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Abstract: Males are at higher risk relative to females of severe outcomes following COVID-19
infection. Focusing on COVID-19-attributable mortality in the United States (U.S.), we quantified
and contrasted years of potential life lost (YPLL) attributable to COVID-19 by sex based on data from
the U.S. National Center for Health Statistics as of 31 March 2021, specifically by contrasting male
and female percentages of total YPLL with their respective percent population shares and calculating
age-adjusted male-to-female YPLL rate ratios, both nationally and for each of the 50 states and the
District of Columbia. Using YPLL before age 75 to anchor comparisons between males and females
and a novel Monte Carlo simulation procedure to perform estimation and uncertainty quantification,
our results reveal a near-universal pattern across states of higher COVID-19-attributable YPLL among
males compared to females. Furthermore, the disproportionately high COVID-19 mortality burden
among males is generally more pronounced when measuring mortality burden in terms of YPLL
compared to death counts, reflecting dual phenomena of males dying from COVID-19 at higher rates
and at systematically younger ages relative to females. The U.S. COVID-19 epidemic also offers
lessons underscoring the importance of cultivating a public health environment that recognizes
sex-specific needs as well as different patterns in risk factors, health behaviors, and responses to
interventions between men and women. Public health strategies incorporating focused efforts to
increase COVID-19 vaccinations among men are particularly urged.

Keywords: coronavirus; COVID-19; epidemic; pandemic; public health; SARS-CoV-2; sex disparities;
vaccine hesitancy; years of potential life lost; YPLL

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1], the beta-coronavirus
that causes what is known as coronavirus disease 2019 (COVID-19), was first identified
in an outbreak in Wuhan, Hubei province, China, in December 2019. The virus rapidly
spread throughout the world, and on 11 March 2020, the World Health Organization
officially declared the international COVID-19 situation a pandemic [2]. In the United
States (U.S.), the first confirmed case was identified on 20 January 2020 [3,4] in Washington
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state, although evidence suggests COVID-19 may have arrived in the U.S. as early as
December 2019 [5,6]. The number of infected individuals and subsequent deaths quickly
grew, and as of 31 March 2021—slightly past the one-year anniversary of the pandemic—
the U.S. had over 30.5 million cumulative confirmed COVID-19 cases and over 560,000
COVID-19 deaths according to the Centers for Disease Control and Prevention (CDC) [7],
both figures the highest among every country in the world [8].

Clinical studies on COVID-19 patients conducted early in the pandemic found that
men were dying at markedly higher rates relative to women [9-13]. At the population level,
males comprise the majority of COVID-19 deaths in the overwhelming majority of countries
that report sex-disaggregated COVID-19 mortality data [14]. Here, we focus on the U.S,,
where the majority of COVID-19 deaths also occur among males [15]. Standard analyses
and commentaries contrasting the male and female population level COVID-19 mortality
burdens typically involve calculating the percentage of total deaths by sex—contrasting
them with their respective percent population shares—and/or calculating male and female
(age-adjusted) mortality rates [16-18]. For example, the GenderSci Lab COVID Project at
Harvard University [18] tracks the number of male and female COVID-19 deaths by state,
calculating the percentage of total deaths by sex as well as crude and age-adjusted male
and female mortality rates for each state. However, because COVID-19 case fatality rates
are considerably higher among individuals in older age groups, COVID-19 death counts
and mortality rates for both males and females are predominantly determined by data
from COVID-19 decedents in older age groups. Younger individuals, however, are also
susceptible to death from COVID-19, which in principle represent greater unrealized years
of life, economic productivity, and broader contributions to society compared to decedents
of greater age.

Years of potential life lost (YPLL) is a widely used epidemiological measure of mor-
tality burden that emphasizes deaths that occur at younger ages by explicitly weighting
such deaths more heavily [19]. The mathematical formula for YPLL for an individual
decedent i is defined as the difference between an upper reference age A (typically close
to a widely applicable life expectancy) and age at death 4; if the difference is positive and
zero otherwise:

YPLL; = max{A — a;,0}. D)

Here, we quantified disparities in YPLL attributable to COVID-19 in the U.S. by sex at
the state level to examine both their magnitudes and their state-to-state variation. Specifi-
cally, we characterized the disparities by estimating (a) percentages of total YPLL by sex
and (b) age-adjusted male-to-female YPLL rate ratios (RRs), both nationally and for each
of the 50 states and the District of Columbia (D.C.). For comparison, we also calculated
the corresponding percentages of total deaths by sex and estimated the corresponding
age-adjusted male-to-female mortality RRs to examine potential differences in the charac-
terization of the disparities when measuring mortality burden in terms of YPLL compared
to (age-irrespective) death counts. To perform estimation and uncertainty quantification
of the estimands of interest, we used novel Monte Carlo (MC) simulation techniques to
obtain interval estimates for them.

2. Materials and Methods
2.1. Data

We examined U.S. national COVID-19 mortality data from the National Center for
Health Statistics (NCHS) summarized as cumulative death counts (ICD-10 code UQ7.1 [20]
as an underlying or multiple cause of death) within age intervals stratified by state (as well
as D.C. and Puerto Rico) and sex [21]. The sex categories are male and female, and the
following set of mutually exclusive, collectively exhaustive, and chronologically ordered
age groups are used: <1, 1-4, 5-14, 15-24, 25-34, 35-44, 45-54, 55-64, 65-74, 75-84 and 85+.
Death counts between 1 and 9 are suppressed in the NCHS data due to patient privacy
laws. However, the NCHS data additionally provides the total number of male and female
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deaths in each jurisdiction. Therefore, for each state and sex, we know the total number of
deaths that are within the union of age groups with suppressed death counts, each of which
contains between 1 and 9 deaths. The NCHS data also provide non-suppressed death
counts within these same age groups stratified by sex for the U.S. overall. See File S1 in the
Supplementary Materials for the NCHS data as of 31 March 2021 (reflecting all COVID-19
deaths reported to and processed by the NCHS as of 27 March 2021), which comprises
533,291 total deaths. A total of 111 male age groups and 113 female age groups have
suppressed death counts across the 50 states and the District of Columbia (D.C.).

