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ABSTRACT

OBJECTIVE

To explore inequalities in human resources for health
(HRH) in relation to all cause and cause specific
mortality globally in 1990-2019.

For numbered affiliations see
end of the article

Correspondence to: J Liu
jueliu@bjmu.edu.cn
(ORCID 0000-0002-1938-9365)

Additional material is published

online only. To view please visit DESIGN

the ‘O,“”“a' ontine. Observational study.

Cite thisas: BMJ2023;381:e073043

http://dx.doi.org/10.1136/ SETTING

bmj-2022-073043 172 countries and territories.
Accepted: 28 March 2023 DATA SOURCES

Databases of the Global Burden of Disease Study
2019, United Nations Statistics, and Our World in
Data.

MAIN OUTCOME MEASURES

The main outcome was age standardized all cause
mortality per 100000 population in relation to
HRH density per 10000 population, and secondary
outcome was age standardized cause specific
mortality. The Lorenz curve and the concentration
index (CCl) were used to assess trends and
inequalities in HRH.

RESULTS

Globally, the total HRH density per 10000 population
increased, from 56.0in 1990 to 142.5in 2019,
whereas age standardized all cause mortality per
100000 population decreased, from 995.5 in 1990
to 743.8in 2019. The Lorenz curve lay below the
equality line and CCl was 0.43 (P<0.05), indicating
that the health workforce was more concentrated

WHAT IS ALREADY KNOWN ON THIS TOPIC

Human resources for health (HRH), a range of occupations to promote or improve
health, are of importance to achieve universal health coverage by 2030
Although several studies have analyzed the relation between HRH density and
mortality rate, most focused on maternal mortality ratio and mortality rates in
under-5s, infants, and neonates

Studies focusing on inequalities in total and specific HRH types and relations
with cause specific mortality from a global perspective across three decades are
scare

WHAT THIS STUDY ADDS

Inequalities in HRH have been decreasing globally over the past 30 years but
persist

The negative association between total HRH density and mortality rate was
statistically significant and more pronounced for some types of cause specific
mortality

Countries and territories should refocus on the human resource pool of priority
HRH cadres on the basis of leading cause specific mortality

thelbmj | BMJ2023;381:¢073043 | doi: 10.1136/bmj-2022-073043

1,9,10,11,12

among countries and territories ranked high on the
human development index. The CCl for HRH was
stable, at about 0.42-0.43 between 1990 and 2001
and continued to decline (narrowed inequality),

from 0.43 in 2001 to 0.38 in 2019 (P<0.001). In the
multivariable generalized estimating equation model,
a negative association was found between total HRH
level and all cause mortality, with the highest levels of
HRH as reference (low: incidence risk ratio 1.15, 95%
confidence interval 1.00 to 1.32; middle: 1.14, 1.01 to
1.29; high: 1.18, 1.08 to 1.28). A negative association
between total HRH density and mortality rate was
more pronounced for some types of cause specific
mortality, including neglected tropical diseases and
malaria, enteric infections, maternal and neonatal
disorders, and diabetes and kidney diseases.

The risk of death was more likely to be higherin
people from countries and territories with a lower
density of doctors, dentistry staff, pharmaceutical
staff, aides and emergency medical workers,
optometrists, psychologists, personal care workers,
physiotherapists, and radiographers.

CONCLUSIONS

Inequalities in HRH have been decreasing over the
past 30 years globally but persist. All cause mortality
and most types of cause specific mortality were
relatively higher in countries and territories with

a limited health workforce, especially for several
specific HRH types among priority diseases. The
findings highlight the importance of strengthening
political commitment to develop equity oriented
health workforce policies, expanding health financing,
and implementing targeted measures to reduce
deaths related to inadequate HRH to achieve universal
health coverage by 2030.

Introduction

Human resources for health (HRH), a range of
occupations designed to promote or improve human
health, are of vital importance in the process of
achieving universal health coverage by 2030.}3
In September 2015, the United Nations adopted
a new development agenda, with 17 sustainable
development goals replacing the millennium
development goals, and sustainable development goal
3 focusing on a broad range of health goals.*® One of
the specific targets of sustainable development goal 3
is to substantially increase health financing and the
recruitment, development, training, and retention
of the health workforce in developing countries.’ In
July 2020, the World Health Organization, through its
global strategy for HRH, further reaffirmed the vision
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to accelerate progress towards achieving universal
health coverage and the sustainable development
goals by ensuring equitable access to health workers
in strengthened health systems.” Global public health
emergencies such as the covid-19 pandemic also
present major challenges to the availability, equity,
and future planning of HRH globally.®

HRH is one of the essential safeguards for
health.” Practically, a shortage in HRH was the most
conspicuous constraint on the lack of success of
many countries to achieve the three health related
millennium development goal targets—reducing child
mortality, improving maternal health, and combat
HIV/AIDS and other diseases.'®'* Achieving universal
health coverage depends not only on the availability of
a sufficient number of qualified and motivated health
workers but also on their equitable distribution.'® *
The uneven distribution of health staff is a serious
and longstanding global problem, especially for
the imbalanced distribution across countries and
territories.’® 7 One study found that the Americas,
which comprises 37% of the global health workforce,
has only 10% of the global burden of disease.'” In
contrast, sub-Saharan Africa has more than 24% of
the global burden of disease but only 3% of the global
health workforce.'” '® Population mortality rates can
be affected by factors both internal and external to the
health workforce,* ® ** 2° including productivity level,
healthcare conditions, education level, social welfare
policies, and natural disasters. An econometric study
showed that higher density of a health workforce,
particularly of total skilled health workers and nursing
and midwifery staff, was substantially correlated with
a lower maternal mortality ratio and mortality rates in
under-5s, infants, and neonates, and the higher health
workforce density was also significantly associated
with lower excess covid-19 deaths per 100000
population.” However, the association between the
density of doctors and maternal mortality ratio and
mortality rates in under-5s, infants, and neonates was
inconsistent in several earlier studies.?!?® Moreover,
no significant results were identified in five cross
country studies that investigated the associations
between nurse density and maternal mortality ratio
and mortality rate in under-5s and infants,**?3 2 %7
The inconsistent results of previous studies may have
resulted from the methods, variables, and procedures
used.21-23 2627

Although several studies® ?!*” have analyzed the
relation between HRH and mortality rate, studies
focusing on inequalities in HRH in association with
cause specific mortality from a global perspective are
scarce. To help contribute to the promotion of healthy
lives and wellbeing and effective universal health
coverage, we quantified the associations between
HRH and all cause and cause specific mortality in
172 countries and territories representing most of
WHO’s member states. To provide baseline data for
understanding the current distribution of HRH, we
also explored the inequalities in HRH from 1990 to
2019.

RESEARCH

Methods

Study design and data sources

We collected yearly data on total HRH, specific
types of HRH, all cause mortality, and cause specific
mortality from 1990 to 2019 at country level from
the Global Burden of Disease Results (https://
vizhub.healthdata.org/ghd-results/), a widely used
database coordinated by the Institute for Health
Metrics and Evaluation.?® Based on the assessment
criteria of data quality, to ensure rigor of the data
we finally included 172 of the 204 countries and
territories (see supplementary table S1). Data on
demographic characteristics, socioeconomic status,
and health services were obtained from United
Nations Statistics (http://data.un.org/) and Our
World in Data (https://ourworldindata.org/) to be
used as covariates in our models (see supplementary
methods for details).?3!

Human resources for health

HRH encompasses a range of occupations intended
to promote or improve human health.!” We
extracted annual data for the densities of both total
and specific types of HRH (per 10000 population)
from 1990 to 2019 by location from the Global
Burden of Disease Study 2019 (see supplementary
table S2).’? After we had consolidated similar
occupations, 16 health worker cadres remained
(see supplementary table S4). Doctors, nursing and
midwifery staff, dentistry staff, and pharmaceutical
staff are highlighted in sustainable development
goal 3.c.1.> ¥ 3* The Global Burden of Disease
Study produced modeled estimates for the missing
data points (see supplementary table S3). Briefly,
the Institute for Health Metrics and Evaluation
systematically extracted data from WHO’s Global
Health Observatory and representative cross
sectional surveys and censuses that sampled general
working age populations (defined as ages 15-69)
in which respondents self-reported employment
status and current occupation.>> Employment and
occupation data for HRH in the Global Burden of
Disease Study 2019 were mapped to the International
Standard Classification of Occupations-88.>%3° After
the HRH cadres had been split and bias corrections
performed, we applied spatiotemporal Gaussian
process regression—a flexible three stage modeling
approach—to model HRH densities from 1990 to
2019 for all of the countries and territories. This
model is widely used in Global Burden of Disease
studies, allowing the generation of full time series
estimates with uncertainty intervals from data that
are usually unevenly distributed in space and time.>”

All cause and cause specific mortality

In this study we considered age standardized all
cause mortality (per 100000 population) as the
primary outcome and 21 age standardized types
of cause specific mortality as secondary outcomes
(see supplementary table S5). The Global Burden
of Disease cause of death database 2019 consists

doi: 10.1136/bmj-2022-073043 | BMJ2023;381:e073043 | thebmj

y6LAdod Ag pa1osioid “14 emiosuod TLSN ai7 1un Bunjad 1e €20z AInC 0z uo /wod fwg-mmmy/:dny wouy papeojumoq €20z AeN 0T U0 £70€/0-2202-IWa/9ETT 0T Sk paysiignd 1s1y :CING


https://vizhub.healthdata.org/gbd-results/
https://vizhub.healthdata.org/gbd-results/
http://data.un.org/
https://ourworldindata.org/
http://www.bmj.com/

RESEARCH

of all available global data extracted from vital
registration, verbal autopsy, registry, survey, police
report, and surveillance systems (see supplementary
table S6).>°%® To enhance comparability, the Global
Burden of Disease group mapped detailed causes
(coded according to the international classification
of diseases) and redistributed garbage codes to the
Global Burden of Disease cause list (levels 1-4).%’
After several steps of data correction, we modeled
processed data using standardized tools to generate
estimates of mortality. Cause of Death Ensemble
modeling (CODEm), a highly systematized tool
with four families of statistical models, was the
framework used to model most of the cause specific
death rates in the Global Burden of Disease. We used
DisMod-MR 2.1, negative binomial models, natural
history models, sub-cause proportion models, and
prevalence based models to model a subset of causes
of death with unique epidemiology, large changes
in reporting over time, or particularly limited data
availability.’” For all cause mortality, we mainly
used spatiotemporal Gaussian process regression
to synthesize data sources after correction for
known biases and to estimate the mortality rate (see
supplementary methods).>®37 %°

Statistical analysis

We compared demographic information,
socioeconomics, and health resources among 172
countries and territories within different levels of HRH
(lowest, low, middle, high, and highest) using median
and interquartile range. Estimated annual percentage
change was calculated by fitting the regression line:
y=a+PBx+¢, where P represents the annual change in
In(HRH density or mortality rate).”® We calculated
estimated annual percentage change as 100x(ef-1)
to assess the temporal trend of the HRH density
and mortality rate, along with corresponding 95%
confidence intervals.*"*® If annual percentage change
estimates and 95% confidence intervals were both >0
(or both <0), we considered the corresponding rate to
be in an upward (or downward) trend.

We applied the Lorenz curve and the concentration
index (CCI) to indicate the unequal distribution
among countries with different development levels
based on the human development index. The greater
the deviation of the Lorenz curve from the diagonal
line, the more marked the inequality. CCI is defined
as twice the area between the curve and the diagonal,
which ranges from -1 to 1. A positive CCI value
indicates that HRH is distributed in the group ranked

Table 1 | Characteristics of demographics, socioeconomic status, and health services by different levels of human resources for health in 172 countries

and territories, 1990-2019. Values are median (interquartile range) unless stated otherwise

HRH levels
Characteristics Total Lowest Low Middle High Highest P value*
Demographic
Population density (people per 82.2(35.3-181.0) 61.0 (34.7- 78.6 (34.6- 79.4 (34.3-158.9) 94.5 (46.1-169.6) 112.3(23.5-258.3) <0.001
km?) 134.1) 143.2)
Population living in urban areas 58.5 (40.6-77.3) 31.6 (18.9-44.4) 45.5(32.8-58.6) 58.1(49.8-73.9)  68.9 (58.2-84.9) 82.4 (74.1-91.5) <0.001
(%)
Average years of schooling (years) 8.0 (5.6-10.1) 3.4 (2.3-4.5) 6.5 (5.3-7.9) 8.2 (7.3-9.5) 9.3 (8.1-10.7) 11.2 (9.6-12.1) <0.001
Sociodemographic index 0.6 (0.5-0.7) 0.3 (0.2-0.4) 0.5 (0.4-0.6) 0.6 (0.6-0.7) 0.7 (0.7-0.8) 0.8 (0.8-0.8) <0.001
Socioeconomic status
GDP per capitat 10990.6 (4661.8- 2085.0 (1414.9- 6242.4(3965.8- 11 424.6 (8725.5- 19247.7 (13 40 414.4 (30 046.8- <0.001
25 076.6) 3476.7) 8943.1) 14712.0) 532.2-29 694.6) 51875.3)
Human development index 0.7 (0.6-0.8) 0.4 (0.4-0.5) 0.6 (0.6-0.7) 0.7 (0.7-0.7) 0.8 (0.7-0.8) 0.9 (0.8-0.9) <0.001
HRH (workers per 10 000 population)
Total 89.7 (38.4-186.9) 21.0 (16.0-25.7) 46.1 (38.4-54.3) 89.7 (75.9-106.3) 163.4 (145.1-186.9) 338.1 (274.5-442.1) <0.001
Cadres:
Doctors 11.8 (4.6-23.3) 1.8 (1.0-3.8) 6.3 (3.7-9.1) 12.3(7.8-17.4) 18.8 (13.4-26.8) 32.5 (25.7-39.8) <0.001
Nursing and midwifery staff 33.0 (14.4-62.2) 8.2 (5.5-11.3) 18.9 (13.9-24.6) 33.8 (23.3-43.8) 56.0 (46.5-68.0) 108.9 (81.7-140.8)  <0.001
Dentistry staff 4.2 (0.9-9.5) 0.2 (0.1-0.4) 1.3 (0.7-2.6) 4.5 (2.3-6.8) 8.5 (5.2-10.7) 12.5(9.7-16.3) <0.001
Pharmaceutical staff 4.4 (1.6-10.1) 0.6 (0.4-1.4) 2.3(1.2-3.4) 4.4 (2.5-6.4) 8.0 (5.2-11.8) 14.4 (10.4-18.4) <0.001
Medical assistants and CHWs 2.5(1.2-5.5) 1.2 (0.8-1.6) 1.6 (0.7-2.1) 2.5(1.1-4.0) 4.3 (3.0-7.7) 8.1(5.2-12.9) <0.001
Aides and emergency medical 6.7 (2.1-25.2) 1.3(0.7-2.2) 2.4 (1.3-4.2) 6.5 (3.7-10.5) 19.9 (13.2-28.4) 69.2 (39.8-107.6) <0.001
workers
Medical laboratory technicians 2.3 (0.8-5.0) 0.3 (0.2-0.6) 1.1 (0.6-1.8) 2.4 (1.6-3.4) 4.0 (2.9-6.1) 8.9 (5.2-12.2) <0.001
Dietitians and nutritionists 1.0 (0.2-2.7) 0.1 (0.0-0.2) 0.4 (0.2-0.8) 1.1 (0.6-1.9) 2.3(1.3-3.7) 3.8 (2.5-6.4) <0.001
Optometrists 0.5 (0.1-2.1) 0.1 (0.0-0.1) 0.2 (0.1-0.3) 0.5 (0.2-1.2) 1.5 (0.8-2.8) 3.5 (2.3-5.0) <0.001
Audiologists and counsellors 1.7 (0.6-4.3) 0.3 (0.1-0.8) 0.7 (0.3-1.5) 1.8 (1.0-2.9) 3.9 (2.4-5.9) 6.4 (4.3-9.4) <0.001
Psychologists 2.2 (0.4-5.8) 0.2 (0.1-0.3) 0.6 (0.3-1.1) 2.3(1.3-3.7) 4.8 (3.4-7.1) 9.5 (6.8-13.5) <0.001
Environmental health officers 2.1(0.6-4.4) 0.5 (0.3-0.7) 1.0 (0.5-2.0) 2.8 (1.0-4.4) 3.7 (1.9-6.5) 4.6 (3.4-7.3) <0.001
Personal care workers 2.8(0.7-9.6) 0.3 (0.1-0.8) 1.1 (0.4-2.4) 2.4 (1.1-4.7) 6.5(3.8-11.5) 20.7 (11.3-32.7) <0.001
Traditional and complementary 1.4 (0.6-2.5) 1.6 (0.6-2.9) 1.1 (0.4-2.0) 1.0 (0.5-1.7) 1.4 (0.7-2.3) 2.5 (1.3-4.7) <0.001
medicine practitioners
Physiotherapists 2.8(0.4-7.4) 0.1 (0.1-0.3) 0.7 (0.3-1.9) 3.1(1.5-5.4) 5.6 (3.3-8.8) 11.5(7.8-18.1) <0.001
Radiographers 0.9 (0.3-2.7) 0.2 (0.1-0.3) 0.4 (0.2-0.7) 0.8 (0.4-1.3) 1.9 (1.2-3.3) 5.4 (3.6-7.9) <0.001
CHWs=community health workers; GDP=gross domestic product; HRH=human resources for health.
All P values <0.05.
*Test for trends for different HRH levels for demographic and socioeconomic characteristics, and for HRH variables for 1990 to 2019.
tConstant 2017 international $.
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Table 2 | Trends in human resources for health density stratified by cadre in 172 countries and territories, 1990-2019. Values are median (interquartile
range) unless stated otherwise

