOR, with the largest coefficient of variation observed
in the Western Pacific and the lowest coefficient of variation
in the African region.

Across age groups, higher correlations for WHO Regions
were observed between CDC and IHME estimates, except
in the African region, compared with correlations between
GLaMOR and IHME estimates (Table 4).

Potential reasons for differences between global
influenza mortality estimates

Data sources and processing. Different data sources
and inclusion criteria were used by the groups. Thirty-
three countries contributed EMR data to the CDC by
providing either weekly or monthly vital records of mortality
data for all respiratory causes of death (International
Classification of Diseases, Ninth Revision: 460-519;
International Classification of Diseases, Tenth Revision:
J00-J99), according to 3 age groups, that were analyzed by

CDC. Alternatively, countries provided age- and country-
specific influenza-associated respiratory mortality rates
analyzed by the collaborator. Viral surveillance data was
used by 26 countries. Countries without sufficient viral
surveillance data used a Serfling approach (13) and defined
their influenza epidemic period using pneumonia and
influenza mortality data or the limited viral surveillance
data available. Rate estimates were calculated or provided
for at least 4 years/seasons, excluding the 2009 pandemic
period. Mortality rate ratios were calculated to adjust for
differences in the risk of death between countries using the
2015 WHO GHE respiratory infection mortality rates, which
included estimates for both lower-respiratory (International
Classification of Diseases, Tenth Revision: J09-J22, P23,
U04) and upper-respiratory (International Classification
of Diseases, Tenth Revision: J00-J06) infection mortality.
Population estimates were obtained from the United Nations
World Population Prospects and from the US Census Bureau
mid-year population estimates for 2015.

In stage 1 of the GLaMOR approach, weekly respiratory
deaths and viral surveillance data were used to calculate
annual EMRs. Data from 33 countries were included; EMRs
from 30 of these were also used in the CDC model. Data
were available for 2002-2011, excluding the 2009 pandemic
year from the analysis. EMR estimates from India and Kenya
were not included because death codes were based on verbal
autopsy assessment of respiratory cause of death; however,
these countries were included in the sensitivity analysis. Ten

Am J Epidemiol. 2021;190(5):718-727
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A)

A 4,000 miles
N 4,000 kilometers

A 4,000 miles -
N 4,000 kilometers

oy £

-
>

A 4,000 miles
N 4,000 kilometers

Fold Differences
0.2-1.3
1.4-3.1

B 3262

I 63343

No Data

Figure 2. Fold differences comparing pairwise influenza mortality rate estimates by quartile, all ages, multiple countries. A) US Centers for
Disease Control and Prevention (CDC) versus Global Pandemic Mortality Project (GLaMOR); B) CDC versus Institute for Health Metrics and
Evaluation (IHME); C) GLaMOR versus IHME. Study periods: CDC, 1999-2015; GLaMOR, 2002-2011; IHME, 1980-2016. Rates for 183 countries

included. Lighter colors indicate a low fold difference.

country indicators (Table 1) were used in stage-2 analysis to
account for differences between countries.

In the IHME approach, a total of 801,600 LRI mortal-
ity data points from 161 countries were used in the mod-

eling, including all available data from vital registration
systems, verbal autopsy, and surveillance systems. Nonspe-
cific causes of death, such as sepsis or heart failure, were
reallocated to specific causes of death (8), including LRI,

Table 3. Coefficients of Variation for the Country-Specific Influenza-Associated Mortality Estimates According to World Health Organization

Region and Age Group, Multiple Countries, 1980-20162~¢

Aged <65 Years Aged >65 Years All Ages
WHO Region
cDc? GLaMORP IHME® cbhc? GLaMORP IHME® cDc? GLaMORP IHME®

AFRO 1.51 1.60 124 148 1.54 125 1.49 157 123
AMRO 1.76 1.60 2.27 2.18 2.37 2.25 2.00 2.12 2.20
EMRO 1.82 1.53 177 127 1.64 1.55 1.53 1.58 1.66
EURO 2.79 2.00 3.52 1.64 1.62 1.62 1.71 1.65 2.54
SEARO 1.90 2.16 2.28 242 2.05 2.57 2.1 2.10 2.41
WPRO 2.65 3.39 2.21 3.75 3.61 2.43 3.56 3.56 2.27

Abbreviations: AFRO, African Region; AMRO, Region of the Americas; CDC, US Centers for Disease Control and Prevention; EMRO,
Eastern Mediterranean Region; EURO, European Region; GLaMOR, Global Pandemic Mortality Project; IHME, Institute for Health Metrics
and Evaluation; SEARO, Southeast Asia Region; WHO, World Health Organization; WPRO, Western Pacific Region.