To standardize estimates by age, we used the 2019 U.S. Census Bureau estimates of
the population age distribution in each state (and D.C.) stratified by sex [22], defined over
integer ages from 0 to 84 and a catch-all 85+ age group for the remaining ages. See File 52
in the Supplementary Materials for the U.S. Census Bureau data.

2.2. Previous Work Quantifying Male-Female Disparities in COVID-19-Attributable YPLL in the
United States

YPLL has been used in diverse contexts to quantify and contrast the impact of pre-
mature mortality by sex (e.g., [23-32]), and it has been used as a quantitative measure
of mortality burden in the context of COVID-19 (e.g., [33—40]). In particular, Quast et al.
(2021) [41] analyzed the NCHS data as of 3 February 2021 (reflecting all COVID-19 deaths
reported to the NCHS and processed as of 31 January 2021), which served as a rough
approximation of U.S. COVID-19 deaths during the first year of the pandemic, estimating
total YPLL and crude YPLL rates by sex in each U.S. state using the sex-specific remain-
ing life expectancy method [42] to define YPLL, meaning that YPLL for each decedent
is defined as the expected number of remaining years of life conditional on sex and sur-
vival to the observed age at death with respect to the overall U.S. population according
to actuarial life tables. While their paper serves as a useful initial analysis contrasting
COVID-19-attributable YPLL by sex, there are a number of methodological shortcomings
in their study that we aim to address in our analysis.

First, Quast et al. did not quantify the uncertainty of their state-level estimates of
total YPLL and crude YPLL rates due to the administrative interval censoring of ages at
death in the NCHS data. Quast et al. focused exclusively on point estimation, assuming
for the purposes of calculation that ages at death among decedents in a given age group all
occurred at a fixed age, usually the age group midpoint (i.e., assuming that decedents in
age group 60-69 died at age 65). For the 85+ age group in particular, because the ages at
deaths are right-censored, they assumed all of these deaths occurred at age 90, an arbitrary
assumption made out of analytical convenience to compute YPLL for these decedents.
Second, Quast et al. handled the suppressed death counts in the NCHS data by excluding
them from their analysis, analogous to a “complete-case analysis” in the missing data
literature [43]. This approach, however, yields underestimates of total YPLL and YPLL
rates and could potentially induce bias in their associated ratios. Third, Quast et al. did
not account for differences in the male and female population age distributions within and
between states by age-standardizing their YPLL rate estimates, which is especially impor-
tant when a consistent comparison of the magnitudes of male-female disparities across
states is desired. Moreover, the context of COVID-19 reveals an important methodological
concern regarding the sex-specific remaining life expectancy method to define COVID-19-
attributable YPLL. The health profiles of COVID-19 decedents are not representative of the
overall U.S. population; for example, hospitalized COVID-19 patients have substantially
higher rates of obesity [44] and other pre-existing health conditions [45] compared to
the overall U.S. population. As such, the sex-specific remaining life expectancy method
would be expected to overestimate the counterfactual years of life remaining, an admission
made by Quast et al; this topic has also been explored further by Hanlon et al. (2021) [46].
Indeed, Quast et al. applied a 25% reduction to their estimates of male and female YPLL
to reflect this reality, but it is unclear why 25% was specifically chosen as the discount
factor and why it was the same for males and females. YPLL has been used to contrast
the COVID-19 mortality burden by sex in the state of Ohio [47], but outside of Quast et al.
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and to the best of our knowledge at the time of writing, YPLL has not yet been formally
used as an epidemiological measure of mortality burden in the peer-reviewed literature
to comprehensively characterize state-level disparities in the COVID-19 mortality burden
between males and females in the U.S.

Our analysis improves upon the methodology employed in Quast et al.’s study in
three main ways. First, we used a definition of YPLL (Equation (1)) that circumvented YPLL
calculation for decedents in the 85+ age group, is widely used, and provided an equitable
comparison between males and females. Second, we developed a novel adaptation of the
MC simulation procedure proposed by Xu et al. (2021a) [48] to account for and quantify
the estimation uncertainty arising from the administrative interval censoring of ages at
death and the suppression of low death counts within individual age groups. Third, we
accounted for differences in the male and female population age distributions within
and between states by standardizing our male and female YPLL rate estimates to 2019
Census Bureau estimates of the U.S. national population age distribution when estimating
age-adjusted male-to-female YPLL RRs both nationally and in each state (and D.C.).

2.3. Estimation Procedure for YPLL-Based Estimands from Administratively Interval Censored
Ages at Death

As previously described in Section 1, we characterized disparities in COVID-19-
attributable YPLL by sex through the estimation of percentages of total YPLL by sex—
contrasting them with their respective percent population shares—and age-adjusted male-
to-female YPLL RRs. Additionally, to provide context on the magnitude of COVID-19-
attributable YPLL experienced by males and females, we also estimated total YPLL and
age-adjusted YPLL rates by sex. As explained in Section 2.2, estimation uncertainty per-
taining to the above YPLL-based estimands of interest can be attributed to two sources: (a)
administrative interval censoring of ages at death and (b) suppression of low death counts
within individual age groups, which we elaborate upon here.

We first focus on the issue of administrative interval censoring of ages at death, assum-
ing momentarily there are no suppressed death counts for purposes of illustration. As the
exact ages at death for each individual are unknown, exact YPLL values for each individual
are also unknown. In such settings, the standard approach to calculate aggregate YPLL is
to operationally assume the age at death for each individual in a given age group is equal
to the midpoint, also referred to as the “midpoint method”, which implicitly assumes that
ages at death within each age group are uniformly distributed [49,50]. However, applied
epidemiological studies using the midpoint method to estimate YPLL-based quantities typ-
ically do not quantify the uncertainty attributable to the administrative interval censoring
of ages at death (e.g., [51-56]).

Xu et al. (2021a) [48] proposed a MC simulation procedure to quantify the uncertainty
associated with YPLL-based estimates obtained from mortality data summarized as death
counts within age intervals, which has been used in other applied research [40]. The full
details of the procedure can be found in their paper, but to summarize it briefly, Xu et al.’s
MC simulation procedure consists of stochastic simulation of ages at death for each indi-
vidual in the data from continuous uniform distributions defined over their respective age
intervals at each MC iteration. A point estimate of the YPLL-based estimand of interest is
then calculated from the collection of simulated ages at death at each MC iteration, and the
overall point estimate is taken to be the mean of the collection of MC point estimates,
while the lower and upper endpoints of a (1 — «) x 100% interval estimate (which can be
conceptualized as a “range interval” per Bobashev and Morris (2010) [57]) are defined as
the 5 and 1 — 5 quantiles of the collection of MC point estimates, respectively.