HRH density

HRH (workers per 10000 population) 1990 2019 EAPC (%, 95% Cl) P value*

Total 56.0 (25.0-127.1) 142.5 (58.5-277.5) 2.9(2.5t03.2) <0.001

Cadres:
Doctors 8.3 (3.4-17.2) 17.4 (7.5-30.7) 2.4 (2.0t02.8) <0.001
Nursing and midwifery staff 21.6 (9.6-49.2) 49.3(22.3-79.0) 2.2(1.9t02.6) <0.001
Dentistry staff 2.5 (0.5-6.0) 6.5 (2.0-12.0) 3.2(2.6t03.7) <0.001
Pharmaceutical staff 2.5(1.0-6.3) 7.0(2.7-15.1) 3.2(2.8103.5) <0.001
Medical assistants and CHWs 1.7 (0.9-4.1) 3.7 (1.8-7.8) 2.6 (2.3102.9) <0.001
Aides and emergency medical workers 3.8(1.2-17.3) 11.5 (3.8-41.7) 4.3 (3.8t0 4.8) <0.001
Medical laboratory technicians 1.2 (0.4-2.8) 3.6 (1.5-7.0) 3.9 (3.5t04.3) <0.001
Dietitians and nutritionists 0.6 (0.1-1.6) 2.0(0.5-3.8) 4.2 (3.7t04.7) <0.001
Optometrists 0.2 (0.0-1.1) 1.1(0.3-3.7) 5.3 (4.8105.9) <0.001
Audiologists and counsellors 1.0 (0.4-2.7) 3.0 (1.0-6.5) 3.2(2.8t03.7) <0.001
Psychologists 1.2 (0.2-3.2) 4.3 (0.9-9.3) 4.5 (4.0t05.1) <0.001
Environmental health officers 1.7 (0.5-3.5) 3.0 (1.0-5.5) 25(12.1t02.9) <0.001
Personal care workers 1.3 (0.3-4.4) 5.9(1.7-15.6) 5.0 (4.4 10 5.6) <0.001
Traditional and complementary medicine practitioners 1.2 (0.5-2.2) 1.8 (0.9-3.0) 1.5(1.2t0 1.8) <0.001
Physiotherapists 1.5 (0.2-4.7) 5.7 (0.9-11.0) 4.4 (3.9t05.0) <0.001
Radiographers 0.4 (0.2-1.5) 1.5 (0.5-4.5) 3.8(3.4t04.3) <0.001

Cl=confidence interval; CHW=community health worker; EAPC=estimated annual percentage change; HRH=human resources for health.

*P for trend <0.05.

higher on the human development index, whereas a
negative value indicates the opposite. The closer to
0 the CCI is, the more equitable is the allocation of
resources.”* To assess the association between HRH
(total and 16 types) and mortality rates (all cause
and 21 cause specific), we applied the generalized
estimating equation model, a widely used linear
model for longitudinal data analysis with repeated
measures over time.*” The generalized estimating
equation model used a gamma distribution and log-
link function to control for the skewed nature of
mortality. The dependent variable refers to In(age
standardized mortality rate). In the univariable model,
after controlling for the effect of time, we explored the
association between HRH and mortality rates using
crude incidence risk ratios and corresponding 95%
confidence intervals. In multivariable models, we
controlled for year, population density, percentage

EAPC (%) )

m6.0to7.2
m 4.5t0 6.0
m 3.0to 4.5

iy

1.5t0 3.0 (-0.3%)

0to1.5 1
<0 o

3

Myanmar
(7.2%)

of the population living in urban areas, average years
of schooling, gross domestic product per capita, and
ranking on the human development index. To test
the robustness of the results, in sensitivity analyses
we replaced the human development index with the
socioeconomic index. STATA version 13.0 and SPSS
version 23.0 were used in this study, and statistical
significance was attributed to two sided P values
<0.05. For more details on the statistical analysis, see
the methods section in the supplementary file.

Patient and public involvement

Being involved in the Global Burden of Disease
2019 and other open databases rather than directly
speaking to patients inspired this research. Although
no patient was directly involved in this study, members
of the public read our manuscript, and all agreed on
the specific findings of this study.

Zimbabwe

Fig 1 | Estimated annual percentage change (EAPC) in human resources for health per 10000 population in 172 countries and territories, 1990-2019
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Fig 2 | Estimated annual percentage change (EAPC) in all cause mortality per 100 000 population in 172 countries and territories, 1990-2019
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Results

Basic characteristics and different levels of HRH
Countries and territories with higher levels of HRH
were likely to have higher population density,
a higher percentage of the population living in
urban areas, more average years of schooling, and
a higher socioeconomic index (all P<0.05) (table
1). For indicators denoting socioeconomic status,
gross domestic product per capita and the human
development index were also positively changed with
the increase of total health workforce. In addition,
the total median density of HRH between 1990 and
2019 was 89.7 (interquartile range (IQR) 38.4-186.9)
workers per 10000 population, ranging from 21.0 to
338.1 workers per 10000 population in countries with
different HRH levels. Similar distributions were seen in
all 16 HRH cadres.

Trends and inequalities in HRH among 172
countries and territories

Globally, total HRH density increased from 56.0
per 10000 population in 1990 to 142.5 per 10000
population in 2019, with an estimated annual
percentage change of 2.9% (95% confidence interval

20 40 60 80 100
Cumulative percentage of population ranked by HDI (%)

Fig 3 | Lorenz curve of health worker density for human resources for health among 172

2.5% to 3.2%). A positive estimated annual percentage
change was observed in each cadre, ranging from
1.5% for traditional and complementary medicine
practitioners to 5.3% for optometrists (table 2). Among
172 countries and territories, the total HRH density
in 2019 was distributed unevenly—Sweden had the
highest access to HRH per capita (696.1 workers per
10000 population), whereas Ethiopia and Guinea
had less than one ninth of the global HRH level,
with 13.9 and 15.1 workers per 10000 population,
respectively (see supplementary table S7). Except
for Zimbabwe (-0.3%, —0.6% to 0%), all countries
had a positive estimated annual percentage change
(P<0.05; fig 1, also see fig 2 for all cause mortality
estimates per 100 000 population) and supplementary
table S7). Myanmar had the highest estimated annual
percentage change in HRH density (7.2%, 6.9% to
7.5%). Supplementary table S8 and supplementary
figure S2 display the densities and estimated annual
percentage changes in 16 HRH cadres in 172 countries
and territories.

The Lorenz curve of health worker density lay below
the equality line, with a positive CCI of 0.43 (P<0.05),
indicating that the health workforce was more
concentrated among countries and territories that
ranked high on the human development index (fig 3).
Supplementary figure S1 shows the Lorenz curve of all
16 cadres of HRH. The CCI for HRH was stable at about
0.42-0.43 between 1990 and 2001 and continued to
decline (narrowed inequality), from 0.43 in 2001 to
0.381in 2019 (P<0.001, fig 4, supplementary table S9).
The CCI of four HRH cadres highlighted in sustainable
development goal 3c.1—doctors, nursing and
midwifery staff, dentistry staff, and pharmaceutical
staff were 0.37, 0.38, 0.43, and 0.41, respectively
(P<0.001, supplementary table S10).

Disparities in mortality among 172 countries and
territories

countries and territories, 1990-2019. HDI=human development index. Diagonal broken
line represents equity line. Shaded area represents 95% confidence interval
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The all cause age standardized mortality rate
decreased from 995.5 (IQR 790.9-1317.0) per 100000
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Fig 4 | Trends in concentration index for human resources for health, among 172
countries and territories, 1990-2019. Shaded area represents 95% confidence interval

population in 1990 to 743.8 (539.0-990.9) per
100000 population in 2019, with an estimated annual
percentage change of —1.3% (95% confidence interval
-1.4% to -1.2%) (table 3). The age standardized
mortality rate in 2019 was highest in the Solomon
Islands (1919.9) and lowest in Singapore (324.1) and
Japan (323.3) (see supplementary table S11), The
estimated annual percentage change differed, from
the highest in Uzbekistan (1.3%, 0.8% to 1.8%) to
the lowest in the Maldives (-3.3%, —3.5% to —3.0%),
Ethiopia (-3.3%, -3.5% to —-3.1%), and Rwanda
(-4.4%, —-5.7% to —3.1%) (fig 2 and supplementary
table S11). For the 21 types of cause specific mortality,
the number of deaths per 100 000 population declined
from 1990 to 2019 for most of the causes, except for
deaths due to neurological disorders, mental disorders,

disorders (table 3). According to the results shown in
supplementary table S12, the mortality rate for HIV/
AIDS and sexually transmitted infections increased
from 2.0 (95% confidence interval 0.7 to 7.6) per
100000 population in 1990 to 3.6 (0.7 to 19.1) per
100000 population in 2000, but then decreased
steadily to 3.4 (0.6 to 11.5) per 100000 population
in 2019. The mortality rate increased before 2000
(estimated annual percentage change 7.5%, 95%
confidence interval 4.0% to 11.2%) and then declined
after 2010 (-2.7%, —5.9% to 0.5%).

Results using generalized estimating equation
model
In the multivariable generalized estimating equation
model, a negative association was observed between
total HRH density and all cause mortality, with the
highest HRH levels as reference group (low: adjusted
incidencerisk ratio 1.15, 95% confidence interval 1.00
to 1.32; middle: 1.14, 1.01 to 1.29; high: 1.18, 1.08
to 1.28) (fig 5, fig 6, and supplementary table S13).
The increase in human development index (0.06, 95%
confidence interval 0.03 to 0.10) may also be related
to the decreased mortality (supplementary table S13).
Compared with the Solomon Islands (HRH 42.0, age
standardized mortality rate 1919.9), some countries
had a very low density of HRH in 2019 but lower
all cause mortality, such as Ethiopia (18.2, 993.5),
Morocco (32.3, 851.5), and Palestine (34.9, 796.6)
(see supplementary figure S19).

In most disease models, negative associations
were found between total HRH density and particular
types of cause specific mortality, except for HIV/AIDS

skin and subcutaneous diseases, and musculoskeletal and sexually transmitted infections, neoplasms,
Table 3 | Trends for all cause and cause specific mortality in 172 countries and territories, 1990-2019
Age standardized mortality rate (IQR)
Mortality per 100 000 population 1990 2019 EAPC (%, 95% ClI) P value
All cause 995.5 (790.9-1317.0) 743.8 (539.0-990.9) -13(-1.4t0-1.2) <0.001*
Cause specific:
HIV/AIDS and sexually transmitted infections 2.0(0.7-7.6) 3.4 (0.6-11.5) 0.3 (-0.4t0 1.0) 0.37
Respiratory infections and tuberculosis 53.8 (31.5-152.4) 30.0(17.7-77.8) -2.2(-2.5t0-1.9) <0.001*
Enteric infections 9.6 (1.2-45.5) 2.6 (1.0-12.9) -2.9(-3.6t0-2.3) <0.001*
Neglected tropical diseases and malaria 0.7 (0.1-7.4) 0.3(0.1-2.2) -3.2 (-4.1t0-2.3) <0.001*
Other infectious diseases 8.7 (3.0-29.8) 2.7 (1.4-8.8) -3.7 (-4.1t0-3.3) <0.001*
Maternal and neonatal disorders 29.7 (13.1-53.0) 10.7 (4.3-25.3) -2.9(-3.2t0-2.6) <0.001*
Nutritional deficiencies 2.9(0.7-15.8) 1.3 (0.3-4.6) -3.2(-3.7t0 -2.6) <0.001*
Neoplasms 138.1 (111.2-164.6) 126.5 (109.2-147.2) —0.2 (-0.3t0 —-0.1) <0.001*
Cardiovascular diseases 346.6 (282.5-466.8) 257.9 (173.5-338.4) -1.4 (-1.6t0-1.3) <0.001*
Chronic respiratory diseases 43.3 (28.3-66.6) 28.9 (20.3-44.4) -1.5(-1.6t0-1.3) <0.001*
Digestive diseases 40.8 (29.7-68.0) 32.3(22.1-52.3) -1.1 (-1.3t0 -0.9) <0.001*
Neurological disorders 31.0(28.8-33.2) 31.5(29.7-33.6) 0.1(0.0t00.1) <0.001*
Mental disorders 0.001 (0.000-0.002) 0.001 (0.000-0.003) 1.6 (1.1t02.0) <0.001*
Substance use disorders 2.2 (1.4-4.2) 2.1 (1.4-4.6) —-0.3 (-0.6 t0 0.0) 0.07
Diabetes and kidney diseases 50.2 (24.7-76.4) 54.0 (24.1-82.4) 0.2 (-0.1t0 0.4) 0.18
Skin and subcutaneous diseases 1.5 (0.4-2.4) 1.7 (0.5-2.6) 0.6 (0.2t0 1.0) 0.002*
Musculoskeletal disorders 1.1(0.6-1.7) 1.1(0.8-1.8) 0.4 (0.2t00.7) <0.001*
Other non-communicable diseases 19.5 (14.6-26.3) 14.5(10.3-20.8) -1.1(-1.2t0-0.9) <0.001*
Transport injuries 22.4 (16.7-30.1) 14.2 (8.5-20.4) -2.0(-2.2t0-1.9) <0.001*
Unintentional injuries 31.1 (21.3-40.6) 18.5(13.2-27.6) -1.7 (-1.8t0-1.5) <0.001*
Self-harm and interpersonal violence 18.9 (12.7-27.7) 14.2(9.4-23.1) -1.1(-1.4t0-0.9) <0.001*

Cl=confidence interval; EAPC=estimated annual percentage change; IQR=interquartile range.
Mortality rate shown as median (IQR).
*P value for trends <0.05.
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alRR
(95% CD)

All health workers
Lowest

Low
Middle
High
Highest
Doctors

L 4

Lowest
Low -
Middle
High —_——
Highest

Nursing and midwifery staff
Lowest
Low
Middle
High
Highest

Dentistry staff

L 4

L 4

Lowest
Low L 4
Middle
High —_—
Highest

Pharmaceutical staff
Lowest L

Low
Middle
High ——
Highest

Medical assistants and CHWs
Lowest
Low —_—
Middle
High —_
Highest

Aides and emergency medical workers
Lowest
Low
Middle
High
Highest

Medical lab technicians
Lowest L 4

L 2R 4

Low —_— ¢
Middle
High —_—
Highest

Dietitians and nutritionists
Lowest —_—

Low
Middle
High —
Highest

0.8 1.0 1.2 1.4

(per 100 000 population, IQR)

1.6

All cause mortality

1478.8(1186.2-1824.8)

1021.4(815.3-1243.9)
828.5(682.4-965.5)
761.8(642.4-935.9)
541.0 (449.9-655.0)

1600.2 (1344.3-1872.0)
913.9(813.8-1104.4)
805.1(690.7-1014.6)

736.5(590.8-918.0)
564.7 (464.8-730.2)

1384.6 (1007.4-1709.0)
929.4(722.0-1295.0)
867.5(691.9-1073.0)

794.9 (627.0-973.5)
561.5(462.5-725.5)