2 Juliano et al. (6).
b Paget et al. (7).
¢ Global Burden of Disease 2016 LRI Collaborators (8).

Am J Epidemiol. 2021;190(5):718-727
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724 Cozza et al.

Table 4. Pairwise Spearman’s Ranked Correlations of Influenza-Associated Mortality Estimates According to World Health Organization

Region and Age Group, Multiple Countries, 1980-2016%-¢

Aged <65 Years Aged >65 Years All Ages

WHO Region

CDC - CDC - GLaMOR - CDC - CDC - GLaMOR - CDC - CcDC - GLaMOR -

IHME GLaMOR IHME IHME GLaMOR IHME IHME GLaMOR IHME
AFRO -0.12 0.09 0.48 0.01 —0.03 0.42 0.15 0.48 0.40
AMRO 0.62 0.56 0.57 0.64 0.66 0.60 0.65 0.62 0.52
EMRO 0.85 0.72 0.82 0.67 0.29 0.53 0.83 0.73 0.61
EURO 0.73 0.78 0.60 0.37 0.30 —0.01 0.14 0.45 —0.15
SEARO 0.32 0.74 0.71 0.80 —0.47 —0.35 0.72 0.13 0.52
WPRO 0.67 0.84 0.76 0.61 0.60 0.40 0.38 0.44 0.28

Abbreviations: AFRO, African Region; AMRO, Region of the Americas; CDC, US Centers for Disease Control and Prevention; EMRO,
Eastern Mediterranean Region; EURO, European Region; GLaMOR, Global Pandemic Mortality Project; IHME, Institute for Health Metrics
and Evaluation; SEARO, Southeast Asia Region; WHO, World Health Organization; WPRO, Western Pacific Region.

2 CDC, luliano et al. (6).
b GLaMOR, Paget et al. (7).
¢ Global Burden of Disease 2016 LRI Collaborators (8).

according to regression models designed to assign specific
causes (14). The PAF was used to attribute LRI deaths to
influenza and was calculated using the proportion of LRI
cases positive for influenza, which was estimated by mod-
eling data from a systematic literature review. There were
649 data points that informed this model, representing all
age groups, 102 geographic locations, and years 1990-2016.
Of these, 349 (53.8%) were from inpatient populations,
and 392 (60.4%) used polymerase chain reaction diagnostic
techniques (10). The value used to capture the odds of
LRI given influenza detection came from one source (15).
The PAF was further adjusted for the relative frequency
of nonfatal-versus-fatal LRI episodes using a scalar from
DisMod-MR 2.1 proportion models (16), and for the case-
fatality rate of viral to bacterial pneumonia episodes by age.
The data sources for the case-fatality adjustment factor were
representative of Austria, Brazil, Mexico, and the United
States (8).

Comparison of data sources and processing. The first
major difference between the groups is the underlying data
sources used to estimate influenza mortality burden. While
CDC and GLaMOR estimated EMRs using vital records
mortality data for all respiratory deaths and extrapolating
these data to countries, IHME used GBD LRI deaths and
applied a proportion to obtain influenza deaths in a country.
IHME calculated the maximum number of LRI deaths and
attributed some to influenza. The IMHE model assumes that
1 death can only be counted once and categorically attributes
deaths to a single underlying cause; thus, influenza-related
LRI deaths in patients with other underlying causes were
assigned to another category of death. With this approach,
the sum of deaths does not exceed the overall global mor-
tality, and this resulted in a significantly lower number of
LRI deaths to attribute to influenza compared with the other
groups.

Another difference between IHME and the other groups
might be the use of the fraction of influenza-related respira-
tory deaths occurring outside the LRI envelope. In particular,
deaths occurring after complications of severe influenza
infection, such as secondary bacterial infection or the exac-
erbation of underlying medical conditions, including chronic
obstructive pulmonary disease (17, 18), were considered
in CDC and GLaMOR approaches. However, the IHME
method would have assigned these deaths to a different
cause. Considering that 3.2 million people die from chronic
obstructive pulmonary disease every year (19) and that peo-
ple ill with influenza and underlying chronic respiratory
conditions have a higher risk of severe outcomes (20), if
the IHME method were adjusted to use broader mortality
categories or allow deaths to be assigned to more than 1
cause, the influenza-related estimates would likely increase.