2.4. Procedure Modification to Account for Suppression of Low Death Counts

We now address the second source of estimation uncertainty—suppression of low
death counts within individual age groups—through a modification of Xu et al.’s MC
simulation procedure described in Section 2.3. A similar modification of the standard
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Xu et al. MC simulation procedure was also described by Xu et al. (2021b) [40] with respect
to their comparative analysis of COVID-19-attributable YPLL by race/ethnicity; as such,
we use similar language in our description here. For each state and sex, we know the total
number of deaths contained in the union of age groups with suppressed death counts, each
of which must be an integer between 1 and 9. Hence, for each sex, we can exhaustively
enumerate all possible death count combinations across the age groups with suppressed
death counts. For each sex, each death count combination corresponding to the age groups
with suppressed death counts juxtaposed with the age groups containing non-suppressed
death counts, constitutes one possible sex-specific “mortality dataset” of death counts
within age groups.

We modified Xu et al.’s MC simulation procedure described in Section 2.3 by indepen-
dently simulating ages at death for each individual for each possible male-female mortality
dataset pair at each MC iteration. Then, at each MC iteration, a point estimate of the
estimand of interest was calculated from the simulated ages at death for each male-female
mortality dataset pair, from which we stored only the minimum and maximum point
estimates. A conservative (1 —a) x 100% interval estimate of the estimand of interest was
then constructed from the 5 quantile of the collection of minimum MC point estimates
and the 1 — 5 quantile of the collection of maximum MC point estimates. We describe
the interval estimate as “conservative” due to our estimation strategy of enumerating
all possible male-female mortality dataset pairs in the data and using the extrema of the
subsequent MC point estimates to form an interval estimate. Indeed, if the suppressed
death counts had actually been known, a (1 — «) x 100% interval estimate of the estimand
of interest obtained from the standard Xu et al. MC simulation procedure [48] would be
completely contained in the corresponding conservative (1 — a) x 100% interval estimate.

2.5. Computational Savings by Omitting Unnecessary Mortality Datasets

For each state and estimand of interest, the modified version of Xu et al.’s MC simula-
tion procedure described in Section 2.4—in theory—comprises simulating ages at death for
each individual in B X Jius X ] male-female mortality dataset pairs, where 55 denotes the
number of specified MC iterations, J,;s denotes the number of male mortality datasets in
state s, and ]fs denotes the number of female mortality datasets in state s. As such, the total
number of male-female mortality dataset pairs to simulate from can be enormous for suffi-
ciently large values of either J;us or ] (or both), potentially making it a computationally
prohibitive endeavor. However, substantial computational savings can be achieved by
identifying male-female mortality dataset pairs that we do not need to simulate ages at
death from because they would yield a maximum or minimum MC point estimate of the
estimand of interest with probability 0.

We describe an example of identifying such superfluous male-female mortality dataset
pairs we can omit from our analysis when the estimand of interest is the male percentage
of total YPLL. This is achieved by separately considering which male-female mortality
dataset pairs will yield a maximum or minimum point estimate. To obtain a maximum
point estimate at each MC iteration, only one male-female mortality dataset pair needs
to be considered. The only male mortality dataset that needs to be considered is the
one that contains the maximum possible number of deaths in the youngest age groups
corresponding to suppressed death counts, and the only female mortality dataset that
needs to be considered is the one that contains the maximum possible number of deaths in
the oldest age groups corresponding to suppressed death counts. Any other male-female
mortality dataset pair would yield a maximum MC point estimate with probability 0.
A similar result applies when obtaining a minimum point estimate at each MC iteration.
For that task, the only male mortality dataset that needs to be considered is the one that
contains the maximum possible number of deaths in the oldest age groups corresponding to
suppressed death counts, and the only female mortality dataset that needs to be considered
is the one that contains the maximum possible number of deaths in the youngest age groups
corresponding to suppressed death counts. Any other male-female mortality dataset pair
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would yield a minimum MC point estimate with probability 0. Hence, when the estimand
of interest is the male percentage of total YPLL, only 2 male-female mortality dataset pairs
need to be simulated from at each MC iteration.

For estimation of the age-adjusted YPLL-based estimands of interest (i.e., age-adjusted
male and female YPLL rate, age-adjusted male-to-female YPLL RR), identifying male-
female mortality dataset pairs that can be omitted is less straightforward. However,
inequality conditions can be established computationally to identify meaningful numbers
of male-female mortality dataset pairs that can validly be omitted, thereby attaining
computational savings.

2.6. Complete Monte Carlo Simulation Procedure

Here, we comprehensively summarize the modified version of Xu et al.’s MC sim-
ulation procedure that we used in our analysis to perform estimation and uncertainty
quantification of the YPLL-based estimands of interest. In summaries of the results of our
analysis, we characterize D.C. as a “state” for brevity. For each state s, the procedure can
be comprehensively summarized as follows.

1.  Calculate the difference between the total number of male deaths and the number

of male deaths contained in age groups with non-suppressed death counts. This
difference is the number of male deaths contained in the union of age groups with
suppressed death counts. Construct all possible male mortality datasets, each of
which corresponds to a possible male death count combination across the age groups
with suppressed death counts. Do the same for female deaths to obtain all possible
female mortality datasets.
Let B denote the total number of MC iterations, and let b = 1,...,B index the
MC iterations. Let n,,s denote the total number of male deaths in state s, and let
im =1,...,1ys index the individual male deaths. Similarly, let n fs denote the total
number of female deaths in state s, and let i F=1.. index the individual female
deaths. Let | < Jius X Jf; denote the number of male-female mortality dataset pairs for
state s that remain after omitting those male-female mortality dataset pairs that would
yield a maximum or minimum point estimate with probability 0, and letj =1,...,]
index both their male and female mortality dataset constituents.