1550.4 (1335.7-1846.6)
978.4 (843.0-1175.0)
806.5(682.6-956.7)
728.1(579.4-889.4)
570.4 (465.4-722.7)

1506.6 (1140.1-1844.3)
962.6(802.1-1257.5)
866.9 (719.3-1063.4)

740.5 (608.2-945.5)
551.1(452.3-725.7)

1080.7 (878.0-1602.7)
1171.7 (795.9-1578.5)
924.5(693.0-1190.6)
707.1(563.1-897.3)
650.5 (486.1-830.1)

1264.4(971.2-1655.9)

1104.6 (834.9-1484.3)
868.3(712.1-1087.2)
744.4(618.1-922.6)
543.2(451.2-665.4)

1550.3 (1227.2-1847.6)
1001.0 (843.8-1295.4)
796.6 (672.3-957.7)
717.7 (574.0-880.8)
595.0(478.3-793.8)

1464.9 (1167.5-1826.1)
1010.2 (818.7-1346.0)
820.2 (654.8-980.4)
714.4(569.6-873.4)
604.9 (476.9-779.5)

alRR
(95% CI)

1.13(0.95t0 1.34)
1.15(1.00 to 1.32)*
1.14(1.01 to 1.29)*
1.18 (1.08 to 1.28)*
Reference group

1.29(1.07 to 1.56)*
1.11(0.98 t0 1.27)
1.10(0.98 to 1.25)
1.09(1.00t0 1.19)
Reference group

0.94 (0.82 t0 1.09)
1.02(0.90to 1.15)
1.08(0.97 to 1.20)
1.13(1.02 to 1.24)*
Reference group

1.29 (1.08 to 1.55)*
1.22(1.07 to 1.39)*
1.16 (1.05to 1.28)*
1.12(1.05t0 1.21)*
Reference group

1.06 (0.91t0 1.23)
1.07 (0.96t0 1.19)
1.12(1.02 to 1.24)*
1.12 (1.05to 1.20)*
Reference group

1.01(0.91t01.13)
1.03(0.94t0 1.13)
1.05(0.96to 1.14)
1.05(0.97t0 1.14)
Reference group

1.20(1.05to 1.38)*
1.20(1.06 to 1.37)*
1.22(1.09 to 1.38)*
1.21(1.10 to 1.33)*
Reference group

1.04(0.89t0 1.21)
1.04 (0.94t0 1.16)
1.01(0.93t0 1.10)
1.00 (0.92 t0 1.09)
Reference group

1.04(0.90t0 1.18)
1.11(0.99to 1.24)
1.06 (0.97 to 1.16)
1.06 (0.99t0 1.14)
Reference group

Fig 5 | Multivariable generalized estimating equation models showing association between human resources for health and all cause mortality
for all health workers and eight of 16 cadres (see fig 6 for the other eight cadres in the current study) in 172 countries and territories, 1990-
2019. Multivariable models were adjusted for health worker densities, year, population density, percentage of population living in urban areas,

average years of schooling, gross domestic product per capita, and ranking on the human development index. alRR=adjusted incidence risk ratio;

CHWs=community health workers; Cl=confidence interval; IQR=interquartile range. *P<0.05
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alRR All cause mortality alRR
(95% CI) (per 100 000 population, IQR) (95%CI)
Optometrists
Lowest L 4 1403.8 (1064.2-1821.8) 1.23(1.06 to 1.42)*
Low L g 1043.1(829.4-1405.0) 1.19 (1.06 to 1.33)*
Middle L g 844.2 (697.2-1087.5) 1.21 (1.08 to 1.35)*
High —_— 716.8(592.0-903.6) 1.15(1.07 to 1.24)*
Highest 562.5(464.3-728.2) Reference group
Audiologists and counsellors
Lowest L 4 1122.7 (856.1-1574.5) 1.08 (0.94 to 1.24)
Low & 1147.1 (753.9-1583.7) 1.06 (0.93t0 1.22)
Middle — 890.4 (699.2-1149.9) 1.04(0.94t0 1.16)
High —T— 736.0(583.4-905.0) 1.02(0.94t0 1.10)
Highest 626.5(471.4-855.1) Reference group
Psychologists
Lowest 4 1448.1 (1106.0-1820.7) 1.19 (1.04 to 1.36)*
Low L g 1093.3(843.3-1365.9) 1.23(1.09 to 1.38)*
Middle L 4 845.1(693.0-1014.0) 1.17 (1.05 to 1.30)*
High —_— 704.8 (573.5-892.5) 1.13(1.05to0 1.22)*
Highest 578.9 (465.2-723.0) Reference group
Environmental health officers
Lowest — 1391.3(1054.7-1735.1) 0.98(0.88to 1.10)
Low — 988.7 (755.1-1387.2) 1.04(0.94t0 1.15)
Middle _— 827.4 (682.6-1056.2) 1.07(0.98t01.17)
High —_— 690.2 (531.6-890.3) 0.99 (0.90 to 1.08)
Highest 695.0 (528.4-870.9) Reference group
Staff care workers
Lowest L 4 1210.8 (895.8-1660.9) 1.18(1.03 to 1.35)*
Low * 1087.2(800.2-1470.8) 1.20 (1.05 to 1.36)*
Middle L 4 927.2(738.2-1172.6) 1.17 (1.05 to 1.31)*
High —_— 786.3(649.1-931.4) 1.13(1.05t0 1.23)*
Highest 553.6 (459.3-670.9) Reference group
Traditional and complementary
medicine practitioners
Lowest —e 901.5(744.2-1087.9) 1.06(0.96 t0 1.17)
Low —_— 850.7 (672.1-1055.2) 1.06 (0.96 to 1.16)
Middle L 4 868.5(612.9-1221.2) 1.08(0.97t01.19)
High — 884.4(670.3-1282.4) 1.03(0.94t0 1.14)
Highest 731.0(518.1-1426.3) Reference group
Physiotherapists
Lowest * 1402.1 (1065.8-1769.2) 1.18 (1.04 to 1.34)*
Low L 4 1106.0 (843.8-1444.1) 1.24 (1.10 to 1.40)*
Middle & 850.0(701.4-991.8) 1.19(1.06 to 1.32)*
High —_—— 706.8 (582.2-885.4) 1.12(1.03 to 1.21*
Highest 574.3(466.3-741.8) Reference group
Radiographers
Lowest * 1438.5(1049.1-1825.0) 1.21 (1.06 to 1.38)*
Low 1027.5(836.7-1395.5) 1.22(1.08 to 1.37)*
Middle —_— 855.2 (694.3-1061.3) 1.16 (1.04 to 1.29)*
High —_— 726.9 (614.6-890.4) 1.10(1.01 to 1.20)*
Highest 547.7 (456.4-679.4) Reference group
0.8 1.0 1.2 1.4 1.6

Fig 6 | Multivariable generalized estimating equation models showing association between human resources for health and all cause mortality
for eight of 16 cadres (see fig 5 for the other eight cadres in the current study) in 172 countries and territories, 1990-2019. Multivariable models
were adjusted for health worker densities, year, population density, percentage of population living in urban areas, average years of schooling,
gross domestic product per capita, and ranking on the human development index. alRR=adjusted incidence risk ratio; Cl=confidence interval;
IQR=interquartile range. *P<0.05

mental disorders, substance use disorders, and incidenceriskratio 5.52,95% confidence interval 2.95
musculoskeletal disorders (fig 7 and fig 8). The risk to 10.33; low: 4.84, 3.15 to 7.43), neglected tropical
of death due to enteric infections (lowest: adjusted diseases and malaria (lowest: 4.19, 1.81 to 9.74; low:
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alRR Cause specific mortality alRR
(95% CI) (per 100 000 population, IQR)  (95% CI)
HIV/AIDS and sexually transmitted infections
Lowest »> 35.18(3.69-107.89)  0.12(0.05 to 0.30)*
Low - 4.20(1.09-23.96) 0.29 (0.15to0 0.55)*
Middle —— 3.73(1.23-9.03) 0.72(0.33t0 1.61)
High - 2.01(0.58-5.45) 0.68 (0.49 to 0.96)*
Highest 0.81(0.39-2.77) Reference group
Respiratory infections and tuberculosis
Lowest -—o— 211.95(121.75-282.56) 1.27 (0.86 t0 1.87)
Low —o— 69.14 (39.46-156.94)  1.43(1.06 to 1.91)*
Middle —o— 36.98(23.80-62.24) 1.26 (0.96 to 1.65)
High - 28.45(19.57-42.69) 1.15(0.92 to 1.44)
Highest 19.43(13.19-28.23) Reference group
Enteric infections
Lowest 4 111.25(53.32-165.03) 5.52(2.95t0 10.33)*
Low & 17.52 (5.74-57.90) 4.84(3.15t0 7.43)*
Middle — 4.15(1.83-9.12) 2.59(1.78t0 3.77)*
High —o— 1.39(0.38-3.17) 1.18(0.83 t0 1.67)
Highest 0.77 (0.39-1.54) Reference group
Neglected tropical diseases and malaria
Lowest L 4 46.01(4.80-141.69)  4.19(1.81t0 9.74*
Low 2 1.62(0.53-6.95) 5.53(2.81t0 10.88)*
Middle & e 0.39(0.16-0.83) 3.53(1.89 to 6.58)*
High —e 0.12 (0.05-0.36) 2.41 (1.64 to 3.54)*
Highest 0.02 (0.01-0.06) Reference group
Other infectious diseases
Lowest — 45.44(26.12-71.36) 2.81(1.85t0 4.28)*
Low —e 10.42(5.52-22.88) 2.57(1.76 to 3.76)*
Middle —o— 3.80(2.37-6.37) 1.58(1.20 to 2.08)*
High o- 2.36(1.37-3.79) 1.18(0.98 to 1.41)
Highest 1.34(1.03-1.92) Reference group
Maternal and neonatal disorders
Lowest —— 62.54 (48.47-78.88) 2.08 (1.49 to 2.91)*
Low —— 31.37(22.73-45.85) 2.22(1.71 t0 2.88)*
Middle —o— 18.31(11.99-27.36) 1.97 (1.59 to 2.43)*
High -o- 10.00 (6.48-15.51) 1.47(1.27 to 1.71)*
Highest 4.49 (3.22-6.14) Reference group
Nutritional deficiencies
Lowest —e 16.86 (7.66-37.26) 1.21(0.55t0 2.69)
Low — 5.67(1.71-14.62) 1.83(1.02t0 3.29)*
Middle —— 2.17(0.53-5.15) 1.55(0.99 t0 2.42)
High —-— 0.66 (0.20-2.40) 1.05(0.74 to 1.50)
Highest 0.38(0.16-0.76) Reference group
Neoplasms
Lowest * 110.25(92.57-133.39)  0.65 (0.53 to 0.78)*
Low L 2 113.80(99.06-136.17)  0.70(0.61 to 0.81)*
Middle 2 132.04(111.92-159.70) 0.83(0.73 to 0.94)*
High * 155.43(130.90-174.85) 0.94(0.87 to 1.02)
Highest 151.69(137.08-167.89)  Reference group
Cardiovascular diseases
Lowest —o— 328.65(288.24-417.79) 1.47 (1.05 to 2.05)*
Low —— 332.63(259.51-436.44) 1.46(1.11t0 1.92)*
Middle -— 298.78 (216.80-426.80) 1.41 (1.13to 1.77)*
High -&- 297.45(231.39-448.12) 1.44(1.24t0 1.66)*
Highest 185.00(139.93-263.85)  Reference group
Chronic respiratory diseases
Lowest —— 57.43(44.01-78.13) 1.64(1.01 to 2.68)*
Low —— 48.03 (30.92-67.19) 1.60(1.12 to0 2.28)*
Middle —o— 32.81(24.16-50.84) 1.31(0.97 to 1.76)
High - 28.13(20.05-37.16) 1.20(0.94 t0 1.53)
Highest 21.04(16.51-30.42) Reference group
Digestive diseases
Lowest -0 70.16 (57.65-83.35) 0.96 (0.73t0 1.25)
Low - 52.06 (33.54-71.92) 1.18(0.94 to 1.49)
Middle - 35.73(28.25-50.13) 1.14(0.94 t0 1.38)
High & 33.14 (25.40-41.04) 1.12(0.99to 1.27)
Highest 23.30(18.32-29.35) Reference group
0 1 2 4 10 12

Fig 7 | Multivariable generalized estimating equation models showing association between human resources for health and 11 types of cause
specific mortality (see figure 8 for other 10 types in the current study) in 172 countries and territories, 1990-2019. Models were adjusted for health
worker densities, year, population density, percentage of population living in urban areas, average years of schooling, gross domestic product per
capita, and ranking on human development index. alRR=adjusted incidence risk ratio; Cl=confidence interval; IQR=interquartile range. *P<0.05
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Neurological disorders

alRR
(95% CD)

Cause specific mortality

RESEARCH

alRR

(per 100 000 population, IQR)  (95% CI)

Lowest 2 32.93(30.69-35.29) 1.10(1.01 to 1.19)*
Low 4 32.19(30.30-34.19) 1.08 (1.02 to 1.15)*
Middle 0 4 31.13(29.82-33.28) 1.05(1.00 to 1.10)*
High 4 30.69 (29.29-32.89) 1.02 (0.99 to 1.05)
Highest 30.88(29.78-32.00) Reference group
Mental disorders
Lowest - 0.0005 (0.0004-0.0007) 0.23(0.11 to 0.47)*
Low -— 0.0009 (0.0003-0.0013) 0.38(0.17 to 0.82)*
Middle - 0.0008 (0.0004-0.0020) 0.36 (0.19 to 0.71)*
High &~ 0.0014 (0.0004-0.0033) 0.40 (0.26 to 0.61)*
Highest 0.0092(0.0012-0.0169)  Reference group
Substance use disorders
Lowest *- 1.79 (1.41-2.18) 0.21(0.11 to 0.42)*
Low &= 1.83(1.38-3.75) 0.34(0.19 to 0.59)*
Middle *- 2.15(1.34-4.31) 0.38(0.25t0 0.57)*
High - 2.77(1.57-6.38) 0.66 (0.49 to 0.88)*
Highest 4.62 (1.97-6.66) Reference group
Diabetes and kidney diseases
Lowest ¢ 68.40 (59.99-87.06) 2.83(1.55t05.17)*
Low L g 66.84 (44.89-89.49) 3.33(2.03 to 5.48)*
Middle — 56.59(38.03-103.22)  3.13(2.18t0 4.51)*
High —— 38.78(21.73-81.41) 2.28(1.73t0 3.01*
Highest 19.14 (14.09-25.80) Reference group
Skin and subcutaneous diseases
Lowest —é 1.96 (1.62-2.35) 0.64 (0.22 to 1.82)
Low —¢ 1.68(0.47-2.91) 0.87(0.37 to 2.04)
Middle — 1.52(0.42-3.70) 1.46 (0.68t03.11)
High —o— 1.31(0.30-3.57) 1.46 (0.98t0 2.19)
Highest 0.91(0.39-1.67) Reference group
Musculoskeletal disorders
Lowest -— 0.82(0.64-1.16) 0.56 (0.35 to 0.89)*
Low -&- 0.89 (0.66-1.45) 0.64 (0.45 to 0.90)*
Middle -or 1.26 (0.80-2.05) 0.82(0.62 to 1.09)
High @ 1.21(0.47-1.69) 0.79 (0.65 to 0.96)*
Highest 1.39(0.97-2.21) Reference group
Other non-communicable diseases
Lowest ~o— 27.02(21.33-33.20) 1.25(0.95t0 1.66)
Low - 17.99 (14.76-22.66) 1.16 (0.92 to 1.45)
Middle - 17.02(12.98-21.56) 1.22(1.00 to 1.47)*
High - 15.44 (10.96-19.88) 1.20(1.04 to 1.39)*
Highest 11.24(8.70-13.21) Reference group
Transport injuries
Lowest —— 25.36(19.33-32.76) 1.70 (1.13 to 2.55)*
Low —r— 20.47 (14.67-30.20) 2.00(1.45t0 2.76)*
Middle —— 19.10(12.40-25.16) 1.86 (1.44 to 2.40)*
High -o- 16.50(12.71-21.61) 1.62(1.38t0 1.91)*
Highest 9.40(6.76-13.18) Reference group
Unintentional injuries
Lowest —— 38.63(31.80-44.96) 1.08(0.70 to 1.67)
Low -— 29.22(21.14-36.37) 1.01(0.75t0 1.35)
Middle - 22.71(16.61-29.66) 1.00(0.78 t0 1.27)
High 10 21.29 (14.65-28.58) 1.15(0.97 to 1.36)
Highest 14.78 (11.50-19.60) Reference group
Self-harm and interpersonal violence
Lowest —r—— 20.44 (13.97-30.72) 0.65(0.30to 1.41)
Low - 17.10(10.06-29.39) 0.69 (0.39 t0 1.22)
Middle -0 16.36 (10.85-26.20) 0.76 (0.53 to 1.09)
High - 17.50(10.73-25.69) 0.89(0.71t0 1.11)
Highest 13.37(10.18-18.38) Reference group
0 1 2 4 10 12

Fig 8 | Multivariable generalized estimating equation models showing associations between human resources for health and 10 types of cause
specific mortality (see figure 7 for other 11 types in the current study) in 172 countries and territories, 1990-2019. Models were adjusted for health
worker densities, year, population density, percentage of population living in urban areas, average years of schooling, gross domestic product per
capita, and human development index. alRR=adjusted incidence risk ratio; Cl=confidence interval; IQR=interquartile range. *P<0.05

5.53, 2.81 to 10.88), diabetes and kidney diseases Subgroup analysis: specific types of HRH density
(lowest: 2.83, 1.55 to 5.17; low: 3.33, 2.03 to 5.48), and mortality

and maternal and neonatal disorders (lowest: 2.08, Figure 5 and figure 6 show the association between
1.49 t0 2.91; low: 2.22, 1.71 to 2.88) was much higher 16 cadres of HRH and all cause mortality, with the
in areas with low or the lowest HRH density than in  highest group as reference. People in countries and
areas with the highest HRH density (fig 7 and fig 8). territories with a lower density of doctors, dentistry
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staff, pharmaceutical staff, aides and emergency
medical workers, optometrists, psychologists, personal
care workers, physiotherapists, and radiographers
appeared to be at higher risk of death. The associations
between both total and specific HRH density and all
cause mortality were similar in sensitivity analysis (see
supplementary table S15).

