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1 | INTRODUCTION

The pandemic arising from the rapid spread of coronavirus disease 2019
(COVID-19) has instigated unparalleled public health emergency

Jude Oben PhD3* |

Alastair Sutcliffe PhD?

Abstract

Aim: To determine what proportion of the inter-country variation in death rates can
be explained in terms of obesity rates and other known risk factors for coronavirus
disease 2019 (COVID-19).

Materials and Methods: COVID-19 death rates from 30 industrialized countries were
analysed using linear regression models. Covariates modelled population density, the
age structure of the population, obesity, population health, per capita gross domestic
product (GDP), ethnic diversity, national temperature and the delay in the govern-
ment imposing virus control measures.

Results: The multivariable regression model explained 63% of the inter-country varia-
tion in COVID-19 death rates. The initial model was optimized using stepwise selec-
tion. In descending order of absolute size of model coefficient, the covariates in the
optimized model were the obesity rate, the hypertension rate, population density, life
expectancy, the percentage of the population aged older than 65 years, the percent-
age of the population aged younger than 15 years, the diabetes rate, the delay in
imposing national COVID-19 control measures, per capita GDP and mean tempera-
ture (with a negative coefficient indicating an association between higher national
temperatures and lower death rates).

Conclusions: A large proportion of the inter-country variation in COVID-19 death
rates can be explained by differences in obesity rates, population health, population
densities, age demographics, delays in imposing national virus control measures, per
capita GDP and climate. Some of the unexplained variation is probably attributable
to inter-country differences in the definition of a COVID-19 death and in the com-
pleteness of the recording of COVID-19 deaths.

KEYWORDS
observational study, obesity therapy, type 2 diabetes

measures from countries around the world. The number of deaths per
million population varies widely internationally, and the reasons for these
variations are not fully understood. In this paper, COVID-19 death statis-

tics from 30 industrialized countries are analysed in terms of demographic
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and health-related covariates with a view to identifying explanatory fac-
tors underlying the inter-country variation in mortality rates.

Government responses to the pandemic have varied greatly. Some
countries, such as Norway and Denmark, imposed restrictions on the
movement and association of citizens soon after the first case was identi-
fied in each country.! Sweden, on the other hand, has largely relied on
voluntary public health measures to control the spread of infection.?

Higher mortality rates have been reported among older adults®
and those with certain pre-existing health conditions, including
obesity,*¢ diabetes”® and hypertension.? Studies have also highlighted
smoking as a risk factor for COVID-19 mortality.® There is conflicting
evidence around the significance of ethnicity as a risk factor for mortal-
ity, which may be confounded by socioeconomic and medical disadvan-
tages experienced by ethnic minorities.2%! There is also evidence of
an interaction between the effects of obesity and ethnic group.'?

It is widely acknowledged that greater population density facili-
tates the spread of COVID-19.% Because of the prolonged incubation
period shown among children, some have suggested that they facili-
tate viral spread, although this is contentious.2**> Another factor
implicated in the spread of respiratory viruses, such as COVID-19, is
the climate: there is growing evidence that COVID-19 spreads more
readily in temperate latitudes compared with hotter climates.*®

Informed by this evidence, model covariates were drawn from the
domains of age distribution, obesity and health, population density,
socioeconomic factors and climate.

In addition to these demographic and environmental factors, a
covariate was included, which measured how quickly governments
responded to the coronavirus pandemic via severe restrictions on

person-to-person contacts.

2 | MATERIALS AND METHODS

To be included in the study countries had to have a population of at
least 2 million and a per capita gross domestic product (GDP) of at
least $27,000 (US) per year. Countries for which data were considered
to be unreliable for data transparency reasons were excluded, for
example, China and Russia. The selection of countries was made prior
to data collection and data analysis. The following 30 countries were
included in the analysis: Australia, Austria, Belgium, Canada, the Czech
Republic, Denmark, Finland, France, Germany, Greece, Hungary, Ire-
land, Italy, Japan, Lithuania, Malaysia, the Netherlands, New Zealand,
Norway, Poland, Portugal, Slovakia, Slovenia, South Korea, Spain,
Sweden, Switzerland, Turkey, the UK and the United States. These
countries make up 15% of the world's population.