2. Specify a YPLL upper reference age A less than or equal to 85 years. We view
the <1 age group as equivalent to the singular age 0, and the remaining numeric
NCHS age group endpoints represent integer age at last birthday so that there is a
1-year gap between the endpoints of two chronologically consecutive age groups (e.g.,
3544 and 45-54). We treat age as a continuous variable, and as a consequence, we
mathematically interpret the <1 age group (age 0) as the right half-open interval [0, 1),
the 85+ age group as the half-bounded interval [85, ), and the remaining NCHS age
groups as right half-open intervals with lower limit equal to the lower endpoint of the
corresponding NCHS age group and upper limit equal to the upper endpoint of the
corresponding NCHS age group plus one (e.g., age group 15-24 is viewed as [15,25)).
Observe that A is intentionally and necessarily chosen to be less than or equal to 85
years to obviate the simulation of ages at death for decedents in the 85+ age group
because each decedent in that age group contributes zero YPLL.

3. Ateach MCiteration b, independently simulate an age at death for each male decedent
im in male mortality dataset j with reported age at death a;,, ;s € [L;, s, Uj, js) from a
continuous uniform distribution over the same interval:

~(b) ind
”fm?js UL, o, Ui, js)- 2)
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Likewise, independently simulate an age at death for each female i; in female mor-
tality dataset j with reported age at death a; s € [L; 1 U; f,js) from a continuous
uniform distribution over the same interval:

~(b) ind
85 ~ ULigjs, Ui js)- 3)

At each MC iteration b, calculate a point estimate of the estimand of interest from
the simulated ages of death corresponding to each of the | male-female mortality
dataset pairs.

Specifically, for the estimation of the male percentage of total YPLL, first calcu-
late total YPLL for males and females from the simulated ages at death, which

Nsm

b ~(b
are YPLLmale s = Z max{ ( ) js” } and YPLLfemale s = 2 max{ a, )] » 0}
im=1 i=1
respectively. Then, the male percentage of total YPLL, which we denote nr(ﬁil o js 18
given by:
YPLL( :
~(b) o ‘male, s o
male,js = ———(b) 0 x 100%. 4)

YP LLmale,js +YP LLfemale,js

(b)

Similarly, the female percentage of total YPLL, which we denote Fcf emalejs/ is given by:
YPLL;.,
~(b) _ female,js o
nfemale,]s — —(b) —— ) x 100%. (5)

YPLLmale,js + YPLLfemale,js

For estimation of the age-adjusted male-to-female YPLL RR, first estimate the age-
adjusted male and female YPLL rates using direct age adjustment [58], using the 2019
U.S. Census Bureau age distribution estimate of the overall U.S. population as the
standard population. Since the simulated ages at death are continuous and the U.S.
Census Bureau age distribution estimates are defined over integer ages from 0 to 84,
we aggregate the corresponding simulated YPLL values with respect to the 1-year age
intervals implied by these integer ages (i.e., age a € {0,1,...,84} implies age interval
[a,a + 1)) to calculate the age-specific YPLL rates, which are subsequently applied to
the standard population to obtain the age-adjusted YPLL rate. The male age-adjusted
YPLL rate is given by:

o) o)
YPLLaje jsa YPLL e js, [ A]
Z | (Tla x Mmale,sa ) + (7’[ L'AJ Mmale,s, | A| % (A B LAJ)

~(b) a<|A

R o = , (6
YPLL,male,js Z g +n[AJ < (.A _ I_-AJ) ( )
a<|A]
where YPLLinile sa = Z max{A al(b)]s, } denotes aggregate male YPLL
im
i e €la,a+1)

im,js
corresponding to age a € {0,1,...,84}; nya1e 5, denotes the 2019 U.S. Census Bureau
male population estimate for age a € {0,1,...,84} in state s; and 1, denotes the 2019
U.S. Census Bureau national population estimate for agea € {0,1,...,84}.
Analogously, the female age-adjusted YPLL rate is given by:
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ﬁ—)Egr)nale, jsa ﬁjﬁlg:r)nale, js,|A]
Z Ma X Nfemale,sa T nLAJ x Nfemale,s, | A| % (A B LAJ)
() <A )
YPLL female,js Z ng+n A < (.A — LAJ ) ’
a<|A]
—(b
where YPLLEQI)MIQJs .= Z max{.A — ﬁl(fb; » 0} denotes aggregate female YPLL
1
ﬁl(;’,)jse[a,aﬂ)

corresponding to age a € {0,1,...,84}; and nfemale s, denotes the 2019 U.S. Census
Bureau female population estimate for age a € {0,1,...,84} in state s.

The age-adjusted male-to-female YPLL RR is defined as the quotient of ﬁﬁf’ﬁwmk’js
5(0)
and RYPLL,female,js:

ﬁ(b)
(b) . YPLL,male,js
YPLL,male,female,js — /\(17)7 . (8)

YPLL female,js

RR

5. At each MC iteration b, store the maximum and minimum of the ] MC point esti-
mates of the estimand of interest obtained from the simulated male-female mortality
dataset pairs.

6. A conservative (1 —a) x 100% interval estimate of the estimand of interest is given
by the 5 quantile of the B minimum MC point estimates and the 1 — 5 quantile of
the B maximum MC point estimates. Moreover, a conservative two-sided a-level
test for whether the estimand of interest equals a specific hypothesized value can be
performed by observing whether the associated conservative (1 — a) x 100% interval
estimate contains that value. We characterize the described test as “conservative”
for analogous reasons as for the characterization of a conservative (1 — a) x 100%
interval estimate as “conservative.”

An overall point estimate for the estimand of interest is not straightforward to define
as a result of our estimation strategy. To be explicit, the midpoint of the conservative
(1 — &) x 100% interval estimate should not be interpreted as the point estimate. As such,
we present the results of our YPLL analysis in terms of the collection of interval estimates
we generate for the YPLL-based estimands of interest.