When both HRH density and mortality were divided
into specific groups, strong negative associations
were found for most of the 16 cadres of HRH
and cause specific mortality (see supplementary
figures S3-S18). The risk of death due to HIV/AIDS
and sexually transmitted infections significantly
increased in areas with a lower per capita number
of doctors (lowest: adjusted incidence risk ratio
18.01, 6.14 to 52.89; low: 5.19, 10.32 to 20.45),
dentistry staff (lowest: 6.02, 2.10 to 17.28), and
pharmaceutical staff (lowest: 3.49, 1.31 to 9.25; low:
3.24, 1.68 to 6.27; middle: 3.97, 1.09 to 3.15). The
association between cadres of doctors, nursing and
midwifery staff, pharmaceutical staff, dietitians and
nutritionists, and medical laboratory technicians
and a reduction in mortality from neglected tropical
diseases and malaria was noticeable. When general
medical staff were excluded from analysis, a lower
density of dentistry staff, aides and emergency
medical workers, psychologists, and personal care
workers was associated with increased maternal
and neonatal disease related mortality. In addition,
the increase in mortality from diabetes and kidney
diseases seemed to be influenced to some extent by
inadequate numbers of optometrists, psychologists,
personal care workers, and radiographers.

Discussion

Integrating data from the Global Burden of Disease
database, we found inequalities in the distribution
of HRH and that this inequality was concentrated in
countries and territories with a higher ranking on the
human development index. Inequalities have also
decreased over time. Using the highest HRH rank as
reference, we found a negative association between
total HRH density and all cause mortality and most
types of cause specific mortality in generalized
estimating equation models. Results from subgroup
analysis indicated a strong association between lower
HRH density and higher cause specific mortality
across different HRH cadres and most of the cause
specific mortality investigated in the current study.
These findings outline the current inequalities in HRH
globally and the potential risk of mortality. Countries
and territories are supposed to improve HRH based on
national conditions, especially for particular cadres of
HRH, contributing to achievement of universal health
coverage by 2030.

Inequalities and current status of HRH

Inequity in HRH has been a longstanding critical
international issue.'®*”“® In the current study, we found
that the health workforce tended to be concentrated
in countries and territories that ranked higher on
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the human development index. Inadequate health
financing, low education levels, lack of employment
opportunities, war, and violence against health workers
are possible factors contributing to this inequality.*’>°
The Global Burden of Disease super regions of sub-
Saharan Africa, South Asia, North Africa, and the
Middle East were the most prominent regions with low
density HRH, confirming our findings.? A reasonable
population capacity is favorable to promoting
sustainable development. Since the overall population
carrying capacity varies between countries, without
clear and appropriate fertility planning and economic
development schemes, countries with an excessively
large population may have collapsed economies,
healthcare, education, and other sectors.’'”*
According to our findings, Myanmar had the highest
estimated annual percentage change at 7.2% in HRH
density—the governing party had accelerated the
systemic strengthening of healthcare with economic
and non-economic incentives, including social
recognition and career development.’® °® Despite the
high estimated annual percentage change in Myanmar,
the HRH density remained low, at 58.40 per 10000
population. Many developing countries experience
structural vulnerabilities and loss of HRH, such as
Nigeria.”” *® Challenges in national development
priorities often divert scarce resources from the health
sector.*’>% %7 %8 Zimhabwe was the only country with
negative HRH growth, multiple inflationary financial
crises, and an unstable regime, and its deployment
decisions on healthcare were elusive, even during
the apparent losses to the health workforce. Although
this inequality in health workforce exists, the gap has
been narrowing since the turn of the century, which
may be due in part to the effective implementation of
both millennium development goals and sustainable
development goals.*®

Changes in all cause and cause specific mortality

In the current study, the large differences in mortality
among countries might be related to inequalities in
HRH, economic development, social security, medical
insurance system, lifestyle, and dietary habits.”>*
Compared with the Solomon Islands, some countries,
such as Ethiopia and Palestine, had a very low HRH
density in 2019 but all cause mortality was not high.
Ethiopia is the second most populous country in Africa,
and it has the fastest growing African economy in
recent decades.®” Life expectancy in Ethiopia increased
from 52 years in 2000 to 66 years in 2019, and the rate
of infant mortality reduced by more than 50%.°® Most
of the health related millennium development goals
have been achieved in Ethiopia and are considered to
be attributed to a comprehensive approach to health
development, including health financing and other
socioeconomic systems.®® ’° Palestine is a refugee area
that has received high levels of aid and a considerable
amount of charitable resources per capita.”! Even the
poorest countries seem to have achieved important
reductions in all cause mortality by implementing
these multi-tiered strategies.”®

1
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In addition, mortality rates for several diseases in
our study were increasing, the most notable being for
mental disorders, which had the highest estimated
annual percentage change at 1.6%, although the
mortality rate was still low at 0.001 per 100000
population. Psychological problems are becoming more
common as a result of heightened social pressures, and
diagnostic capabilities have improved with advances
in neuroscience and psychiatric care.””“ The mortality
rate for HIV/AIDS and sexually transmitted infections
increased from 2.0 to 3.4 per 100000 population
between 1990 and 2019; however, since 2010 the
number of patients with newly diagnosed HIV has
decreased by 32% (mostly among children, —52%),
and AIDS related deaths have decreased by 68%, after
peaking at two million in 2004, as a result of global
initiatives to combat it over the past decades.”>”’
Nonetheless, the challenge to control sexually
transmitted infections is big.2° The estimated annual
percentage change in mortality rate due to diabetes
and kidney disease was 0.2%, in line with the findings
of a previous study.®! Another study indicated that the
global burden of diabetes has increased statistically
significantly since 1990, and that it continues to
rise.®? For skin and subcutaneous diseases (estimated
annual percentage change 0.6%), many factors could
explain the prevalence of skin diseases, including
local weather, climate change, and diet. Differences
might also be related to changes in dermatologist
density and health insurance coverage.?> The burden
of musculoskeletal disorders may be underestimated,
particularly because of population growth, ageing, and
other associated risk factors (eg, obesity, injuries, and
sedentary lifestyles).®* %

HRH and mortality

The negative association between total HRH density
and mortality rates was statistically significant and
more pronounced for some types of cause specific
mortality. Neoplasms, mental disorders, substance
use disorders, musculoskeletal disorders, self-harm,
and interpersonal violence were, however, found to
be positively related to total HRH density. Previous
studies and statements of the World Cancer Research
Fund International claimed that the age standardized
mortality rate of neoplasms appeared to be higher
in more developed countries, because of ageing and
inappropriate lifestyle behaviors.®®® These risk factors
are also becoming prevalent in low to middle income
countries.’® Mental disorders and their detection
are of greater concern in more developed countries
with high HRH density. The relative risk of all violent
outcomes typically increased twofold to fourfold in
most patients with a diagnosis of mental disorders
compared with those without, potentially explaining
the association between self-harm and interpersonal
violence mortality and HRH density.* The higher
mortality of substance use disorders in countries with
a high HRH density was attributed to high rates of
illicit drug use in high income countries.”® Substance
use disorders are also associated with an increased risk

RESEARCH

of death by suicide.”® Most painful musculoskeletal
disorders worsen with age, and most are related to
multiple non-communicable diseases associated
with musculoskeletal pain. The increasing incidence
of reduced physical activity, non-communicable
diseases, and age related diseases may explain the
higher mortality rate for musculoskeletal disorders in
countries with a high HRH density.®®

The anomalous association between total HRH
density and mortality from HIV/AIDS and sexually
transmitted infections appeared challenging to
elucidate, so we disaggregated the HRH density into
16 cadres to refine our results. Shortages of doctors,
dentistry staff, and pharmaceutical staff were more
likely to be associated with higher mortality (see
supplementary figures S3, S5, and S6). The presence
of oral lesions is regarded as an important sign in
the diagnosis of AIDS.’> *> More than one third of
people with AIDS have oral lesions, and the average
prevalence is higher in developing countries.”®
Therefore, well trained dentistry staff can serve as
sentinels in the detection and early diagnosis of
AIDS.”? > As key members of the treatment team,
pharmacists often jointly develop treatment plans
with doctors and counsel infected patients on drugs,
to improve adherence to treatment.”* The appropriate
use of drugs for HIV pre-exposure prophylaxis and
postexposure prophylaxes is also key to reducing
infection and mortality rates.”® ° Apart from the
previously mentioned factors associated with HIV
diagnosis and treatment, many social problems,
policies, laws, ethics, and other factors about the HIV/
AIDS epidemic affect health outcomes and are more
likely to produce abnormal results of primary analysis.
Under the premise of ensuring a strong development of
HRH, we suggest that countries should widely promote
social mobilization, especially in high prevalence
and high mortality areas, and that effective measures
should be broadly rolled out (see supplementary
materials section 3.3.2 for literature review).

In addition, we also discovered the association
between 16 HRH cadres and 20 other types of cause
specific mortality, suggesting the importance of some
HRH categories may have been underappreciated
in the past. For instance, periodontitis seems to be
associated with an increased risk of diabetes, due to
infection or inflammatory responses, or both, whereas
the periodontal treatment delivered by dentistry may
lead to an improvement in glycemic control in people
with type 2 diabetes.”” *® Mental health comorbidities
of diabetes can affect adherence to treatment, thereby
increasing the risk of serious complications, which
may then lead to premature death.”® Optometrists are
often the first to notice symptoms or signs of diabetes
and other kidney disease by looking for changes
in blood vessels in the eye, and thereby helping to
improve diabetes outcomes.****°% Overall, the density
of dentistry staff, psychologists, and optometrists
warrants more attention in relation to deaths from
diabetes and kidney diseases (see supplementary
materials section 3.3 for other associations).
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Time to strengthen the development of HRH

The governments of some countries affected by famine,
ware, and pollution lack resources to deal with the
shortage of HRH.'%>1% The covid-19 pandemicimposes
additional burdens, particularly on HRH and deaths.’’
The growing scarcity of HRH in low to middle income
countries makes it challenging to put HRH development
on hold. The High-Level Commission on Health
Employment and Economic Growth highlights that
targeted investments in HRH contribute to economic
growth.!®” The Brazilian government promoted the
expansion of numbers of primary care doctors, and
established new medical schools in 2013,'% and the
modest reduction in mortality was associated with the
introduction of the programme.'°® Countries may need
to share responsibilities (shared financing models);
actively develop sustainable and mutually beneficial
partnerships; respond to the human resource crisis
through decentralization, central management
coordination, and stakeholder participation in policy
decision coordination processes; and expand fiscal
space to fund health sector positions while investing in
health worker education.'® '°

Strengths and limitations of this study

Our findings highlight the importance of expanding
the financing of health and developing equity
oriented policies for the health workforce to reduce
deaths related to an inadequate HRH. The demands
for HRH vary from country to country because of the
inherent inequities and constant changes in disease
spectrums.''! However, our study has several potential
limitations. First, the quality and quantity of Global
Burden of disease data chiefly depended on the
validity and reliability of predictive models when data
for certain years or locations were not available.''?
Therefore, when specific data were applied to
countries and territories with underdeveloped medical
systems, the findings needed to be interpreted with
caution.’! Second, some environmental data were
utilized in the Global Burden of Disease estimation of
mortality, but the means to measure these factors in
low to middle income countries was limited. The lack
of such data could lead to some underestimation of
mortality in low to middle income countries.'*> Third,
considering that most of the 32 excluded countries
were at low development level, our findings might
have underestimated the association between HRH
density and mortality since we discovered a greater
mortality effect in those countries ranked lower on
the human development index. Nevertheless, our
study has important implications for highlighting the
positive health effects of HRH. We suggest that more
countries and territories should establish high quality
databases such as vital registration to help towards
more comprehensive and rigorous research.

Conclusions

Although inequalities in HRH have been decreasing
globally over the past 30 years but persist. All cause
mortality and most types of cause specific mortality

thelbmj | BMJ2023;381:¢073043 | doi: 10.1136/bmj-2022-073043
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were relatively higher in countries and territories
with a limited health workforce, especially for several
specific HRH cadres among priority diseases, such
as HIV/AIDS and sexually transmitted infections,
maternal and neonatal disorders, diabetes and kidney
diseases. Our findings reinforce the importance of
political commitment being strengthened to develop
equity oriented policies for health workforces by
expanding the financing of health and implementing
targeted interventions to reduce deaths as a result of
inadequate HRH to achieve the timely goal of universal
health coverage by 2030.
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Editorial on the Research Topic
Epidemiology and clinical researches in atherosclerosis and
cardiovascular disease

Atherosclerosis is a systemic disease and the common cause of heart attacks, strokes and
peripheral vascular disease collectively referred to as cardiovascular diseases (CVD), which
are the leading cause of global mortality and a major contributor to disability and rising
health care costs. Additionally, a wealth of epidemiological data demonstrated that
atherosclerosis risk factors, including (but not limited to) hypertension, diabetes, and
hyperlipidemia are associated with other chronic diseases such as chronic kidney disease,
cognitive decline and dementia (1-6). The huge and still growing burden of CVD and
dementia on individuals, families, and health-care systems indicates an urgent need for
prevention and treatment measures on atherosclerotic diseases. Preventing severe
atherosclerosis progression is expected to decrease high cardiovascular and dementia event
rate.

However, there still exist challenges to be addressed. These challenges include but are not
limited to (1) early detect participants with high-risk of CVD; (2) identify novel indicators
for progression and prognosis of atherosclerotic diseases; (3) comorbidities of atherosclerotic
diseases; (4) new drugs and therapies on atherosclerosis and CVD.

This research topic aimed at creating a forum for high-quality epidemiology and clinical
researches in the field of atherosclerosis and CVD. The issue currently includes 12 papers on
guiding comprehensive care and practice in preventing and managing major atherosclerotic
CVD, including coronary heart disease, stroke, and peripheral vascular disease, and other
chronic diseases which are associated with atherosclerosis.

In this topic, Wang et al. conducted a cohort study to explore the association between non-
HDL-C and arterial stiffness on a large-scale Chinese population (https://www.frontiersin.org/
articles/10.3389/fcvm.2022.981028/full). The results highlighted non-HDL-C as a potential risk
factor for arterial stiffness, in especially for younger people. The clinical benefits of lowering
non-HDL-C concentration should be further considered in the future.
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Gao et al. performed a systematic review and meta-regression
analysis to investigate the impact of statins on CRP/hsCRP
reduction on coronary plaque burden measured using total
atheroma volume (TAV), percent atheroma volume (PAV), and
plaque volume (PV) (https://www.frontiersin.org/articles/10.
3389/fcvm.2022.989527/full).  After
change of LDL-C, age, gender and study duration, this meta-

adjusting for percent
regression analysis mainly found that the percent change of
CRP/hsCRP was significantly associated with the change of
TAV/PV. The results indicated that statins promote plaque
regression, which may be associated to their capacity to reduce
inflammation.