Additionally, the quality of source data for extrapola-
tion models might contribute to differences. Both CDC
and GLaMOR required high-quality vital records and viral
surveillance data to estimate influenza-associated excess
mortality from a small subset of countries, which were
used to extrapolate global deaths. Both groups lacked EMRs
from the Eastern Mediterranean region and had few EMRs
from the African and Southeast Asia regions. Moreover,
GLaMOR excluded 2 countries with verbal autopsy data,
limiting the use of data from these countries to the sensitivity
analysis. In contrast, IHME was more flexible on data inclu-
sion, allowing verbal autopsy, vital registration, and surveil-
lance data from 161 countries for modeling LRI deaths. The
different approaches highlight the importance of balancing
quality and geographical distribution of data. For example,
in influenza-associated mortality across sub-Saharan coun-
tries in the CDC and GLaMOR models, the exclusion of
Kenya from GLaMOR analysis might have underestimated
the burden in the region or perhaps overestimated burden by
including Kenya in the CDC model. More flexible inclusion
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criteria might increase the number of contributing countries
but might also increase risk of introducing biases in the
models (21) due to incomplete data or biased representation
of the cause-specific mortality from representative national
samples compared with inclusive national data. Determining
the appropriate balance between additional data points (par-
ticularly from low- and middle-income countries), the risk
of bias the model, and the consideration of complete data
versus imputed data requires further investigation.

In addition, IHME’s calculation of the PAF might benefit
from more representative data according to age and geogra-
phy. Specifically, the odds ratio used in the PAF calculation
for all age groups was obtained from the Shi et al. (15) meta-
analysis, which focused on children aged <5 years. Also, the
case-fatality rate ratio for viral/bacterial pneumonia, used as
an adjustment factor for the death PAF, was calculated from
data for 4 countries, mainly from the Americas, and applied
to all countries. Limitations in data in calculating the PAF
could lead to an under- or overestimation of deaths in certain
age groups and regions and might increase the uncertainty of
the influenza mortality estimate.

Modeling assumptions, statistical methods, and addressing
uncertainty. ~ Additional potential reasons for differences in
the influenza mortality estimates between the groups might
be the diverse modeling assumptions and methods to manage
statistical challenges in extrapolation.

CDC categorized countries into ADs using the 2015
WHO GHE respiratory infection mortality rates, which were
ranked from lowest to highest, and countries were distributed
across 3 ADs, resulting in a total of 9 age-specific ADs.
Countries with variation in respiratory infection mortality
between age groups could be classified into different ADs
for the age groups. The number of EMR-contributing
countries within each AD ranged from 6 to 18 depending on
categorization into the AD and available data. To validate the
ADs, authors performed different sensitivity analyses. When
removing ADs, the range in mortality estimates became
larger, supporting their assumption that ADs generate
more conservative estimates and that estimating influenza
deaths between countries with similar LRI mortality was
appropriate.

In the GLaMOR approach, a multiple imputation model
was applied to each year in 2002-2011 (excluding 2009).
Mortality estimates provided by countries were used in the
imputation for each year. If a contributing country did not
have complete data for 2002-2011, the missing years were
not filled in to ensure a complete group of contributing
countries for each year. The stage-2 analysis was performed
for those years where data from 19 or more stage-1 countries
were available. Results of the sensitivity analysis, which
included stage-1 input for India and Kenya, showed an
important variation of the estimates in the <65-years age
group for those years where data from these 2 countries were
included (7).

In the IHME approach, a smoothing approach was used
to calculate the proportion of LRI episodes that tested pos-
itive for influenza by 5-year increments starting in 1990.
This approach does not capture single-year heterogeneity in
influenza circulation and might not be reliable in the event
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of large influenza outbreaks or implementation of preventa-
tive interventions. However, a significant epidemic can be
included as an external factor after completing modeling,
specifically for the 2009 influenza A(HIN1) pandemic (22).

Each group had a different approach regarding the use of
covariates in their models (Table 1). CDC used GHE respi-
ratory infection mortality estimates as a proxy to account
for differences in mortality risk between countries and used
these ratios to extrapolate influenza-associated excess mor-
tality rates from countries with available estimates to those
without. GLaMOR selected 10 country-specific indicators to
generate influenza-associated respiratory mortality for their
stage-2 analysis, including non—influenza-related indicators
(e.g., WHO Region). IHME’s method used 13 covariates
to model LRI mortality in the Cause of Death Ensemble
model (11), which is based on an algorithm that selects
the most plausible biological relationship with LRI mortal-
ity (10).