2.7. Monte Carlo Simulation Procedure for Estimation of Age-Adjusted Mortality Rates and
Rate Ratios

We also considered estimation of age-adjusted mortality rates by sex and age-adjusted
male-to-female mortality RRs in the U.S. and in each state for the purpose of comparing
them to our estimates of age-adjusted YPLL rates by sex and age-adjusted male-to-female
YPLL RRs, respectively, to examine potential differences in the characterization of the
disparities when measuring mortality burden in terms of YPLL compared to death counts.
Adopting the same methodological motivation as Xu et al. (2021b) in their estimation of
age-adjusted mortality rates by race/ethnicity and their associated RRs, we wanted our
male and female mortality rates to be standardized to the 2019 U.S. Census Bureau age
distribution estimate of the overall U.S. population without combining age intervals in the
U.S. Census Bureau data to align them with the NCHS data age intervals so that estimated
mortality and YPLL rates in our analysis were age-standardized to as identical as possible
standard populations in terms of age interval granularity. To this end, we performed a
MC simulation procedure to obtain conservative (1 — ) x 100% interval estimates of male
and female age-adjusted mortality rates and age-adjusted male-to-female mortality RRs
that largely mirrors the MC simulation procedure for the YPLL-based estimands of interest
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described in Section 2.6. The key differences were that ages at death were simulated for
all individuals in non-85+ age groups, and in the direct age adjustment procedure, we
summed the number of simulated ages at death falling within the 1-year intervals implied
by integer ages 0 to 84 to calculate the age-specific mortality rates for ages 0 to 84, as well
as calculate an age 85+ mortality rate, which were subsequently applied to the standard
population to obtain the male and female age-adjusted mortality rates, which we denote as

=5(b) =(b) .
Rmort,male,js and Rmort,female,]'S/ respeCtIVEIY'

Mathematically, the male age-adjusted mortality rate is given by:

84 rj(b)l ) G oale o5
male,jsa male,js,85+
Ng X —— | +|n X —
Z a nmale,]'sa ( 85 nmale,]'s,85+ >

=(b) a=0
Rmort,male,js = 84 ’ (9)
Y g+ ngss
a=0
where dﬁile’ jsa = Z 1 is the number of male simulated ages at death equal to

ﬁim,jsel}[zz,wrl)
agea € {0,1,...,84}, dAmale,]-s,85+ denotes the number of male deaths in the 85+ age
group, and ngs+ denotes the 2019 U.S. Census Bureau national population estimate for age
group 85+.
Similarly, the female age-adjusted mortality rate is given by:

e Eif(b) le,j: dAf le,js,85
n. X emale,jsa n % emale,js,85+
Z a ”female,jsu + 85+ nfemale,js,85+

=(b) a=0

Rmort,female,js = 84 ’ (10)
Z Mg + g5+
a=0
where dAgI)n ale jsa = Z 1 is the number of female simulated ages at death equal to

iy
ﬁ[f,js S [a,a+1)

agea € {0,1,...,84}, and ‘jfemale,js,85+ denotes the number of female deaths in the 85+
age group.
The age-adjusted male-to-female mortality RR is defined as the quotient of ﬁfﬁirt’mle’js

5(b) .
and Rmort,female,js‘
5(b)
== (b) Rmort,male, js
RRmort,male,female,js = ~() . (11)

mort,female,js

2.8. Computation

We used the modified version of Xu et al.’s MC simulation procedure described in
Section 2.6 for interval estimation of the YPLL-based estimands of interest in the U.S. and in
each state. We performed the MC simulation procedure using B = 1000 iterations and a con-
stant YPLL upper reference age of A = 75 years for both males and females, an approach
used by the CDC [59-66] and widely used in applied research studies [23,67-79]. Alterna-
tive definitions of YPLL sometimes used to contrast YPLL by sex include using sex-specific
values of A corresponding to at-birth male and female life expectancies (e.g., [80,81]) and
the sex-specific remaining life expectancy method, as employed by Quast et al. and in
other applied research studies (e.g., [62-85]), to reflect known underlying differences in
the life expectancy between males and females. However, the gap between the male and
female life expectancies changes over time (e.g., [86]), varies substantially across coun-
tries [87], and are attributable to a myriad of biological, behavioral, and social factors that,
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after decades of research, are not fully understood [88]. Hence, out of a sex equity ethos not
to necessarily normalize lower male life expectancy (similar sentiments are shared in other
applications [40,89-91]) but also to provide a consistent comparison of YPLL by sex [92],
we decided to use a constant YPLL upper reference age of A = 75 to define YPLL for
both males and females—a common practice, as previously discussed. We also obtained
conservative 95% interval estimates of age-adjusted mortality rates by sex and age-adjusted
male-to-female mortality RRs in the U.S. and in each state and D.C. using an analogous
MC simulation procedure described in Section 2.7, also for B = 1000 iterations.

All MC simulations were performed using the R version 3.6.0 programming lan-
guage [93]. The code used in our analysis is available upon reasonable request from the
corresponding author.

3. Results
3.1. Blueprint for Interpretation of Results

Tables S1 and S2 in the Supplementary Materials contain the complete results of our
analysis. Table S1 presents the percent population shares by sex, total COVID-19 deaths by
sex, percentages of total COVID-19 deaths by sex, conservative 95% interval estimates of
total COVID-19-attributable YPLL by sex, and conservative 95% interval estimates of the
percentage of total COVID-19-attributable YPLL by sex in the U.S. and in each state. When
the percentage of total deaths for males is above their percent population share, males
are overrepresented among COVID-19 deaths, and when the percentage of total deaths
for males is below their percent population share, males are underrepresented among
COVID-19 deaths. The interpretation of the interval estimates of the percentage of total
YPLL relative to the percent population share is slightly more nuanced, however. When
the interval estimate of the male percentage of total YPLL is completely above the male
percent population share, males are either overrepresented among COVID-19 deaths or
male decedent ages are systematically younger relative to those of females—to a degree
that is statistically discernable—or both. Conversely, when the interval estimate of the male
percentage of total YPLL is completely below the male percent population share, males are
either underrepresented among COVID-19 deaths or male decedent ages are systematically
older relative to those of females—to a degree that is statistically discernable—or both.
This second scenario for the interval estimates of the percentage of total YPLL, however,
does not occur in the results of our analysis.

The magnitudes of the sex disparities in the COVID-19 mortality burden can be ampli-
fied when mortality is measured in terms of YPLL compared to death counts. For example,
if males are overrepresented among COVID-19 deaths, their interval estimate of the per-
centage of total YPLL can be completely above their percentage of total deaths as a result
of male decedent ages being systematically and statistically discernably younger relative to
those of females. Similarly, if males are underrepresented among COVID-19 deaths, their
interval estimate of the percentage of total YPLL can be completely below their percentage
of total deaths as a result of male decedent ages being systematically and statistically
discernably older relative to those of females. This second scenario, however, does not
occur in the results of our analysis.