The date of the first COVID-19 case in each country was
retrieved from the World Health Organization (WHO) website.*” The
number of COVID-19 deaths in each country up to 26 July 2020 was
found from the John Hopkins University coronavirus resource cen-
tre.X® National populations and life expectancy data were sourced
from the United Nations.'®?° Data were retrieved from the World
Bank regarding the percentage of each population living in urban

settlements,?! the percentages of the population aged younger than

15 years and older than 65 years, 2223

as well as the percentage of the
population aged 20-79 years with diabetes.?* Per capita GDP and
adult obesity rates were sourced from the Central Intelligence Agency
(CIA) World Factbook.2>2% The percentage of the adult population
(aged >18 years) with hypertension, defined as a systolic blood pres-
sure of 140 mmHg or higher, or a diastolic blood pressure of
90 mmHg or higher, was recorded from WHO data.?” Smoking rates
were retrieved from the World Population Review,?® and mean
national temperatures for 1961 to 1990 were sourced from the Cli-
mactic Research Unit.2? Population densities from official national
estimates were retrieved from Wikipedia,*® as were ethnic diversity
index figures,31 which were derived from Fearon.®?

A country was considered to have introduced national COVID-19
control measures once compulsory restrictions were adopted that
applied to the whole country and included at least two of the following:
a limit on public gatherings to 30 people or fewer; the closure of public
buildings, including non-essential shops, restaurants, bars, theatres and
cinemas; the closure of schools; a requirement for the public to stay at
home, except for medical reasons, exercise, essential shopping or work
that could not be carried out remotely; a requirement for the public to
observe social distancing. Determining when countries met these
criteria for national COVID-19 control measures required the consulta-
tion of a large number of sources. Most of these are accessible from
the Wikipedia pages on the COVID-19 pandemic in specific coun-
tries.>® Full details of the sources consulted are provided in the
supporting information (Appendix S1). The delay in introducing national
COVID-19 control measures was taken to be the time from when the
first case was reported to when these conditions were first met. For
two countries, Sweden and South Korea, these criteria for national
COVID-19 control measures were never met. The delay in introducing
national control measures was therefore considered to extend to
26 July 2020, the date up to which COVID-19 deaths were counted.

The ethnic diversity index is defined as the probability that two
randomly chosen individuals in a population come from different eth-
nic groups.®? For an ethnically homogenous population the index is
zero, while for a population with many ethnic groups it increases
towards a value of one.

The recording period was calculated from the date of the first case
until 26 July 2020. The number of COVID-19 deaths was divided by the
population and the recording period to give a death rate in units of
deaths per million population per year. COVID-19 death rates were posi-
tively skewed. To produce a more normally distributed outcome variable
and improve model fit, the outcome variable used was the log death rate.

An initial multivariable linear regression model was fitted of the log
COVID-19 death rate in terms of the covariates: population, population
density, life expectancy, the percentage of the population living in
urban settlements, the percentage of the population aged younger than
15 years, the percentage of the population aged older than 65 years,
the percentage of the adult population that is obese, the percentage of
the adult population with diabetes, the percentage of the adult popula-
tion with hypertension, the percentage of the population who smoke,
per capita GDP, ethnic diversity index, mean temperature and the delay

in introducing national COVID-19 control measures.
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TABLE 1

population per year (raw and logged)

Date national measures

Country Date of first case were introduced
Australia 25 January 2020 30 March 2020
Austria 26 February 2020 16 March 2020
Belgium 4 February 2020 17 March 2020
Canada 26 January 2020 22 March 2020
Czech Republic 1 March 2020 16 March 2020
Denmark 27 February 2020 13 March 2020
Finland 29 January 2020 16 March 2020
France 24 January 2020 17 March 2020
Germany 28 January 2020 22 March 2020
Greece 27 February 2020 13 March 2020
Hungary 5 March 2020 16 March 2020
Ireland 1 March 2020 27 March 2020
Italy 29 January 2020 9 March 2020
Japan 14 January 2020 16 April 2020
Lithuania 28 February 2020 16 March 2020
Malaysia 25 January 2020 18 March 2020
Netherlands 28 February 2020 15 March 2020
New Zealand 28 February 2020 25 March 2020
Norway 26 February 2020 12 March 2020
Poland 4 March 2020 12 March 2020
Portugal 2 March 2020 20 March 2020
Slovakia 6 March 2020 16 March 2020
Slovenia 4 March 2020 16 March 2020
South Korea 19 January 2020 26 July 2020
Spain 2 February 2020 28 March 2020
Sweden 31 January 2020 26 July 2020
Switzerland 24 February 2020 16 March 2020
Turkey 11 March 2020 16 March 2020
UK 1 February 2020 23 March 2020
United States 20 January 2020 7 April 2020