In a multi-ethnic longitudinal cohort study, Anbar et al.
compared carotid atherosclerosis in Europeans (EA), South Asian
(SA), and African Caribbean (AC) participants in the Southall
and Brent Revisited (SABRE) study and they found that the
prevalence of any plaque was comparable in EA and SA,
although it was lower in AC. Total plaque area, numbers of
plaques, plaque class, or greyscale median did not differ by
ethnicity in individuals who had plaque (https://www.frontiersin.
org/articles/10.3389/fcvm.2022.1002820/full). This study indicated
that the similarity of plaque burden in SA and EA despite
established differences in atherosclerotic CVD risk casts some
doubt on the utility of carotid ultrasound as a means of assessing
risk across these ethnic groups.

Sundquist et al. performed a population-based follow-up study
to examine the role of mtDNA-CN in heart failure (HF) incidence
and its role in the association between myocardial infarction (MI)
and HF. In addition, this study also investigated the role of
mtDNA-CN in overall and HF mortality (https://www.frontiersin.
org/articles/10.3389/fcvm.2022.1012403/full). This study mainly
found that low baseline mtDNA-CN is a molecular risk factor for
HF incidence and may be a risk factor for overall and HF-related
mortality.

In a cohort study published in this topic (https://www.frontiersin.
org/articles/10.3389/fcvm.2022.1026597/full), Moon et al. examined
the association between height loss and the prevalence of CVD using
data from a sizable Korean cohort. The participants were divided into
three groups based on their annual height loss: Group 1 (height loss:
<0.3 cm/year), Group 2 (height loss: 0.3 to <0.6 cm/year), or Group 3
(height loss: >0.6 cm/year). The results indicated that the incidence
of major adverse cardiac and cerebral event was substantially
higher in Groups 2 and 3 than in Group 1. In the Korean
population, the severity of height reduction was independently
correlated with the occurrence of CVD.

Muhammad et al. conducted a longitudinal two-cohort
analysis, and identified association between positive triglyceride-
glucose (TyG) index and increased arterial stiffness and increased
incidence of diabetes, CE, stroke, and all-cause and cardiovascular
mortality (https://www.frontiersin.org/articles/10.3389/fcvm.2022.
1035105/full). The results of this work represent preliminary
evidence that TyG index can potentially be helpful in the
identification of those at increased long-term risk of adverse
health outcomes.
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A classification tree analysis (CTA) model established by Ruan
et al. in this topic identified four key correlates of depressive
disorders: loneliness was the most salient, followed by arthritis,
family relationship, and heart disease (https://www.frontiersin.
org/articles/10.3389/fcvm.2022.1035203/full). Due to the potential
for modification or treatment, these findings regarding the four
main correlates of depressive disorders are clinically interesting.
The
management services—which integrate social work outreach

clinical needs for collaborative multidisciplinary
services to foster family relationships, mental health services to
relive loneliness, and primary care services to manage arthritis
and heart disease—are further indicated by the significant
interactions between the four major factors.

In a cohort study, Ma et al. recruited 299 patients with new-
onset non-valvular atrial fibrillation (AF) between 2013 and 2015
at the Department of Cardiovascular Medicine of the Southwest
Hospital of the Army Medical University (Third Military Medical
University) in Chongqing, China (https://www.frontiersin.org/
articles/10.3389/fcvm.2022.1072164/full). The findings revealed that
throughout the median follow-up period of 28 (IQR: 27, 29)
months, IL-34 and IL-38 were independently associated with
stroke and all-cause mortality in patients with AF. Additionally,
IL-38 and NT-proBNP considerably increased the CHA2DS2-
VASc score’s capacity to predict AF-related all-cause death.

In another large-scale cohort study, Hua et al. found that
participants with and without heart disease experienced
similar changes in global cognitive scores during the pre-
pandemic period, however, in comparison to the group
without heart disease, the heart disease group experienced a
greater decline in the global cognitive score during the
pandemic period (https://www.frontiersin.org/articles/10.3389/
fcvm.2022.1077800/full). The findings highlight the need for
rapid cognitive monitoring and therapies for the population
suffering from heart diseases.

Grabitz et al. focused on exploring the early indicators and
rivers of cardiovascular disease in young athletes pursuing a
career in competitive sports (https://www.frontiersin.org/
articles/10.3389/fcvm.2023.1081675/abstract). They discovered
an unexpectedly high rate of cardiovascular risk factors despite
regular exercise and the absence of obesity. Their findings
suggested that children and young adults, who initially
appeared to be in good condition, require rigorous medical
examinations. To further investigate potential negative impacts
on vascular health, long-term monitoring of those who began
engaging in excessive physical activity as children and young
seems required.

In this topic, Ni et al. employed linkage disequilibrium score
(LDSC) regression and a two-sample Mendelian randomization
(MR) framework to systematically examine the causal interplay
between key factors that influence vascular calcification and
CVD, as well as longevity (https://www.frontiersin.org/articles/
10.3389/fcvm.2023.1096662/full). The results provide evidence
for a causal relationship between VK1 levels and CVD risk as
well as a genetic genetic correlation between serum Ca and VD
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and CVD risk. Cardiovascular risk can be decreased by
maintaining appropriate serum Ca (2.376 mmol/L) and VD
levels (46.8 nmol/L).

In the last article published in this topic, Wright et al.
examined associations between a history of pregnancy loss and
incident CVD among participants in the Women’s Health
Initiative ~Observational ~Study (https://www.frontiersin.org/
articles/10.3389/fcvm.2023.1108286/full). In this cohort study of
postmenopausal women aged 50-79, history of stillbirth was
strongly associated with a risk of cardiovascular outcomes
within 5 years of baseline. Additionally, history of pregnancy
loss, and of stillbirth, may be a therapeutically effective marker
of cardiovascular disease risk in women.

In conclusion, the articles published in this research topic
provide additional evidence from epidemiology and clinical
researches for current literature on atherosclerosis and
cardiovascular disease. Nevertheless, incredible challenges on the
prevention and treatment of atherosclerosis and cardiovascular
disease need more attention following the aging of the
population and the development of social economy. We thank
the authors for their cutting-edge works, and also express our
gratitude to all the reviewers for their generously devoted time
and highly valuable comments. Finally, we hope that the reader

will enjoy these articles.

References

1. Hua R, Ma Y, Li C, Zhong B, Xie W. Low levels of low-density lipoprotein
cholesterol and cognitive decline. Sci Bull. (2021) 66(16):1684-90. doi: 10.1016/j.
s¢ib.2021.02.018

2. Tadecola C. Revisiting atherosclerosis and dementia. Nat Neurosci. (2020) 23
(6):691-2. doi: 10.1038/541593-020-0626-6

3.Li C, Zhu Y, Ma Y, Hua R, Zhong B, Xie W. Association of cumulative blood
pressure with cognitive decline, dementia, and mortality. ] Am Coll Cardiol. (2022)
79(14):1321-35. doi: 10.1016/j.jacc.2022.01.045

Frontiers in Cardiovascular Medicine

03

10.3389/fcvm.2023.1212269

Author contributions

DG and WX drafted this manuscript, and all authors revised
the manuscript. All authors contributed to the article and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Ma Y, Liang L, Zheng F, Shi L, Zhong B, Xie W. Association between sleep
duration and cognitive decline. JAMA Netw Open. (2020) 3(9):¢2013573. doi: 10.
1001/jamanetworkopen.2020.13573

5. Zheng F, Yan L, Yang Z, Zhong B, Xie W. Hba(1c), diabetes and cognitive decline:
the English longitudinal study of ageing. Diabetologia. (2018) 61(4):839-48. doi: 10.
1007/s00125-017-4541-7

6. Zhu Y, Li C, Xie W, Zhong B, Wu Y, Blumenthal JA. Trajectories of depressive
symptoms and subsequent cognitive decline in older adults: a pooled analysis of two
longitudinal cohorts. Age Ageing. (2022) 51(1):afab191. doi: 10.1093/ageing/afab191

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2023.1108286/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1108286/full
https://doi.org/10.1016/j.scib.2021.02.018
https://doi.org/10.1016/j.scib.2021.02.018
https://doi.org/10.1038/s41593-020-0626-6
https://doi.org/10.1016/j.jacc.2022.01.045
https://doi.org/10.1001/jamanetworkopen.2020.13573
https://doi.org/10.1001/jamanetworkopen.2020.13573
https://doi.org/10.1007/s00125-017-4541-7
https://doi.org/10.1007/s00125-017-4541-7
https://doi.org/10.1093/ageing/afab191
https://doi.org/10.3389/fcvm.2023.1212269
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2023, XX(XX), 1-8

‘ THE
’/’GERONTOLOGICAL SEOHD

https://doi.org/10.1093/gerona/glad128
Advance access publication 20 May 2023

Research Article

SOCIETY OF AMERICA®

Identifying Potential Causal Effects of Telomere Length
on Health Outcomes: A Phenome-Wide Investigation and
Mendelian Randomization Study

Wenxiu Wang, MSc," Ninghao Huang, MSc," Zhenhuang Zhuang, MSc,' Zimin Song, MSc,"

Yueying Li, MSc,"

Zhonghua Liu, PhD,*® Lu Qi, PhD,**

Xue Dong, MSc,' Wendi Xiao, MSc,"Yimin Zhao, PhD,' Jinzhu Jia, PhD,?
and Tao Huang, PhD,'¢"

'Department of Epidemiology & Biostatistics, School of Public Health, Peking University, Beijing, China.

2Department of Biostatistics, School of Public Health, Peking University, Beijing, China.

3Department of Biostatistics, Columbia University, New York, New York, USA.

*Department of Epidemiology, School of Public Health and Tropical Medicine, Tulane University, New Orleans, Louisiana, USA.
SDepartment of Nutrition, Harvard T.H. Chan School of Public Health, Boston, Massachusetts, USA.

SKey Laboratory of Epidemiology of Major Diseases (Peking University), Ministry of Education, Beijing, China.

*Address for correspondence: Tao Huang, PhD. E-mail: huang.tao@pku.edu.cn

Decision Editor: Lewis A. Lipsitz, MD, FGSA

Abstract

Background: Telomere length has been linked to various health outcomes. To comprehensively investigate the causal effects of telomere length
throughout the human disease spectrum, we conducted a phenome-wide Mendelian randomization study (MR-PheWAS) and a systematic
review of MR studies.

Methods: \We conducted a PheWAS to screen for associations between telomere length and 1 035 phenotypes in the UK Biobank (n =
408 354). The exposure of interest was the genetic risk score (GRS) of telomere length. Observed associations passing multiple testing correc-
tions were assessed for causality by 2-sample MR analysis. A systematic review of MR studies on telomere length was performed to harmonize
the published evidence and complement our findings.

Results: Of the 1 035 phenotypes tested, PheWAS identified 29 and 78 associations of telomere length GRS at a Bonferroni- and false dis-
covery rate-corrected threshold; 24 and 66 distinct health outcomes were causal in the following principal MR analysis. The replication MR
using data from the FinnGen study provided evidence of causal effects of genetically instrumented telomere length on 28 out of 66 outcomes,
including decreased risks of 5 diseases in respiratory diseases, digestive diseases, and myocardial infarction, and increased risks of 23 diseases,
mainly comprised neoplasms, diseases of the genitourinary system, and essential hypertension. A systematic review of 53 MR studies found
evidence to support 16 out of the 66 outcomes.

Conclusions: This large-scale MR-PheWAS identified a wide range of health outcomes that were possibly affected by telomere length, and

suggested that susceptibility to telomere length may vary across disease categories.

Keywords: Causality, Mendelian randomization, Phenome-wide association study, Telomere length

Telomeres, the DNA-protein complexes at the ends of eu-
karyotic chromosomes, are crucial for genomic stability and
cell viability (1). Telomere length (most commonly measured
as leucocyte telomere length) has been reported to be asso-
ciated with a wide range of diseases, particularly common
age-related diseases including cardiovascular diseases and
cancer (2,3); however, the direction and magnitude of the as-
sociations are inconsistent across observational studies (4,5).
Moreover, whether the links between telomere length and dis-
eases are causal or confounded by lifestyle factors or comor-
bidities remains unclear.

Genome-wide association study (GWAS) identified genetic
loci associated with telomere length (6), which can be used
as instrumental variables in Mendelian randomization (MR)

studies to determine evidence of causality (7). Nevertheless,
current MR studies on telomere length are largely hypothe-
sis-driven, focusing on a limited range of outcomes, resulting
in a large proportion of disease associations that have yet to
be more fully characterized. A hypothesis-free phenome-wide
association study (PheWAS) combined with MR approach
can comprehensively explore the causality across a spectrum
of diseases without being limited to pre-existing disease asso-
ciations (8). Such an analysis allows for a systematic appraisal
of the health effects of telomere length and provides direction
for further research.

In the present analysis, an MR-PheWAS was conducted
using registry-based data from up to 408 354 participants
from the UK Biobank to systematically investigate the causal
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effects of telomere length on health outcomes. Besides, based
on previous MR studies on telomere length, we also per-
formed a systematic review to harmonize the evidence to
complement the remaining possible outcomes.

Method

Study Design and Participants

We first performed a registry-based case—control PheWAS of
telomere length and then assessed identified associations for
causal inferences with the use of inverse-variance-weighted
(IVW) MR accompanied by several other methods based on
different assumptions. For a more comprehensive assessment,
we further performed a systematic review of previous MR
studies on telomere length. The schematic diagram of the
study design is presented in Figure 1.

The phenome-wide MR analyses were undertaken in the
UK Biobank, which comprised one-half million UK partici-
pants recruited between 2006 and 2010. Details of the study
design have been described previously (9). The analyses in the
present study were limited to White-British individuals with
available genetic data following exclusion measures (sex mis-
match, high missingness/heterozygosity, and excess relatives),
leaving 408 354 participants in our analyses.

This research was conducted using the UK Biobank
resource under application 44430. Ethics approval for
the study was obtained from the National Information
Governance Board for Health and Social Care and the
North West Multicenter Research Ethics Committee (11/
NW/0382). All participants provided written informed con-
sent for the study.

Genetic Risk Score

A genome-wide meta-analysis identified 52 independent
single nucleotide polymorphisms (SNPs) associated with
leukocyte telomere length with a false discovery rate (FDR)
adjusted p value of <.05 (p < 1.03 x 107), in 78 592 indi-
viduals of European ancestry (6) (Supplementary Table 1).
Among them, 3 monoallelic SNPs were disregarded, and
the instrumented SNPs explained 2.78% of the variance in
leukocyte telomere length (R* = 2.78%, F-statistic = 1 983).

PheWAS analysis
UK Biobank (408,354 White British participants)

1,035 phenotypes
Two-sample MR

74 N

‘ Replication analysis |

Principal analysis
SNP — telomere length: ENGAGE, EPIC
SNP - health outcomes: UK Biobank

SNP —telomere length: UK Biobank
SNP - health outcomes: FinnGen

Systematic review
Eligible MR studies on telomere length (N = 53)

.

Figure 1. Schematic diagram of the study design. ENGAGE =
European Network for Genetic and Genomic Epidemiology; EPIC =
European Prospective Investigation into Cancer and Nutrition; GWAS
= genome-wide association analysis; MR = Mendelian randomization;
PheWAS = phenome-wide association study; SNP = single nucleotide
polymorphism.
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Genetic risk score (GRS) of telomere length was constructed
by the weighted sums of individual risk alleles, where the
weights were effect sizes from the GWAS (6). The weighted
GRS was rescaled to reflect the number of telomere length-in-
creasing alleles.