Moreover, the direction of the disparity in the COVID-19 mortality burden can in fact
reverse when mortality is measured in terms of YPLL compared to death counts. For exam-
ple, if males are underrepresented among COVID-19 deaths, the interval estimate of the
percentage of total YPLL can, in contrast, be completely above the male percent population
share as a result of male decedent ages being systematically younger relative to females to
a degree that is both statistically discernable and outweighs the disproportionately low
number of male deaths. Similarly, if males are overrepresented among COVID-19 deaths,
the interval estimate of the percentage of total YPLL can, in contrast, be completely below
the male percent population share as a result of male decedent ages being systematically
older relative to females to a degree that is both statistically discernable and outweighs the
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disproportionately high number of male deaths. This second scenario, however, does not
occur in the results of our analysis.

Table S2 presents conservative 95% interval estimates of the male and female age-
adjusted mortality and YPLL rates as well as the age-adjusted male-to-female mortality
and YPLL RRs in the U.S. and in each state. When the interval estimate of the age-adjusted
male-to-female mortality RR is completely above 1.0, it means that after accounting for
differences in the male and female population age distributions, the male mortality rate is
statistically and discernably above that of females. Similarly, when the interval estimate
of the age-adjusted male-to-female YPLL RR is completely above 1.0, it means that after
accounting for differences in the male and female population age distributions, the male
YPLL rate is statistically discernably above that of females. When the interval estimate of the
age-adjusted male-to-female YPLL RR is completely above the interval estimate of the age-
adjusted male-to-female mortality RR, the male-female disparity in the COVID-19 mortality
burden is statistically discernably greater in magnitude when measuring mortality burden
in terms of YPLL compared to death counts as a result of males dying at systematically and
statistically discernably younger ages relative to females after accounting for differences in
their population age distributions. Similarly, when the interval estimate of the age-adjusted
male-to-female YPLL RR is completely below the interval estimate of the age-adjusted male-
to-female mortality RR, the male-female disparity in the COVID-19 mortality burden is
statistically discernably smaller in magnitude when measuring mortality burden in terms of
YPLL compared to death counts as a result of males dying at systematically and statistically
discernably older ages relative to females after accounting for differences in their population
age distributions. While this approach for determining whether the age-adjusted male-to-
female YPLL RR differs from the age-adjusted male-to-female mortality RR to a degree that
is statistically discernable at the @ = 0.05 level is overly conservative beyond that which is
attributable to our strategy of considering all possible male-female mortality dataset pairs,
it nevertheless represents a sufficient condition while also circumventing MC simulation of
all possible male-female mortality dataset pairs corresponding to the difference between
the age-adjusted male-to-female YPLL RR and the age-adjusted male-to-female mortality
RR, which may be computationally prohibitive.

3.2. Presentation of Results

Figure 1 displays a graphical comparison between the conservative 95% interval esti-
mates of the male percentage of total YPLL, the male percentage of total deaths, and the
male percent population share in the U.S. and in each state. Nationally, males are overrep-
resented among COVID-19 deaths, comprising 54.8% of total deaths despite representing
49.2% of the U.S. population. This is also mirrored at the state level, where males are
overrepresented among COVID-19 deaths in all but two states (Maine and Rhode Island
being the exceptions), with percentages of total COVID-19 deaths exceeding the state per-
cent population shares by between 0.03 percentage units in Connecticut to 12.5 percentage
units in Nevada. Moreover, males die from COVID-19 in the U.S. overall at systematically
younger ages relative to females to such a degree that the U.S. national conservative 95%
interval estimate of the male percentage of total YPLL (64.0-64.1%) is completely above the
U.S. national male percentage of total COVID-19 deaths. This national trend of males dying
from COVID-19 at systematically younger ages relative to females is nearly universally
observed at the state level, with the interval estimates of the male percentage of total YPLL
completely above the male percentage of total deaths in all but two states (Hawaii and
Alaska being the exceptions). For example, in California, males represent 49.7% of the
population and 59.0% of total deaths, but the interval estimate of the percentage of total
YPLL is an even higher and astonishing (68.3-68.6%). The direction of the disparity reverses
for the two states with males underrepresented among COVID-19 deaths. In Maine, males
represent 49.0% of the population and only 48.0% of COVID-19 deaths, but the interval
estimate of the percentage of total YPLL is (62.8-68.4%). Similarly, in Rhode Island, males
represent 48.7% of the population and only 48.1% of COVID-19 deaths, but the interval
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estimate of the percentage of total YPLL is (60.8-64.4%). Furthermore, in every state except
Alaska, the interval estimates of the male percentages of total YPLL are completely above
the male percent population shares. To complement Figure 1, Figure 2 displays a graphical
comparison between the conservative 95% interval estimates of the female percentage of
total YPLL, the female percentage of total deaths, and the female percent population share
in the U.S. and in each state.
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Figure 1. Conservative 95% interval estimates of the percentage of total COVID-19-attributable YPLL before age 75,
the percentage of total COVID-19 deaths, and the percent population shares for males in the U.S. and in each of the 50 states
and D.C. Quantities calculated with respect to cumulative COVID-19 deaths according to data from the National Center for
Health Statistics as of 31 March 2021.