An optimized model (Model 1) was derived using stepwise covari-
ate selection. This was carried out by minimizing the Akaike informa-
tion criterion (AIC),** a log-likelihood penalized by the number of
model variables. Minimizing this criterion produces a model that seeks
to explain the variation in the outcome while omitting superfluous
covariates. This was carried out using the stepAIC procedure in the
MASS library for R.3>3¢

The covariate ‘delay in introducing national COVID-19 control
measures’ differs from the others in that it was the result of govern-
ment decisions. A further model (Model 2) was fitted that omitted this
covariate from Model 1.

Countries were ranked by the model residuals from Models 1 and
2. These show the variation in death rates, which is not explained by
the covariates in a given model. These rankings were compared with a

ranking of countries by raw death rates.

National measures

Date of first case, date upon which national measures were introduced, national measures delay and death rate per million

Death rate per million Log death rate per million

delay (days) population per year population per year
65 111 241
19 192.0 5.26
42 1795.2 7.49
56 478.4 6.17
15 84.8 4.44
15 258.6 5.56
47 121.3 4.80
53 920.0 6.82
54 2215 5.40
15 46.7 3.84
11 157.2 5.06
26 897.2 6.80
40 11825 7.08
93 14.8 2.69
17 711 4.26
53 77 2.04
16 882.9 6.78
26 11.3 242
15 114.7 4.74
8 110.8 4.71
18 417.1 6.03
10 13.2 2.58
12 140.3 4.94
189 11.2 2.42
55 1269.5 7.15
177 1171.3 7.07
21 549.3 6.31
5 177.8 5.18
51 1402.5 7.25
78 852.9 6.75

Analyses were carried out in R 3.6.3.3°

3 | RESULTS

The date of the first case, the date upon which national COVID-19
control measures were introduced, the delay in introducing national
control measures, and the COVID-19 death rate per million popula-
tion per year are shown in Table 1. Summary statistics for all variables
are given in Table 2.

The correlation between obesity rate and COVID-19 death rate
(deaths per million population per year) was 0.153 for the raw death
rate and 0.297 for the logged death rate.

The initial multivariable model including all covariates had a coef-

ficient of determination (multiple R?) of 0.629, which indicates that
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TABLE 2 Summary statistics for variables

Variable Minimum Median Maximum Mean sD
Population 2,078,654 11,114,268 329,064,917 39,347,743 62,949,691
Life expectancy (years) 75.7 81.8 84.5 81.0 2.3
Mean temperature (°C) -53 9.1 25.4 9.3 5.8

% urban population 54.0 80.0 98.0 771 11.2

% <15 years of age 12.9 15.7 25.0 16.5 3.1

% >65 years of age 6.3 18.7 27.0 17.9 4.0

% obese 4.3 222 36.2 22.6 6.6

% with diabetes 3.2 6.0 16.7 6.7 2.8

% with hypertension 11.0 19.7 30.5 20.6 5.2

% who smoke 13.2 233 42.6 244 6.4
Per capita GDP (US $) 27,000 43,500 73,200 43,620 12,387
Population density (per km?) 3.0 106.1 516.7 140.9 129.5
Diversity index 0.004 0.210 0.857 0.269 0.218
National measures delay (days) 5 26 189 43 44
Number of COVID-19 deaths 22 1324 144,469 11,368 27,794
Recording period (days) 137 152 194 163 18
Deaths per million population 3.8 73.0 850.3 209.5 245.5
Deaths per million population per year 7.7 184.9 1795.2 452.8 510.8
Log deaths per million population per year 2.04 5.22 7.49 5.15 1.70

Abbreviation: GDP, gross domestic product.