Each group described the uncertainty of their estimates
using different approaches. To describe the uncertainty in
the age-specific influenza-associated respiratory death esti-
mates for each country, CDC calculated 95% credible inter-
vals from the posterior distribution generated from 5,000
extrapolation iterations, using different values for unknown
parameters obtained from a Bayesian framework. IHME
presented 95% uncertainty intervals, calculated from 1,000
draws of the parameters in the PAF equation including
LRI mortality, modeled proportions, odds ratios, and case-
fatality rate scalars. GLaMOR presented the variability in
mortality over time as a range (minimum and maximum)
of the annual influenza-associated mortality estimates rather
than a statistical interval estimate.

Comparison of modeling assumptions, statistical methods,
and addressing uncertainty. Differences in modeling
strategy also contributed to the variation in the estimates
between the groups. This is particularly notable between
CDC and GLaMOR models, where despite the use of similar
EMR data, the modeling approaches generated different
results. Further, including data from India and Kenya in
the GLaMOR model might have increased their estimates
and potentially made their maximum values more similar
to the credible intervals presented by CDC. In addition,
imputing missing season/year rate estimates for contributing
countries could have reduced the year-to-year fluctuation of
EMRs observed in the sensitivity analyses in the GLaMOR
project (7).

The use of smoothing processes in IHME models limits
the ability to evaluate yearly variation of influenza burden.
Similarly, the CDC estimates represent a mean mortality rate
over the time period of 1999-2015. The GLaMOR approach,
which imputed EMRs for each influenza season, allows for
better evaluation of annual fluctuations in influenza burden
because of changes in virus circulation.

The use of covariates in modeling is common to improve
estimate precision; however, covariates might also introduce
bias when imputing or extrapolating to generate estimates.
Covariate selection is especially important in absence of
high-quality input data (21) for models. While the groups
considered several covariates, none of the covariates used
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were common among the models, potentially contributing
further to the differences in the estimates.

DISCUSSION

Although time-series models are commonly used to esti-
mate influenza-associated mortality, these estimates could
lead to under- or overestimates of influenza mortality (21,
23). Further, it is not feasible for all countries to use these
methods due to lack of reliable data. Methods to estimate
influenza-associated mortality that can be used by more
countries are not available (24), though needed. Efforts by
CDC, GLaMOR, and IHME help to fill this gap in influenza
burden knowledge by calculating country-specific, regional,
and global influenza-associated mortality estimates. By con-
tributing to this comparison, these groups assist in develop-
ing a better understanding of differences in estimates and
reasons behind those differences.

As demonstrated by these groups, global influenza mor-
tality burden can be conceptualized and presented using dif-
ferent methods. While CDC and GLaMOR mainly focused
on defining the number of influenza respiratory deaths,
IHME measured only influenza-attributable deaths within
LRI mortality. By modeling respiratory excess mortality,
CDC and GLaMOR estimated those deaths that might be
associated with influenza, while IHME through a counter-
factual approach estimated LRI deaths caused by influenza.
As expected given the similarity of the approach and use of
all respiratory deaths, the CDC and GLaMOR models gener-
ated similar overall estimates. Given that IHME started from
a more restrictive mortality outcome (LRI deaths), their esti-
mates were 4 to 5 times lower than the others. However, reas-
suringly, ranking the estimates across regions and age groups
showed similar variability in some cases, suggesting true
differences in disease burden rather than modeling artifacts.

Complete transparency of the modeling approach and
openness to refine future estimates has been a fundamental
component of this joint collaboration. The commitment to
further improve modeling approaches by IHME were docu-
mented in the recent GBD 2017 publication (18). A revision
of the ratio of mortality in viral compared with bacterial
causes of LRI death resulted in a 2-fold increase of LRI
deaths attributable to influenza (25).

Accurate quantification of influenza mortality is challeng-
ing because several factors can contribute to differences in
modeled estimates, including source data quality, parame-
ter and covariate choice, and modeling assumptions. The
variability of several parameters across the groups made
it difficult to identify which aspects of the models drove
the observed differences. A standard approach to assess
data quality and suitability for global modeling and the use
of common covariates might reduce differences across the
estimates, thus resulting in the remaining differences being
related to the actual model selected. Continued collabora-
tion between modeling groups and sharing of data could
improve geographic representation in future global models
and improve validation and enhancement of methods.

The review of these global influenza mortality efforts
provided WHO with necessary information for a consensus

on the newly adopted WHO influenza-associated respiratory
mortality estimate (4). However, the true burden of influenza
is expected to be higher when taking into consideration
influenza-associated deaths that exacerbate nonrespiratory
conditions, such as cardiovascular diseases. To achieve
greater understanding of the true burden of influenza
mortality, a continued collaboration between groups could
promote further improvements in methodology, greater
appreciation for strengths and weaknesses of the different
approaches, and possibly convergence over time in global
mortality estimates.
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