Figure 3 presents a graphical comparison of the conservative 95% interval estimates
of the age-adjusted male-to-female YPLL and mortality RRs in the U.S. and in each state.
The U.S. national conservative 95% interval estimate of the age-adjusted male-to-female
mortality RR is (1.62-1.62), and the state-level interval estimates of the age-adjusted male-
to-female mortality RR are completely above 1.0 in every state and completely above 2.0
in Hawaii. Furthermore, after accounting for differences in the male and female national
population age distributions, males die from COVID-19 in the U.S. overall at systematically
younger ages relative to females to such a degree that the U.S. national conservative 95%
interval estimate of the age-adjusted male-to-female YPLL RR (1.88-1.89) is completely
above the U.S. national interval estimate of the male-to-female mortality RR. This national
trend is also widely observed at the state level, with the interval estimates of the age-
adjusted male-to-female YPLL RR completely above the corresponding interval estimates
of the age-adjusted male-to-female mortality RR in 33 states. Intriguingly, the reverse
inequality is observed in four states (Alabama, Alaska, Mississippi, and South Dakota);
hence, for these states, males actually die from COVID-19 at older ages relative to females
to a degree that is statistically discernable after accounting for differences in the male and
female state population age distributions. For three of these four states (Alaska being the
exception), males actually die from COVID-19 at statistically discernably younger ages than
females without accounting for differences in the male and female state population age
distributions (i.e., the interval estimate of the male percentage of total YPLL is completely
above the male percentage of total deaths; see Figure 1), thereby illustrating the importance
of age standardization. Nevertheless, for these three states, the age-adjusted male YPLL
rates still statistically discernably exceed the age-adjusted female YPLL rates due to the
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disproportionately high number of male COVID-19 deaths in these states. In fact, the state-
level interval estimates of the age-adjusted male-to-female YPLL RR are completely above
1.0 in every state except Alaska and, remarkably, are completely above 2.0 in six states
(California, Colorado, Nevada, New Hampshire, New Jersey, and New York).
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Figure 2. Conservative 95% interval estimates of the percentage of total COVID-19-attributable YPLL before age 75,
the percentage of total COVID-19 deaths, and the percent population shares for females in the U.S. and in each of the
50 states and D.C. Quantities calculated with respect to cumulative COVID-19 deaths according to data from the National
Center for Health Statistics as of 31 March 2021.
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Figure 3. Conservative 95% interval estimates of the age-adjusted male-to-female YPLL and mortality RRs in the U.S. and
in each of the 50 states and D.C. Quantities calculated with respect to cumulative COVID-19 deaths according to data from
the National Center for Health Statistics as of 31 March 2021. States are ordered from top to bottom in descending order of
the signed difference between the lower limit of the YPLL RR interval and the upper limit of the mortality RR interval.
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4. Discussion

COVID-19 does not affect all segments of the U.S. population equally. As with older
individuals [94] and certain racial/ethnic minorities (Blacks, Hispanics, and American
Indian and Alaska Natives) [95], men are at disproportionately high risk of hospitalization
and mortality following COVID-19 infection [15]. Multiple theories have been proposed
attempting to explain the substantial disparities in COVID-19 mortality outcomes between
males and females. For example, men in the U.S. have higher rates of certain medical condi-
tions such as coronary artery disease [96,97], diabetes [98], and liver disease [98], which are
risk factors for severe illness post-COVID-19 infection [99]. U.S. men also have higher rates
of hypertension [100], which some studies have suggested is also a risk factor for COVID-
19-related severe outcomes [99,101,102]. Some research has focused on the mechanisms by
which innate biological differences between males and females contribute to the observed
disparities in mortality outcomes by sex. Particular areas of focus include differences in
the expressions of angiotensin-converting enzyme-2 (ACE2) [103-105], the expressions
of transmembrane serine protease 2 (TMPRSS2) [106,107], and T-cell response [108-110]
by sex. Behavioral differences between men and women have also been proposed as
contributing to the disparities in the COVID-19 mortality burden by sex. For example,
men are more likely to smoke cigarettes [111]—a risk factor for COVID-19-related severe
outcomes [99]—and may seek medical care later in the course of a COVID-19 infection
compared to women [112]. Men are also more likely than women to eschew wearing
masks [113-117], and some research has suggested that masks can reduce the severity of a
COVID-19 infection by reducing the viral inoculum [118-121]. Hand washing may also
reduce the viral inoculum of a COVID-19 infection [122], and men are much less likely to
practice proper hand hygiene [123-126]. More broadly, a 2016 meta-analysis of 85 peer-
reviewed publications investigating a wide array of countries across six continents found
that women were approximately 50% more likely than men to practice non-pharmaceutical
health-protective behaviors such as proper hand washing, face mask wearing, and surface
cleaning in the context of respiratory infectious disease epidemics and pandemics [127].

Our findings also reveal noticeable state-to-state variability in the magnitudes of the es-
timated disparities, as illustrated in Figures 1-3, which seem to suggest that factors related
to social determinants of health [128,129], whose degree of association with sex varies state
to state, play a role in driving male-female disparities in COVID-19 mortality, a perspective
similarly shared by other COVID-19 researchers [130,131]. For example, men are vastly
overrepresented in certain essential industries that required continued employment during
the U.S. COVID-19 epidemic such as food /agriculture, transportation/logistics, and manu-
facturing [132]. Indeed, a 2021 study in California (U.S.) indicated that these industries are
among the occupational sectors with the highest associated excess mortality attributable to
COVID-19 [133]. While the full scope of factors causing the disproportionately high degree
of COVID-19 mortality experienced by males are complex and multifaceted [134,135] and
warrants further research, a comprehensive investigation is beyond the scope of this paper.

Against this backdrop, it is notable and concerning that U.S. national COVID-19 public
health strategies by both the Trump [136] and Biden [137] presidential administrations have
failed to explicitly acknowledge or propose strategies to address the markedly dispropor-
tionate rates of morbidity and mortality associated with COVID-19 infections among men,
a trend also observed internationally in governmental pandemic response policies [138].
We echo voices within the public health and medical communities calling on policy makers
to place greater emphasis on addressing the disproportionate impacts of COVID-19 on
men [134,138-141], especially for those subgroups of men who have the poorest health
outcomes, such as certain racial/ethnic minority groups. Such efforts should not minimize
the need to address serious impacts that COVID-19 has on women (e.g., [142-153]), which
have been disproportionate in some domains other than morbidity and mortality, nor
should they detract from efforts to improve women'’s health more broadly. However, the
absence of COVID-19 prevention and mitigation efforts that are focused on men constitutes
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a glaring missed opportunity to more effectively combat the U.S. COVID-19 epidemic
among a substantial proportion of the population.