TABLE 3  Multivariable model of

Covariate Standardized beta 95% confidence interval p-value .
COVID-19 death rate results in terms of

% obese 0.935 (0.257 to 1.612) .010 all model covariates

% >65 years of age 0.928 (—=0.224 to 2.080) .107

Population density (per km?) 0.806 (0.231 to 1.381) .009

% <15 years of age 0.750 (—0.166 to 1.665) 101

% with hypertension 0.402 (—0.541 to 1.345) .378

Life expectancy (years) 0.392 (-0.415 to 1.199) 317

% with diabetes 0.383 (-0.157 to 0.924) 152

National measures delay (days) 0.375 (-=0.174 to 0.925) 166

% urban population -0.350 (—1.049 to 0.349) .303

Mean temperature (°C) —0.305 (-0.776 to0 0.167) .189

Per capita GDP (US $) 0.276 (-0.211 to 0.764) 246

% smoking 0.175 (-0.269 to 0.619) 415

Population -0.133 (-0.698 to 0.431) 622

Diversity index 0.112 (—=0.356 to 0.580) 617

Abbreviation: GDP, gross domestic product.

Beta is a standardized regression model coefficient. Rows are sorted by the absolute value of beta,
in descending order.

The multiple R? value was 0.629.

63% of the inter-country variation in COVID-19 death rates can be The model optimized using stepwise selection (Model 1) included
explained by the 14 covariates included in the model. Standardized 10 of the 14 covariates. In descending order of absolute size of the
model coefficients with 95% confidence intervals and associated standardized model coefficients, these were the percentage of the

p-values are given in Table 3. adult population that is obese, the percentage of the adult population
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TABLE 4 COVID-19 death rate results in terms of an optimized set of covariates selected using AIC (Model 1), and the same model without

the national measures delay covariate (Model 2)

Model 1 Model 2
EovElE Standardized 95% confidence Standardized 95% confidence

beta interval p-value beta interval p-value
% obese 0.901 (0.347 to 1.455) .003 0.719 (0.246 to 1.191) .005
% with hypertension 0.689 (0.017 to 1.361) .045 0.448 (—0.103 to 0.999) .105
Population density (per 0.688 (0.218 to 1.158) .006 0.613 (0.153 to 1.072) 011

km?)

Life expectancy (years) 0.519 (-=0.126 to 1.163) 109 0.437 (-=0.201 to 1.075) 169
% >65 years of age 0.438 (—0.200 to 1.076) 167 0.440 (—0.206 to 1.086) 171
% <15 years of age 0.353 (—0.249 to 0.955) 234 0.344 (—0.265 to 0.953) .253
% with diabetes 0.283 (-0.151 to 0.716) .188 0.243 (-0.190 to0 0.677) .256
National measures delay 0.280 (=0.179 to 0.739) 216
Per capita GDP (US $) 0.279 (-0.153 t0 0.712) 193 0.235 (-0.197 to 0.667) 269
Mean temperature (°C) —0.265 (-0.667 to 0.138) .185 -0.281 (—0.688 to 0.125) 165

Abbreviations: AIC, Akaike information criterion; GDP, gross domestic product.

Beta is a standardized regression model coefficient. Rows are sorted by the absolute value of beta, in descending order (Model 1).

The multiple R? values were 0.583 (Model 1) and 0.547 (Model 2).

with hypertension, population density, life expectancy, the percentage
of the population aged older than 65 years, the percentage of the
population aged younger than 15 years, the percentage of the adult
population with diabetes, national COVID-19 control measures delay,
per capita GDP and mean temperature. The model coefficient for
mean temperature was negative, indicating an association between
higher mean temperatures and lower COVID-19 death rates. The mul-
tiple R? value for this model was 0.583, showing that these
10 covariates explain 58% of the inter-country variation in COVID-19
death rates. Further results for Model 1 are given in Table 4.