Statistical Analyses

In the first stage of the analysis, we performed the PheWAS
to obtain evidence for the associations between the telomere
length GRS and multiple health outcomes. Health outcomes
were determined through inpatient hospital records (up to
September 30, 2021), cancer (up to January 31, 2021), and
death (up to October 31, 2021) registrations. International
Classification of Diseases (ICD) versions 9 and 10 codes were
extracted and converted into phenotype codes (phecodes)
using a previously published schema (10), with both incident
and prevalent cases included. We identified cases as individu-
als with at least one recorded event, and controls as individu-
als without that outcome recorded or its associated phecodes
(10). Analysis was restricted to phecode with more than 200
cases to generate improved statistical power (11,12). A series
of case—control groups were set up for each phecode, and a
logistic regression was carried out for each phecode against
the GRS, adjusting for age, sex, assessment center, and top 10
principal components. Multiple testing correction was based
on Bonferroni- and FDR-corrected thresholds.

In the second stage of the analysis, we performed the 2-sam-
ple MR analysis for those observed associations with distinct
outcomes passing multiple testing corrections in the Phe WAS.
The estimates of associations between SNP and telomere
length were extracted from the GWAS (6), and the estimated
associations of SNP and outcomes were determined using
the UK Biobank. We removed SNPs that suggested greater
variance in the outcomes than telomere length using Steiger
filtering. Primary analyses were performed using [IVW MR,
yielding reliable causal estimates in the absence of horizontal
pleiotropy (13). The association in the 2-sample MR with a
p < .05 was considered as statistically significant. To assess
the stability of estimation, we performed sensitivity analyses
including MR-Egger, weighted median, and MR-PRESSO
methods. MR-Egger regression relaxes the requirement of no
horizontal pleiotropy among the SNPs; however, correspond-
ing associations tend to suffer from low statistical power (14).
A nonzero intercept from the MR-Egger regression indicates
unbalanced horizontal pleiotropy (14). The weighted median
method can produce consistent estimates when more than
half of the information in the MR analysis comes from valid
instruments (15). MR-PRESSO analysis includes a global test
to detect horizontal pleiotropy, an outlier test to detect poten-
tially pleiotropic outliers, and a distortion test of significant
differences in the causal estimates before and after outlier
removal (16). The outlier-adjusted causal estimates were pre-
sented for associations where both the global and distortion
tests provided evidence of horizontal pleiotropy (p < .03).
Statistical power for each outcome in 2-sample MR analyses
was assessed based on an online tool (17).

To validate the findings, we further replicated our 2-sam-
ple MR results in external outcome summary statistics.
Instrumental variables were 130 independent, uncorrelated,
and nonpleiotropic genome-wide significant SNPs related to
telomere length extracted from a GWAS involving 472 174
participants in UK Biobank (Supplementary Table 2) (18).
Summary-level outcome data was based on FinnGen, which is
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a research project involving around 26 900 participants that
combines genotype data from Finnish biobanks and digital
health record data from Finnish health registries. Detailed
information on FinnGen has been shown previously (19).

The statistical analyses were conducted using Stata version
15 (StataCorp LLC, College Station, TX) and R packages
titled phewas, TwoSampleMR, and MR-PRESSO in R soft-
ware version 4.0.2 (R Foundation, Vienna, Austria).

Systematic Review of Previous MR Studies on
Telomere Length

A systematic review of MR studies on telomere length
was performed to complement our MR-PheWAS find-
ings. We searched in the PubMed database using the query
“(‘telomere’[Mesh] OR telomere[tiab]) AND (‘Mendelian
Randomization’[Mesh] OR mendelian[tiab])” on April 10,
2023. We extracted the following characteristics from each
included study: the first author’s name and year of publica-
tion; the number of instrumented SNPs, and the exposure
unit; the number of cases and controls; and the association
estimates for the primary analysis.

Results
PheWAS Analysis

Baseline characteristics of the study participants are pre-
sented in Table 1. Among 408 354 participants, the mean
(standard deviation [SD]) age was 56.9 (8.0) years, and
220 765 (54.1%) were female. A total of 1 853 phenotypes
were defined. After excluding outcomes with cases less than
200, the remaining 1 035 phenotypes were classified into
18 disease categories and their associations with telomere
length GRS were examined (Supplementary Table 3). Of the
1 035 phenotypes tested, our PheWAS analysis identified 29
and 78 associations of telomere length GRS covering 7 and
13 disease categories at a Bonferroni- (p < 4.2 x 10-%; based
on 0.05/1035) and FDR-corrected threshold (p < 3.8 x 1073
based on 0.05 x 78/1 035), respectively. The distribution of
the results across disease categories is shown in Figure 2, and

Table 1. Baseline Characteristics of Participants in the UK Biobank

Characteristics All Participants
No. 408 354

Age, years 56.9 (8.0)
Male 187 589 (45.9)
T/S ratio 0.74 (0.12)
College or university degree 125219 (30.7)
Townsend Deprivation Index -1.6 (2.9)
Current smoker 41245 (10.1)
Daily drinker 86 340 (2 )
Household income >100 000£ 18 158 (4.
Body mass index, kg/m? 27.4 (4. )
Systolic blood pressure, mmHg 138.3 (18.6)
Cholesterol, mmol/L 7 (1.1)
Antihypertensive medications 41320 (10.1)
Lipid-lowering medications 71338 (17.5)

Notes: Mean (SD) for continuous variables and number (percentage) for
categorical variables. T/S ratio = the relative leucocyte telomere length
adjusted for the effect of technical parameters. SD = standard deviation.

Supplementary Table 4 describes the results and the direc-
tion of the effects in detail. The associations with the lowest
p values were for uterine leiomyoma (odds ratio [OR] per
telomere length-increasing allele 1.04, 95% confidence inter-
val [CI] 1.03-1.04; p = 5.8 x 10-%%), hyperplasia of prostate
(OR 1.02, 95% CI 1.02-1.03; p = 7.1 x 10-"°), postinflam-
matory pulmonary fibrosis (OR 0.95,95% CI 0.93-0.96; p =
5.7 x 1071), and celiac disease (OR 0.95, 95% CI 0.93-0.96;
p=9.8x10").

Two-Sample MR Analysis

The principal IVW MR method provided evidence of a
causal effect of genetically instrumented telomere length on
24 and 66 distinct health outcomes that passed the initial
PheWAS screening at the Bonferroni- and FDR-corrected
threshold (Supplementary Table 5). Of the 66 outcomes,
our study was powered to detect at least a 50% increase for
57 disease risks in each SD increase (a. = 5%, power 80%, 72
= 2.78%; Supplementary Table 6). The lowest p values were
observed for polyp of corpus uteri (OR per SD longer telo-
mere length 1.66, 95% CI 1.42-1.95), uterine leiomyoma
(OR 1.93,95% CI 1.56-2.39), disorder of skin and subcu-
taneous tissue (OR 1.39,95% CI 1.24-1.56), postinflamma-
tory pulmonary fibrosis (OR 0.35, 95% CI 0.24-0.50), and
essential hypertension (OR 1.20, 95% CI 1.12-1.28). We
obtained similar associations with the weighted median and
MR-PRESSO approaches, whereas the MR-Egger method
tended to be more conservative and yielded less strong
associations (Supplementary Table 5). MR-Egger pleiot-
ropy test suggested the presence of directional pleiotropy
for 7 associations, including melanomas of skin, secondary
malignancy of bone, polycythemia vera, multiple myeloma,
noninfectious disorders of lymphatic channels, diseases of
hair and hair follicles, and acute and chronic tonsillitis, but
the results still supported the MR IVW analysis in both
direction and significance (Supplementary Table 5). The
MR-PRESSO method identified outliers for cancer of brain
and bronchus, celiac disease, and hyperplasia of prostate,
but only the association of brain cancer was attenuated to
insignificant after removal of outliers (Supplementary Table
5).

We used available outcome data from FinnGen to validate
our principal 2-sample MR results (Supplementary Table
7). By use of IVW MR method, we replicated 28 significant
disease outcomes that were identified in the principal MR
analysis (Figure 3). Among these outcomes, longer telomere
length was associated with an increased risk of 14 neo-
plasms, 6 diseases in the genitourinary system, and essential
hypertension. Conversely, longer telomere length was asso-
ciated with decreased risk of 2 diseases in the respiratory
system, 2 diseases in the digestive system, and myocardial
infarction.

Systematic Review for MR Studies onTelomere
Length

An initial search revealed 184 potentially relevant articles,
of which 77 remained after title and abstract screening. We
further excluded 24 out of 77 studies after full-text screen-
ing. A flowchart showing the number of studies found in
our search strategy, and reasons for exclusion are given in
Supplementary Figure 1. Detailed information on the 53
eligible studies is shown in Supplementary Table 8. Among
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Figure 2. Manhattan plots illustrating the phenome-wide association
between telomere length genetic risk score (GRS) and health outcomes.
X-axes correspond to the minus log transformed p value derived from
phenome-wide association analyses; Y-axes correspond to the list of
labels of 18 disease categories. The red lines indicate the Bonferroni-
corrected threshold (p < 4.2 x 10-%), and the blue lines indicate the FDR-
corrected threshold (p < 3.8 x 10-8).
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Figure 3. Inverse-variance weighted Mendelian randomization analyses
on the associations of telomere length and health outcomes. Cl =
confidence interval; OR = odds ratio.

these studies, 16 of these reported distinct disease outcomes
shared consistent results with our principal 2-sample MR,
demonstrating that telomere length was associated with mul-
tiple cancers, hypertension, coronary heart disease, myocar-
dial infarction, abdominal aortic aneurysm, interstitial lung
disease, idiopathic pulmonary fibrosis, and celiac disease
(Table 2). Furthermore, the systematic review found several
additional outcomes, including increased risk of endometrial,
breast and ovarian cancer, systemic lupus erythematosus,
ankylosing spondylitis, and decreased risk of type 1 diabe-
tes, rheumatoid arthritis, multiple sclerosis, chronic kidney
disease, Alzheimer’s disease, and bipolar disorder (Table 2).
Although the majority of the associations were directionally
consistent with our 2-sample MR, these associations were not
statistically significant after multiple corrections in our anal-
ysis. The systematic review of MR studies also found causal
associations with clonal hematopoiesis, amyotrophic lateral
sclerosis, androgenetic alopecia, and periodontitis that were
not captured sufficient data in phecodes.

Discussion

In performing the MR-PheWAS of telomere length, as well
as additional evidence from systematic review, we obtained
evidence of wide-ranging implications for telomere length
on health, and our findings suggested that susceptibility to
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telomere length may vary across disease categories. Among
these diseases, longer telomere length was associated with
increased risk of neoplasms, diseases of the genitourinary
system, and essential hypertension, and decreased risk of
diseases of the respiratory system and digestive system, and
myocardial infarction.

Several associations we found in the MR-PheWAS anal-
ysis were in line with previous MR findings, including the
associations of longer telomere length with decreased risk of
diseases of respiratory diseases (20,21), coronary artery dis-
eases (22,23), celiac disease (20), and increased risk of multi-
ple neoplasms (20,24-28) and hypertension (22). As a result,
our findings further added to the causal evidence of these
associations. A previous PheWAS in the UK Biobank found
that measured longer telomere length was negatively related
to diseases of respiratory, digestive, and circulatory (particu-
larly arterial disease) systems, whereas positively associated
with neoplasms, and this observational study, consistent with
our genotype-based MR findings, is a substantial addition to
our results (29). In addition, the aforementioned study found
that telomere length-related SNPs were associated with the
risk of postinflammatory pulmonary fibrosis and sickle cell
anemia (29). However, the study used single SNPs as genetic
instruments that explained less than 0.7% of the phenotypic
variance of telomere length (30) and might therefore have
overlooked weak-to-moderate associations due to inadequate
power. Here, our multi-SNP approach increased statistical
power and enabled us to use several complementary MR
methods to validate our causal findings. We reported causal
associations more broadly, including benign neoplasms such
as uterine leiomyoma, benign neoplasm of skin, ovary, and
colon and genitourinary diseases such as retention of urine,
hyperplasia of prostate, polyp of corpus uteri, and ovarian
cyst, and the earlier diseases have rarely been studied despite
their high prevalence.

The systematic review of MR studies on telomere length
found several associations we observed in the present
MR-PheWAS analysis and expanded the causality that was
not captured in phecodes. Although our MR results showed
directionally consistent associations with those previously
reported diseases that extended to diseases of musculoskeletal
(31), neurological (32), dermatologic (33), endocrine systems
(20), and mental disorders (34), these associations were not
statistically significant after multiple corrections in the pres-
ent PheWAS, which may be the result of insufficient statisti-
cal power, especially for those outcomes with fewer cases. In
addition, current causal evidence on telomere length has been
limited to European populations. Future large-scale trans-eth-
nic meta-analyses will be crucial in determining shared telo-
mere length causal associations.

Several mechanisms might explain identified associations.
The underlying mechanisms by which long telomere length
increase multiple cancer risk could be explained by telo-
mere shortening may serve as a tumor suppressor poten-
tially through limiting the cell proliferative capacity, and
individuals with shorter telomeres are more likely to reduce
the acquisition of potential oncogenic mutations during
DNA replication (6,35). One hypothesis for the association
between telomere shortening and increased risk of genitouri-
nary diseases may be that genitourinary disorders are pre-
cursor lesions and could be a marker in the development of
genitourinary tumors (36). Notably, the inverse associations
observed in some other non-neoplastic diseases may reflect
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Table 2. Comparison of the Results from the Systematic Review of MR Studies and the Present MR-PheWAS

Year First Author SNPs Outcome” Cases OR (95% CI)f Results in the Present MR-Phe WAS
Corresponding Phecode OR (95% CI)
Neoplasms
2017 Philip Haycock 16 Glioma 1130 5.27 (3.15-8.81) 191.11 2.76 (1.60,4.76)
2022 Charlie N 16 Glioma 12 488 4.79 (2.11-10.85) 191.11 2.76 (1.60, 4.76)
Saunders
2020 A E Howell 15 Glioma 5739 4.09 (1.13-14.86) 191.11 2.76 (1.60, 4.76)
2019 Ivo S. Muskens 8 Meningioma 1053 1.06 (1.03-1.10) 225.1 1.88 (1.23,2.87)*
2022 Lulu Huang 16 Thyroid cancer 989 4.68 (2.35-9.31) 193 2.55 (1.66,3.92)
2015 Chenan Zhang 9 Lung cancer 12 160 1.65 (1.39-1.96) 165.1 1.55 (1.22,1.96)
2017 Philip Haycock 16 Lung cancer 3442 3.19 (2.40-4.22) 165.1 1.55(1.22,1.96)
2019 Linda Kachuri 8 Lung cancer 16 396 1.39 (1.21-1.60) 165.1 1.55 (1.22,1.96)
2019 Xuguang Cao 9 Lung cancer 7127 2.25 (1.81-2.78) 165.1 1.55(1.22,1.96)
2022 Nannan Son 17 Melanoma 3751 1.01 (1.00-1.02) 172.11 1.71 (1.36,2.15)
2018 Sivaramakrish- 3 Melanoma 1469 2.66 (2.07-3.25) 172.11 1.71 (1.36,2.15)
na
Rachakonda
2017 Philip Haycock 16 Skin cancer 12 814 1.87 (1.55-2.26) 172 1.67 (1.20, 2.32)
2020 Yifan Xu 11 Soft tissue 821 1.44 (1.18-1.75) 170.2 2.23 (1.41, 3.53)
sarcoma
2019 Chia-Ling Kuo 13 Breast cancer 12 382 1.06 (1.01-1.12) 174 1.08 (0.80, 1.46)*
2022 Fa Chen 19 Breast cancer 133 384 1.19 (1.08-1.32) 174 1.08 (0.80, 1.46)*
2020 Molly Went 7 Multiple my- 7717 2.33 (1.20-4.52) 204.4 2.13 (1.40, 3.23)
eloma
2019 Daniele Campa 10 Pancreatic 2374 0.88 (0.85-0.92) 157 0.95 (0.66, 1.38)*
cancer
2017 Philip Haycock 16 Bladder cancer 1601 2.19 (1.32-3.66) 189.2 1.61 (1.20,2.17)
2017 Philip Haycock 16 Kidney cancer 2461 1.55(1.08-2.23) 189.11 1.88 (1.33, 2.66)
2017 Mitchell J 9 Renal cell carci- 10 784 2.07 (1.70-2.53) 189.11 1.88 (1.33,2.66)
Machiela noma
2017 Philip Haycock 16 Endometrial 6 608 1.31 (1.07-1.61) 182 1.40 (1.10, 1.78)*
cancer
2017 Philip Haycock 16 Ovarian cancer 972 4.35(2.39-7.94) 184.11 1.42 (1.04, 1.92)%
2023 Wenjie Li 125 Basal cell carci- 17 416 1.53 (1.35-1.74) 172.21 -
noma
Circulatory system
2019 Chia-Ling Kuo 13 Hypertension 120 790 1.06 (1.03-1.09) 401.1 1.20 (1.12,1.28)
2022 Yingjian Deng 130 Hypertension 55917 1.12 (1.02-1.23) 401.1 1.20 (1.12,1.28)
2022 Yingjian Deng 128 Myocardial 11 622 0.72 (0.63-0.83) 411.2 0.87(0.78,0.97)
infarction
2017 Yigiang Zhan 7 Coronary heart 22233 0.79 (0.65-0.97) 411.4 0.89 (0.81,0.98)
disease
2019 Chia-Ling Kuo 13 Coronary heart 31689 0.95 (0.92-0.98) 411.4 0.89 (0.81,0.98)
disease
2017 Philip Haycock 16 Coronary heart 22233 0.78 (0.67-0.90) 411.4 0.89 (0.81,0.98)
disease
2017 Philip Haycock 16 Abdominal aor- 4972 0.63 (0.49-0.81) 442.11 0.65 (0.48,0.86)
tic aneurysm
2022 Junkui Wang 118 Calcific aortic 9153 0.76 (0.63-0.92) — —
valvular stenosis
Neurological system
2022 Qiao Liao 20 Multiple scle- 47 429 0.50 (0.38-0.66) 335 1.18 (0.80, 1.74)*
rosis
2021 Kailin Xia 10 Amyotrophic 20 806 0.85 (0.74-0.96) 334.21 —
lateral sclerosis
Respiratory system
2017 Philip Haycock 16 Interstitial lung 1616 0.09 (0.05-0.15) 504 0.34 (0.20, 0.57)