Currently, one of the most obvious areas needing attention is the gap in male and fe-
male COVID-19 vaccination rates, with notably lower rates among men [154-156]. Vaccine
hesitancy among men has emerged as a substantial source of concern, and an NPR/PBS
NewsHour /Marist poll conducted 3-8 March 2021 [157] revealed that men were substan-
tially more likely than women to refuse to get a COVID-19 vaccine, with Republican-
identifying men especially unwilling (49%). From a public health perspective, the absence
of U.S. health policy initiatives specifically targeted to encourage COVID-19 vaccine uptake
among men is disconcerting [155,158]. Even with the development and availability of
COVID-19 vaccines in the U.S. [159], the extent to which SARS-CoV-2 and its associated
genetic variants [160] will continue to pose a public health threat to the U.S. in the future
is currently unknown. While vaccines are the most potent tool against morbidity and
mortality associated with COVID-19, they are not an absolute panacea and do not address
the root causes of observed population-level disparities. Given the significantly higher risk
of COVID-19-related severe outcomes among patients with pre-existing health conditions,
long-term investments and strategies to reduce health disparities and promote better over-
all health in the U.S. can reduce disparities in future COVID-19 outcomes and mitigate
the impacts of potential future COVID-19 outbreaks. Possible areas to tackle that are of
particular relevance to COVID-19 include obesity, cigarette smoking, excessive alcohol
consumption, and unmanaged diabetes and hypertension. Given their higher rates of many
chronic health conditions, including those that are risk factors for COVID-19-related severe
outcomes, men stand to benefit substantially from such initiatives. For example, males
have markedly higher rates of prediabetes than females [161], which represents a ripe
opportunity for public health interventions to reduce disparities in eventually diagnosed
diabetes. A tangible first step could be to expand the list of explicit health priorities for
men in Healthy People 2030 [162], a U.S. Department of Health and Human Services and
Office of Disease Prevention and Health Promotion initiative setting national objectives
to improve health and well-being over the current decade, to include additional targeted
objectives, such as some of those mentioned above.

Contrasting the male and female COVID-19 mortality burden using YPLL captures
disparities in both the number of COVID-19 deaths and the ages at death of COVID-
19 decedents in a single metric that complements conventional comparative COVID-19
mortality analyses by sex, and our results show that measuring mortality burden in terms of
YPLL compared to death counts generally amplifies the magnitude of the disparities in the
COVID-19 mortality burden between males and females. For instance, after accounting for
the differences in the male and female national population age distributions, we estimated
the COVID-19-attributable mortality rate in the U.S. to be approximately 62% higher for
males than females but the U.S. national COVID-19-attributable YPLL rate to be 88-89%
higher for males than females, owing to the fact that, nationally, males die from COVID-19
at systematically younger ages than females, even after accounting for differences in the
national population age distributions between males and females. Remarkably, the age-
adjusted male YPLL rates are estimated to be more than twice that of females in six states.
Furthermore, while substantial disparities in the COVID-19 mortality burden exist between
males and females, the overwhelming majority of individuals infected with COVID-19 do
not die from the disease. However, the long-term health effects of recovered COVID-19
patients are unknown at the time of writing [163], but when more detailed information on
the long-term disability profiles of individuals formerly infected with COVID-19 becomes
available, a comparative analysis of disability-adjusted life years (DALY) [164] by seX,
for example, would vastly broaden our understanding of the disparate impacts of the U.S.
COVID-19 epidemic between males and females beyond just immediate mortality.

Two sources of uncertainty within the NCHS data substantially complicated our
analysis: the administrative interval censoring of ages at death (precluding the exact
calculation of YPLL) and the suppression of death counts between 1 and 9 within age
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groups denoting age at death. To perform estimation of the YPLL-based estimands of
interest, accounting for the estimation uncertainty arising from the administrative interval
censoring of ages at death and the suppression of low death counts, we developed a novel
adaptation of the MC simulation procedure developed by Xu et al. (2021a) that targets
estimation of the extrema of the theoretically attainable values of the YPLL-based estimands
of interest, resulting in interval estimates for them. A consequence of this conservative
estimation strategy, however, was wide interval estimates in states with a high ratio
of suppressed to non-suppressed death counts, corresponding to states with a low total
number of COVID-19 deaths (e.g., see results for Hawaii). As a result, disparities in COVID-
19-attributable YPLL between males and females can be hard to detect when they exist and
are small. Despite the challenges in estimation of the YPLL-based estimands of interest due
to the two sources of uncertainty in the data and our conservative estimation approach,
our analysis nevertheless revealed substantial and statistically discernable disparities in
COVID-19-attributable YPLL before age 75 between males and females across U.S. states.

5. Conclusions

We quantified and contrasted COVID-19-attributable YPLL before the age of 75 be-
tween males and females in the U.S. and in each of the 50 U.S. states and D.C. from U.S.
COVID-19 mortality data from the NCHS (as of 31 March 2021), estimating percentages of
total YPLL by sex—contrasting them with their respective percent population shares—and
age-adjusted male-to-female YPLL RRs. Our results reveal a virtually universal pattern
across states of males experiencing disproportionately high COVID-19-attributable YPLL
relative to females. To examine differences in the characterization of the disparities in
the COVID-19 mortality burden between males and females when measuring mortality
burden in terms of YPLL compared to death counts, we also calculated the corresponding
percentages of total COVID-19 deaths by sex and estimated the corresponding age-adjusted
male-to-female mortality RRs in the U.S. and in each of the 50 states and D.C. Comparing
these two approaches to measuring mortality burden revealed that the estimated disparities
are generally greater in magnitude when measuring mortality burden in terms of YPLL
compared to death counts, reflecting a broad dual pattern of males dying from COVID-19
in the U.S. at higher rates and at systematically younger ages relative to females. As an epi-
demiological measure, YPLL offers a compelling illustration of the disproportionately high
COVID-19 mortality burden experienced by males in the U.S. by explicitly incorporating
age at death in quantifying mortality impact.

More broadly, the COVID-19 pandemic offers lessons regarding the importance of
cultivating public health environments in the U.S. and across the world that appropriately
recognize the sex-specific needs of individuals as well as different patterns in risk factors,
health behaviors, and responses to interventions between men and women. In particular,
there is an immediate and urgent need to address COVID-19 vaccine hesitancy among men
in the U.S. We urge public officials to update vaccine rollout plans with focused efforts to
increase COVID-19 vaccinations among men.

Supplementary Materials: The following are available online at https://www.mdpi.com/article
/10.3390/app11167403/s1, File S1: Cumulative COVID-19 death counts in the U.S. stratified by
state, sex, and age group from the National Center for Health Statistics as of 31 March 2021, File
52: 2019 U.S. Census Bureau estimates of the U.S. population stratified by state, sex, and age, Table
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