Model 2, which omitted the covariate ‘national COVID-19 control
measures delay’, had a multiple R? value of 0.547. Model 2 explains
3.6% less of the variation in death rates than Model 1 does. Further
results for Model 2 are given in Table 4.

The rankings of countries by (A) raw COVID-19 death rates,
(B) residuals from Model 1 and (C) residuals from Model 2, are given
in Table 5. Rankings (B) and (C) indicate the relative COVID-19 death
rates across countries once the variables in the relevant model have
been controlled for.

Where a country is lower in ranking (B) than ranking (A), this indi-
cates that the country's death rate has been elevated by compara-
tively unfavourable values for the covariates included in Model 1. For
example, the UK is seven places lower in ranking (B) than in ranking
(A). This can be attributed to characteristics of the UK, including a high
obesity rate, a high population density, a high proportion of older peo-
ple and a low mean temperature.

Where a country is higher in ranking (B) than ranking (A), this indi-
cates that the country's death rate has been depressed by compara-
tively favourable values for the Model 1 covariates. For example,
Malaysia is 23 places higher in ranking (B) than in ranking (A). This can
be attributed to characteristics of Malaysia, including a low obesity

rate, a comparatively low percentage of the population aged older
than 65 years and a high temperature.

Where a country is lower in ranking (C) than in ranking (B), this
indicates that a comparatively short delay in introducing national
COVID-19 control measures helped to reduce the death rate. For
example, Denmark had a delay in introducing control measures of
15 days and is five places lower in ranking (C) than in ranking (B).

Where a country is higher in ranking (C) than in ranking (B), this
indicates that a comparatively long delay in introducing national
COVID-19 control measures contributed to increasing the death rate.
For example, Sweden, which never introduced national COVID-19 con-
trol measures as defined in this analysis, is ranked nine places higher in
ranking (C) than in ranking (B), and the United States, which had a com-
paratively long delay of 78 days in introducing COVID-19 control mea-
sures, is ranked seven places higher in ranking (C) than in ranking (B).

4 | DISCUSSION

In the final multivariable model, the factor most strongly associated
with COVID-19 death rate is the obesity rate, followed by the hyper-
tension rate then population density. Factors related to the age struc-
ture of the population show somewhat weaker associations, with
higher life expectancy and a higher percentage of the population aged
older than 65 years being associated with higher death rates, as would
be expected given the greater vulnerability of older people to
COVID-19. A higher proportion of children aged younger than
15 years in the population is also associated with a higher death rate.
The role of children in spreading COVID-19 remains unclear, with
recent evidence suggesting that children play less of a role than adults

in transmitting the virus.®” However, it is possible that children have
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TABLE 5 Countries ranked by (A) observed time-adjusted death rate, (B) residuals from Model 1, and (C) residuals from Model 2

S b ey me ke from optimized model (Model 1)
1 Belgium Spain

2 UK Italy

3 Spain Portugal

4 Italy Belgium

5 Sweden Ireland

6 France France

7 Ireland Malaysia

8 Netherlands Austria

9 United States UK

10 Switzerland Switzerland
11 Canada Sweden

12 Portugal Denmark

13 Denmark Canada

14 Germany Greece

15 Austria Lithuania

16 Turkey Poland

17 Hungary United States
18 Slovenia Hungary

19 Finland Finland

20 Norway Turkey

21 Poland Netherlands
22 Czech Republic South Korea
23 Lithuania Slovenia

24 Greece Norway

25 Japan Slovakia

26 Slovakia Germany

27 New Zealand Japan

28 South Korea Czech Republic
29 Australia Australia

30 Malaysia New Zealand

(B) Rank controlling for model covariates

(C) Rank controlling for covariates, excluding
national measures delay (Model 2)

+2 Spain 0

+2 Sweden +9
+9 Italy -1
-3 France +2
+2 Portugal -2
0 Ireland -1
+23 Belgium -3
+7 UK +1
-7 Malaysia -2
0 United States +7
-6 Austria -3
+1 Canada +1
-2 Lithuania +2
+10 Switzerland -4
+8 Hungary +3
+5 Poland 0