disease
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Year First Author SNPs Outcome” Cases OR (95% CI)t Results in the Present MR-Phe WAS
Corresponding Phecode OR (95% CI)
2021 Anna Duck- 7 Idiopathic pul- 4037 0.17(0.11-0.28) 502 0.35(0.24, 0.50)
worth monary fibrosis
Dermatologic system
2022 Xu-Fan Wang 7 Systemic lupus 5201 2.96 (1.58-5.59) 695.42 1.09 (0.56,2.11)*
erythematosus
2023 Yicheng Li 126 Androgenetic 98 0.24 (0.07-0.83) — —
alopecia
Digestive system
2017 Philip Haycock 16 Celiac disease 4533 0.42 (0.28-0.61) 5571 0.72 (0.54, 0.96)
2022 Jiaxin Hu 133 Periodontitis 18 979 0.94 (0.91-0.98) 523.3 —
Endocrine system
2017 Philip Haycock 16 Type 1 diabetes 7514 0.71 (0.51-0.98) 250.1 1.06 (0.84, 1.33)*
2022 Meijie Ye 9 Graves’ disease 2176 0.61 (0.46-0.81) 242.1 0.65 (0.42, 1.00)*
Genitourinary system
2021 Sehoon Park 52 Chronic kidney 41 395 0.83 (0.75-0.93) 585.3 1.05(0.92, 1.19)*
disease
Hematopoietic system
2022 Siddhartha P. 116 Clonal hemato- 10 203 1.56 (1.25-1.93) — —
Kar poiesis
2022 Tetsushi Nakao 16 Clonal hemato- 5490 2.46 (1.93-3.00) — —
poiesis
Musculoskeletal system
2020 Zhen Zeng 7 Rheumatoid 911 0.68 (0.54-0.86) 714.1 0.94 (0.72,1.23)*
arthritis
2023 Donglei Wei 92 Ankylosing 2252 1.55(1.14-2.11) 715.2 1.63 (0.94,2.85)
spondylitis
Mental disorders
2017 Philip Haycock 16 Alzheimer’s 17 008 0.84 (0.71-0.98) 290.11 0.99 (0.77,1.29)*
disease
2020 Alexander 4 Alzheimer’s 25580 0.93 (0.86-0.99) 290.11 0.99 (0.77,1.29)}
Madrid disease
2021 Guangping Yu 17 Alzheimer’s 35274 0.79 (0.67-0.93) 290.11 0.99 (0.77,1.29)¢
disease
2022 Blanca Rodri- 21 Alzheimer’s 71 880 0.96 (0.94-0.99) 290.11 0.99 (0.77,1.29)*
guez-Fernandez disease
2023 Likui Lu 133 Bipolar disorder 7 647 0.80 (0.65-0.99) 296.1 0.86 (0.62,1.19)¢

Notes: CI = confidence interval; MR = Mendelian randomization; OR = odds ratio; PheWAS = phenome-wide association study; SNP = single nucleotide

polymorphism.

‘Presented disease outcomes are those for which significant results were obtained in the systematic review.
TThe OR (95% CI) reported here refers to the MR results in the systematic review, unified into the effect of per unit increase in the telomere length on the

outcomes.

*The OR (95% CI) are nonstatistically significant results reported by the present MR-Phe WAS after multiple corrections.

the evolutionary trade-off between greater resistance to can-
cer at the cost of greater susceptibility to degenerative diseases
(37). For respiratory diseases, short telomere length is also
reported to be associated with lower arterial PO, and there
are indications that telomere shortening lowers the thresh-
old for chronic cigarette smoke-induced damage (38,39). We
found that longer telomere length was related to an increased
risk of essential hypertension, contrary to findings regarding
degenerative diseases such as coronary atherosclerosis and
myocardial infarction. However, the biological mechanism
between telomere length and hypertension is less understood
and may reflect the dynamic relationship between telomere
maintenance and function during vascular aging (40). Future
research into the specific mechanisms of how telomere length

causes multiple diseases is warranted, which can help define a
critical role of telomere length and bring greater attention to
telomere-related prevention, diagnosis, and treatment.

One of the strengths of our study was that the MR-Phe WAS
analysis was performed, allowing for evidence of causal asso-
ciations between telomere length and a wide range of diseases,
which is less susceptible to residual confounding and reverse
causality than traditional observational studies. Another major
novelty of the present study is to perform a systematic review
of MR studies on telomere length to complement findings not
captured in our results. In addition, other strengths included a
large sample size, the availability of thorough information on
hospital admissions and death registrations, and the conduct
of several complementary methods to ensure the robustness of
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results. However, the present study has several potential limita-
tions. First, the majority of cases were identified from hospital
records in the PheWAS analysis, which may affect the cover-
age of case ascertainment, particularly for diseases that do not
typically require hospitalization; although we have included
1 035 phenotypes with case counts greater than 200, it is still
possible that for diseases with relatively low prevalence, no
significant association could be found because of low effi-
cacy. Second, population stratification may introduce bias. To
minimize this possibility, we limited our study to individuals
of White-British ancestry and adjusted for assessment center
and genetic principal components that account for population
structures. However, we acknowledged that the extrapolation
of our findings to other races and ethnicities may be limited.
Third, some of the observed correlations suggested the pres-
ence of directional pleiotropy. Thus, caution is needed in the
interpretation of such associations in particular due to known
pleiotropic effects. Fourth, our genetic instrumental variables
were derived from the GWAS in the adult population, which
reflects the cumulative effect of genes over the life course on
adult telomere length. Therefore, estimates derived using our
GRS may not fully reflect the impact of telomere length on
disease risk across all life stages. Finally, leukocyte telomere
length was chosen for analysis as a surrogate and may not
directly reflect the telomere length in other tissues.

In summary, our phenome-wide MR and systematic
review provided evidence of wide-ranging implications for
telomere length on health outcomes. Our findings indicated
the potential protective effect of longer telomere length
on respiratory diseases, digestive diseases, and myocardial
infarction, and the detrimental effect on neoplasms, dis-
eases of the genitourinary system, and essential hyperten-
sion. Overall, our findings expand current knowledge on the
effects of telomere length on human diseases and suggested
that susceptibility to telomere length may vary across dis-
ease categories. Further research are warranted to determine
whether telomere length is a useful risk predictor for guid-
ing preventive and therapeutic interventions and to explore
modifiable mechanisms to alleviate the detrimental effect of
telomere length.
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Abstract

Background: There has been concern that statin therapy may be associated with an increased risk of intracerebral
hemorrhage (ICH). We investigated whether the intensity and type of statin therapy instituted after ischemic stroke (IS)
were associated with risk of future ICH in a region of northern China with a high incidence of stroke.

Methods: Newly diagnosed IS patients who were not treated with lipid-lowering drugs in the Beijing Employee Medical
Claims Data database from 2010 to 2017 were included. The primary exposure variable was any statin prescription within
I month of the first documented stroke diagnosis. High-intensity statin therapy was defined as atorvastatin = 80 mg, sim-
vastatin = 80 mg, pravastatin =40mg, and rosuvastatin =20mg per day or equivalent combination. An adjusted Cox
proportional hazards model was used to estimate the hazard ratio (HR) for ICH during follow-up in groups exposed and
not exposed to statins.

Results: Of 62,252 participants with IS and 628 ICH readmissions were recorded during a median follow-up of 3.17 years.
The risk of ICH among statin users (N=43,434) was similar to that among nonusers (N = 18,818) with an adjusted HR
and 95% confidence interval (Cl) of 0.86 (0.73, 1.02). Compared with non-statin therapy, patients with low/moderate-
intensity therapy had a lower risk of ICH (0.62: 0.52, 0.75), while patients with high-intensity therapy had a substantially
higher risk (2.12: 1.72, 2.62). For patients with different types of statin therapy, adherence to rosuvastatin had the lowest
risk of ICH compared to adherence to atorvastatin (0.46: 0.34, 0.63), followed by simvastatin (0.60: 0.45, 0.81).

Conclusion: In patients with IS, any statin therapy was not associated with an increased risk of ICH. However there
appeared to be differential risk according to the dose of statin with high-intensity statin therapy being associated with an
increased risk of ICH, while low/moderate-intensity therapy was associated with a lower risk.
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Introduction

Statins have been widely reported to be effective choles-
terol-lowering drugs, reducing mortality and the risk of car-
diovascular events.> Although many cardiovascular
benefits of statins have been recognized, concerns have
been raised that statin therapy might be associated with an
increased risk of intracerebral hemorrhage (ICH), particu-
larly for those with cerebrovascular events.>

Evidence from existing studies is inconsistent, with sta-
tin use in patients with ischemic stroke (IS) reported to be
unrelated to®’ or protective against ICH.® However, the
potential risk of ICH with high-intensity statin therapy was
documented.> Until now, high-intensity statin therapy has
been advocated for post-stroke treatment, but the effect of
statin intensity on ICH after IS remains controversial.
Several studies suggest that the higher risk of ICH with
high-dose statin therapy should be noted, especially in
patients with IS after thrombolytic therapy, while others
do not yet support such a dose-response association.® In
addition, different statins differ in terms of clinical efficacy
and side effects.>'? Rosuvastatin has been reported to be
superior to atorvastatin in the prevention of cardiovascular
events, suggesting that rosuvastatin may be superior to
atorvastatin in patients at high cardiovascular risk.!'"!3
However, to date, evidence to support tailoring the type or
dose of statins for safety concerns of ICH is limited, espe-
cially in the treatment of patients with IS.'4

Globally, East Asia had the highest incidence rate of IS
and the most pronounced increase, especially in China,'’
resulting in a huge population of disability and a serious
economic burden.'® However, evidence from large-scale
population studies on the association of post-IS statin ther-
apy with ICH is lacking. Therefore, this study aims to
assess the relationship between the use, intensity, and type
of statins and ICH readmission in patients with newly diag-
nosed IS in Beijing, a megacity in China, from 2010 to
2017.

Methods
Data source

Details of the Beijing Medical Claim Data for Employees
(BMCDE) database have been previously described else-
where.!”!8 Briefly, anonymous medical claim data, such as
demographic characteristics, clinical diagnosis, medication
and reimbursement information, of all active or retired
employees enrolled in basic medical insurance in Beijing
(nearly 90% of Beijing’s permanent population) were reg-
istered into the database. Because the data we used were
retrospective information encrypted for administrative pur-
poses, our research was exempt from ethics committee
review.

Study population

We included patients =18 years of age with newly diag-
nosed IS and documented hospitalization who were enrolled
in Medicare between 2010 and 2017. Clinical diagnostic
information was presented in the International Classification
of Disease edition 10 (ICD-10) code, as well as descriptive
texts. IS was identified by ICD-10 coding (163) or text
diagnosis. “Newly diagnosed” was defined by applying a
fixed 24-month look-back period in which the patient had
continuous data coverage but did not have any records of
IS. The earliest registry hospitalization of IS was used as
the index hospitalization for patients with multiple registry
hospitalizations. To explore the effect of post-stroke statin
therapy, eligible patients had no records of statins or other
cholesterol-lowering drugs (fenofibrate, niacin, probucol,
etc.) in the 12months prior to the first diagnosis of IS.
Subjects were excluded if they (1) had a previous history of
primary diagnosis of hepatic failure (ICD-10: K70-K72 or
text diagnosis, N=20) or severe kidney disease (ICD-10:
112; 113; NOO-NOS5; NO7; N11; N14; N17-N19; Q61 and
text diagnosis, N=804) and (2) died within a month
(N=1491).

Statin exposure

Drug information includes brand and generic drug names,
formulations, costs, and dispensing dates. The primary
exposure variable was any statin prescription within
I month of the first documented stroke diagnosis. Among
patients who received any statin therapy, secondary expo-
sure variables were high versus low/moderate intensity of
statin use and types of statin adherence. High-intensity sta-
tin therapy was defined as atorvastatin = 80 mg, simvasta-
tin = 80 mg, pravastatin =40 mg, and rosuvastatin =20 mg
per day or equivalent combination.>'° Low/moderate-
intensity statin therapy was defined as all other statin
agents. Types of statin adherence were indicated by the pro-
portion of days covered (PDC) = 80% for each type of sta-
tin during follow-up**?! (PDC=days covered by the
prescription/days between the first prescription fill date and
the end date).?? Patients who adhered to two or more types
of statins were not considered in the analysis of the effects
of different types of statins.

Ascertainment of outcome

ICH readmission was defined as receiving any records of
ICD-10 code diagnosis (160-162) or text diagnosis after IS.
Information on deaths was obtained from the Medicare
Death Registry. Patients were followed from the date of IS
diagnosis (baseline) until the earliest ICH event occurred,
death, withdrawal from the database, or termination on 31
December 2017, whichever occurred first.
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Covariates

Sociodemographic factors (sex and age), medical resource
utilization, comorbidities, and stroke-related concomitant
prescription medication at baseline were assessed at the
index day. Medical resource utilization includes designated
hospital level for medical insurance and the number of out-
patient and hospital visits in the 12 months prior to baseline.
Comorbidities were identified from inpatient and outpa-
tient records from 1 January 2008 to baseline by ICD-10
coding and text diagnosis. We established Charlson
comorbidity indexes for patients based on their multisys-
tem comorbidities to reflect the baseline health status, as
detailed in the construction method described in a previous
study.?® In addition, baseline records of concomitant pre-
scription drugs, including antihypertensive, anticoagulant
(heparin, warfarin, rivaroxaban, and other thrombin inhibi-
tors), antiplatelet (aspirin, clopidogrel, etc.), nonsteroidal
anti-inflammatory drugs (NSAIDs), and thrombolytic
drugs (Alteplase, streptokinase, urokinase, etc.), were also
included in the analysis.

Statistical analysis

The respective distributions of baseline characteristics
compared among patients receiving any versus no statin
and high, low/moderate-intensity statin versus no statin
were shown as frequencies with percentages for categorical
variables and means with standard deviations for continu-
ous variables. Variance between groups was evaluated with
y? tests for categorical variables and Kruskal-Wallis tests
for continuous variables.

Unadjusted Kaplan—Meier incidence curves and log-
rank tests were used to evaluate the ICH incidence in differ-
ent intensity groups and types of statin adherence groups
after the index date (high, low/moderate intensity versus
none and rosuvastatin, simvastatin versus atorvastatin).
Cox regression models were used to estimate the adjusted
hazard ratios (HRs) for the risk of ICH in statin users com-
pared with nonusers (high, low/moderate-intensity statin
compared with no statin, rosuvastatin, simvastatin com-
pared with atorvastatin adherence), adjusting for gender,
age, comorbidities, hospital level, medical resource utiliza-
tion, and concomitant medication prescription. In addition,
adjusted HRs and 95% confidence intervals (CIs) were cal-
culated for different statin treatment patterns (different
intensities and types), stratified according to the time inter-
val between baseline IS and ICH readmission. The propor-
tionality hazard hypothesis was tested using Schoenfeld
residuals and no proportionality bias was observed. The
Fine-Gray model of competitive risk regression was used to
further account for the competing risk of mortality, and the
covariates were adjusted as above. Since differences in
patient characteristics may affect the outcomes of statin

therapy, a series of subgroup analyses were constructed,
including age (<60 versus =60years), sex (male versus
female), hospital rank (primary/secondary versus tertiary),
comorbidity index (0—1 versus =2), number of visits (0-2
versus >2), history of hypertension, use of anticoagulants,
and thrombolytic therapy.