-8 Denmark -5
-1 South Korea +4
0 Greece -5
-4 Turkey 0

-13 Finland -2
+6 Slovenia +1
-5 Netherlands -2
-4 Slovakia +1
+1 Norway -1
-12 Germany 0

-2 Czech Republic +1
-6 Australia +1
0 Japan -2
-3 New Zealand 0

Note: The number following the Model 1 rankings (B) gives the change in rank compared with the raw data rankings (A).
The number following the Model 2 rankings (C) gives the change in rank compared with the Model 1 rankings (B).

an important role in spreading the virus as asymptomatic carriers.
Another possible explanation for this finding is that the role of chil-
dren in spreading the virus is mainly an indirect one through popula-
tion mixing, with children promoting adult-to-adult contact via school
drop-offs and pick-ups, as well as adult-to-elder contact in situations
where grandparents provide childcare.

The factors more weakly associated with COVID-19 death rates
are the diabetes rate, the delay in the imposition of national control
measures, per capita GDP and temperature, with higher national tem-
peratures being associated with lower death rates. Of these factors,
only the role of per capita GDP is unexpected. A possible explanation
for the association between higher levels of GDP and higher
COVID-19 death rates may be that there is more intra- and interna-
tional travel in wealthier populations.

The covariates analysed here explain around 63% of the interna-
tional variation in COVID-19 death rates, leaving around 37% to be
explained by other factors.

Some of this remaining variation is probably the effect on death
statistics of heterogeneity in the ways in which a death from
COVID-19 has been defined in different countries. For example, some
countries have considered that any death where the patient tested
positive for COVID-19 during their final illness was a death from
COVID-19, while other countries have only counted deaths where
COVID-19 was the main cause of death.®® Where there is a require-
ment for a positive test result, COVID-19 deaths that occur outside
hospital may not be recorded as such. Analysis of excess deaths in
2020, compared with the mean death rates for previous years, sug-
gests that the number of COVID-19 deaths may be considerably
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higher than has been reported, and the degree of under-reporting
probably varies by country.®?

Sweden and South Korea differ from all the other countries stud-
ied in that neither imposed national COVID-19 control measures,
according to the definition adopted in the current study. The analysis
suggests that the decision not to ‘lockdown’ led to a higher death rate
in these countries than would otherwise have occurred. The death
rate in the United States also appears to have been higher because of
a slow imposition of national virus control measures, with the delay
between the first case of COVID-19 and the imposition of national
measures being 78 days.

Concern has been expressed in the UK that the national
COVID-19 death rate is high compared with that of most other
countries. The ‘lockdown’ delay in the UK was close to the interna-
tional average, and therefore this by itself does not explain the UK's
comparatively high death rate. This analysis suggests that the UK's
high death rate is partly explained by demographic and health fac-
tors, including a high obesity rate, high population density and high
rates of hypertension.

One strength of this analysis is the inclusion of a wide range of
covariates resulting in a model that accounts for 63% of the inter-
country variation in COVID-19 death rates. The countries studied
comprise 15% of the global population, and therefore this represents
a large proportion of the world's wealthier nations.

However, the sample size of 30 countries is small for linear
regression analysis. This makes the results of the regression models
less robust than where a larger sample size is available. Another limita-
tion is that data were analysed at country level while there is consid-
erable regional heterogeneity in the pandemic within countries. Some
of the unexplained inter-country variation in death rates is probably a
result of modelling the outcome and covariates at this comparatively
high level.

In conclusion, a considerable proportion of the international varia-
tion in COVID-19 death rates in wealthier countries can be explained
by obesity rates, population density, age distribution, hypertension,
diabetes rates and national temperature, all factors which are outside
government control, at least in the short term.

However, how quickly governments imposed virus control mea-
sures was also an influential factor on death rates, and this should
inform policy in the case of future viral epidemics. There is also a case
for strengthening policies aimed at tackling obesity, diabetes and
hypertension, because an additional benefit of such public health
measures may be that populations have greater resistance to future
respiratory virus epidemics. The relationships between obesity, diabe-
tes and COVID-19 are not yet fully understood.*° Further studies are
needed to clarify how obesity, diabetes and hypertension influence

death rates from respiratory epidemics such as COVID-19.
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