To account for the effect of any statin use throughout the
follow-up period after IS and to make the basic characteris-
tics of the treated and nontreated groups more consistent, we
defined any statin use after stroke as the treatment group. To
optimize the comparability of users and nonusers in terms of
confounding factors, they were matched 1:1 within a caliper
of 0.01 times the standard error of the logit propensity score
for age, sex, first stroke date, type of stroke, hospital rank,
medical resource utilization, comorbidities, and concomi-
tant medication prescription. The standardized mean differ-
ence (SMD) of acceptable matching was less than 0.1. Other
sensitivity analyses were conducted by (1) excluding par-
ticipants with atrial fibrillation (AF), (2) excluding suba-
rachnoid hemorrhage as an outcome that could be attributed
to ruptured cerebral aneurysms or arteriovenous malforma-
tions rather than statin-mediated changes in serum choles-
terol, (3) excluding patients who received thrombolytic
therapy to rule out thrombolysis-related ICH, and (4) using
a competing-risk regression model to further examine the
competing risks of other cardiovascular diseases including
various heart diseases and valvular diseases, hypertension,
coronary heart disease, heart failure, and atherosclerosis
(ICD-10: 101-111, 113, 120-151, 170).

A two-sided p value of <0.05 was considered to be sta-
tistically significant. All statistical analyses were performed
by using Stata (version 14.0, StataCorp).

Results
Baseline characteristics

A total of 62,252 remaining patients with newly diagnosed
IS were enrolled in this study, of whom 43,434 (69.8%) ini-
tiated statin treatment at baseline and 18,818 (30.2%) were
nonusers (Table 1). Differences in the distribution of basic
characteristics between the two groups were mainly indi-
cated by younger age, fewer women, fewer hospital visits,
more tertiary hospitals, fewer comorbidities (except for
hypertension), and more thrombolytic therapy among statin-
treated patients than nontreated patients (all p value <0.05).
For the intensity of statin therapy, 34,301 (55.1%) patients
received low/moderate-intensity statin therapy, and 9133
(14.7%) received high-intensity statin therapy. Patients with
high-intensity statin therapy had more comorbidities (espe-
cially hypertension and ischemic heart disease), hospital
visits and medication use and fewer tertiary designated hos-
pitals than patients with low/moderate-intensity statin ther-
apy (all p value <0.05).
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Table I. Baseline demographic and clinical characteristics of study participants, divided according to statin therapy.

Statin
(n=43,434)

No statin

Variable (n=18,818)

Low/moderate
intensity
(n=34,301)

High intensity

p value (n=9133) p’ value

CCl-index: Carlson comorbidity index; NSAIDs: nonsteroidal anti-inflammatory drugs.

Statin therapy and the risk of ICH readmission

Of the 62,252 participants, 628 ICH readmissions were
recorded during a median follow-up of 3.17 years. Statin-
treated patients had lower crude incidence rates of ICH
than untreated patients (2.77 versus 3.24 per 1000 person-
years), corresponding to a fully adjusted HR of 0.86
(95% C1, 0.73, 1.02; p=0.089; Table 2). Compared with
non-statin therapy, patients with low/moderate-intensity
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therapy had a lower risk of ICH (0.62: 0.52, 0.75), while
patients with high-intensity therapy had a substantially
higher risk (2.12: 1.72, 2.62; Table 2). The cumulative risk
was higher in the high-intensity group than in the non-statin
group throughout the follow-up period, while the risk was
consistently lower in the low/moderate-intensity group
(p<<0.001 for log-rank tests: Figure 1(a)). For patients with
different types of statin therapy, adherence to rosuvastatin
had the lowest risk of ICH compared to adherence to
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Figure 1. Unadjusted Kaplan—Meier hazard curves for risk of intracranial hemorrhage readmission according to intensity and

type of statin use: (a) shows the curves of ICH for the nonusers and low/moderate-intensity and high-intensity statin users and
(b) shows the incidence curves for adherence to different types of statins.
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Figure 2. Hazard ratios of intracranial hemorrhage readmission associated with statin use after ischemic stroke at different

times: (a) shows the HRs and 95% Cls of ICH for low/moderate-intensity and high-intensity statin users compared with
nonusers; (b) shows the HRs and 95% Cls for adherence to rosuvastatin and simvastatin compared with atorvastatin.
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atorvastatin (0.46: 0.34, 0.63), followed by simvastatin
(0.60: 0.45, 0.81; Table 3), which was further confirmed by
the cumulative incidence curve (p<<0.001 for log-rank
tests: Figure 1(b)). Accounting for competing risks for
death did not alter the results of the Cox proportional haz-
ards model in all of the above analyses. The effects of
statins were of limited duration and had a greater impact on
ICH in the short term than in the long term after IS.
Compared with patients who did not take statins, the pro-
tective effect on ICH disappeared 1year after baseline in
the low/medium-intensity statin-treated group, whereas
high-intensity statin therapy was not associated with ICH
risk 2 years later (Figure 2(a)). Similarly, adherence to dif-
ferent types of statins varied in ICH effects in the short
period after stroke but tended to be consistent over longer
periods (Figure 2(b)).

Subgroup analyses showed that statin therapy was asso-
ciated with a slight reduction in the risk of ICH in men
(0.80: 0.66, 0.97), patients with more than two visits in the
previous year (0.76: 0.66, 0.95), or patients receiving throm-
bolytic therapy (0.70: 0.48, 0.99; Supplementary Table 1).
After we matched the treated and nontreated groups by sta-
tin use throughout the follow-up after baseline, we obtained
treated and nontreated patients with nearly identical charac-
teristics (SMD < 0.1; Supplementary Table 2). As in the pre-
vious analysis, there was no difference in ICH risk between
the treated group and the nontreated group (0.85:0.63, 1.15;
p=0.299; Supplementary Table 3), with an increased risk
for high-intensity therapy (2.20: 1.45, 3.32) and a decreased
risk for low/moderate-intensity therapy (0.63: 0.44, 0.89).
In other sensitivity analyses, further exclusion of subarach-
noid hemorrhage as an outcome (0.86: 0.72, 1.01), patients
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Table 2. Hazard ratios of hemorrhagic stroke readmission after ischemic stroke discharge associated with statin therapy.

HR (95% Cl)

Cases/PYs (/1000)

No statin 18,818 3.24

Cox regression model Competitive risk model

Reference Reference

Low/moderate intensity 34,301 1.97

HR: hazard ratio; Cl: confidence interval.

0.62 (0.52, 0.75) 0.65 (0.54, 0.79)

Table 3. Hazard ratios of hemorrhagic stroke readmission after ischemic stroke discharge associated with type of statin adherence.

Type of statin adherence

Cases/PYs (/1000)

HR (95% Cl)

Cox regression model Competitive risk model

Atorvastatin 11,312 5.24

Reference Reference

Simvastatin 5086 2.84

0.60 (0.45, 0.81) 0.65 (0.49, 0.87)

HR: hazard ratio; CI: confidence interval.

with atrial fibrillation (0.86: 0.73, 1.03), and patients receiv-
ing thrombolytic therapy (0.89: 0.74, 1.07) did not signifi-
cantly alter risk estimates (Supplementary Tables 4-6).
Competition for other cardiovascular outcomes did not off-
set the effect of low/moderate-intensity (0.61: 0.50, 0.73)
and high-intensity (1.82: 1.48, 2.25) statins on ICH
(Supplementary Table 7).

Discussion

This study leveraged medical insurance registers of the
Chinese megacity to describe the association of statin ther-
apy with hemorrhagic transformation after a first-time IS
diagnosis from multiple perspectives. High-intensity statin
therapy was associated with a higher risk of ICH, whereas
low/moderate-intensity statin therapy showed a protective
effect. Regarding the type of statin, adherence to rosuvasta-
tin had the lowest risk compared with atorvastatin, fol-
lowed by simvastatin.

Statin therapy is fairly common in populations with
prior IS, but whether it causes cerebral hemorrhage trans-
formation was controversial in the past. Our findings
showed that statin use was not associated with ICH risk in
all patients regardless of dose, consistent with 2 previous
large cohort studies®’ and the majority of randomized
controlled trials.?* However, further results suggested that
the association may differ depending on the intensity of
treatment. Low/moderate-intensity post-IS statin therapy

(considered the routinely recommended dose) reduced the
risk of ICH by nearly 40%, which may support a previous
Danish national cohort study advocating that any statin use
after IS reduced the risk of ICH by half.® Our sensitivity
analysis defined statin therapy and matched the control
group in the same way as this previous study and still found
protective effects only in the low-to-moderate-intensity sta-
tin group rather than in the full population, probably
because of differences in statin dosage in the two study
populations.

Of concern, we found that high-intensity statin therapy
more than doubled the risk of ICH, supporting the results of
a previous small-sample cohort study® and several rand-
omized trials.>?* In contrast to the previous American Heart
Association recommendation for intensive statin therapy in
stroke patients younger than 75years of age,?® the US
Preventive Services Task Force’s latest review recommend
selective prescribing of moderate-intensity statin therapy
based on cardiovascular risk factors in adults 40-75 years
of age, while insufficient evidence was available for adults
=76 years of age.?’ Our findings of adverse effects of high-
dose statin therapy provide further evidence to this recom-
mendation. In addition, high-intensity statin use was found
to be more associated with short-term than long-term risk
of ICH after IS, underscoring a critical period for ICH pre-
vention in patients with this type of therapy.

The opposite association between different intensities of
statin therapy and the risk of ICH in patients with IS may be
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explained by conflicting underlying biological mecha-
nisms. On one hand, statins were found to reduce oxidative
stress and inflammation, improve endothelial function, and
stabilize atherosclerotic plaques, thereby potentially reduc-
ing the propensity of hemorrhage.?® Therefore, it is likely
that these protective effects of statins play a major role in
the low/moderate-intensity group. On the other hand, high-
intensity statin therapy has exceeded the recommended
dose, possibly leading to some potentially risky effects.
Some studies have confirmed that the cholesterol-lowering
effect of statins is associated with an increased risk of
ICH.? In particular, a Mendelian randomization study of
Chinese adults demonstrated an inverse causal association
of low-density lipoprotein cholesterol with ICH.3° Other
pleiotropic effects of statins could also theoretically con-
tribute to the hemorrhagic risk, for example, inhibiting
platelet aggregation, enhancing fibrinolysis, and thus
reducing thrombosis.3!'? In addition, statins have been
reported to cause arterial muscle necrosis and microaneu-
rysm formation, thus leading to hemorrhage.?*

Our study showed the different effects of different types
of statin therapy in patients with prior IS. Specifically,
adherence to rosuvastatin or simvastatin was associated
with a lower risk of ICH than atorvastatin, with rosuvastatin
therapy having the lowest risk. To our knowledge, most pre-
vious studies have only compared atorvastatin and/or rosuv-
astatin, and few studies have compared the efficacy of
multiple statins in patients with IS.> Despite the lack of evi-
dence in patients with IS, our finding is consistent with the
result of a previous randomized controlled trial in those with
an ICH as an entry event, which found that ICH was more
frequent in patients treated with atorvastatin.** In other clin-
ical studies, rosuvastatin has also shown better performance
than atorvastatin in reducing serum low-density lipoprotein
cholesterol (LDL-C) and clinical efficacy.!’"!* This may be
explained by the theoretical lower ability of hydrophilic
statins to cross the blood-brain barrier.*

To the best of our knowledge, this study is the largest to
assess the association of statin use with incident ICH in an
Asian population, with new IS as the entry event. We used
a retrospective cohort study based on Medicare data cover-
ing an entire megacity to explore the association from mul-
tiple perspectives, including statin dose and type. To avoid
the impact of a history of lipid-lowering drug use before
stroke on ICH and the resulting population differences in
baseline conditions, we excluded patients who had used
lipid-lowering drugs 1 year before the diagnosis of IS. After
adjusting for multiple confounders and sensitivity analyses,
we found fairly stable results that statin therapy after IS
did not increase the risk of ICH overall, except for high-
intensity therapy. Given the other substantial cardiovascu-
lar benefits of statins, our study highlights that the risk
of ICH in patients with IS should not be negligible with
high-dose statin therapy but does not argue against low/

moderate-intensity statin therapy. The risk of ICH with
different types of statins was evaluated for the first time in
patients with IS in this study, suggesting the possibility of
switching statin types in stroke treatment to reduce the risk
of adverse effects of statin therapy.

There are some limitations to this study that are worth
discussing. First, although Medicare’s database had objec-
tively and accurately recorded every participant’s prescrip-
tion payment, drug prescriptions did not necessarily reflect
patients’ actual medication use. The fact that the actual
dose due to insufficient medication adherence was less than
the recorded dose may bias our risk estimates for the high-
dose group toward null hypothesis. Second, the use of
statins may be related to the subjects’ serum cholesterol
levels at baseline, leading to an inversion of cause and
effect. Therefore, we minimized this bias by excluding
patients with a history of lipid-lowering medications at
baseline and adjusting or matching for baseline hyperlipi-
demia. Third, statin use at baseline may not reflect long-
term statin use, but more than 83% of statin users start
statin use within 1 month after IS. Using drug use within
1 month after the initial diagnosis resulted in more consist-
ent courses of IS among the subjects. To discuss whether
subsequent changes in statin use altered the results, we
explored any statin use throughout follow-up in a sensitiv-
ity analysis and obtained the same results. Fourth, statin
users changed the type of statin they used during follow-up,
with fewer using a single type of statin. Therefore, to com-
pare the differences in statin types, only patients adhering
to a single type of statin were selected for discussion, and
transient use of other types of statins was ignored. Fifth, the
lack of information on lifestyle, biochemical markers (lipo-
protein level, blood pressure control), and genetics in health
care data limits further exploration of these factors. Sixth,
ICH due to secondary causes or trauma cannot be ruled out
because the Medicare database lacks detailed information
on each individual’s medical history. Therefore, more
detailed clinical data are needed to further explore the risk
of ICH under different etiologies.

In conclusion, our study shows that the risk of ICH in
patients with IS was not consistent across intensives and
types of statin therapy. High-intensity statin use increased
the risk of readmission for ICH, while low/moderate-inten-
sity statin therapy showed a protective effect. Compared
with atorvastatin, adherence to rosuvastatin had the lowest
risk of ICH, followed by simvastatin. We support low/mod-
erate-intensity statin therapy after IS, avoiding high-inten-
sity statin use and choosing low-risk statin types to avoid
the risk of ICH.
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LETTERTO THE EDITOR

Journal of Diabetes

Response to: Critical commentary on the association
between thiazolidinedione use and dementia risk in

patients with type 2 diabetes

We thank Wasif et al for their comments' on our article
that explored the association between thiazolidinedione
(TZD) use and dementia risk in patients with type 2 dia-
betes mellitus (T2DM).> In their letter, the authors
addressed the potential confounding effects of age of dia-
betes onset and mental disorders, which were suggested
to be associated with dementia risk in recent studies,*
and thus they suggested subgroup analyses according to
participants’ age at T2DM onset and status of mental disor-
ders." In our analyses we controlled age and years of T2DM
at baseline?; thus the issue of collinearity would arise in the
multivariate and inverse probability weighted model if we
controlled age of T2DM onset, which was the difference
between baseline age and diabetes duration. Moreover,
comorbidities were adjusted using the Charlson comorbid-
ity index, which did not contain mental disorders.”

In response to the authors’ concerns, we conducted
subgroup analyses according to their suggestions’
(Table 1). Age of diabetes onset was defined as the age
when the patient was first diagnosed with T2DM. In addi-
tion, history of mental disorders was identified using the
International Classification of Diseases, Tenth Revision (all
codes of F10-F99 except F70-F79) according to a previous
study.* Consistent with previous studies, we observed
higher incidence of dementia in patients of older age and
with history of mental disorders.>* But no significant effect
modification was observed. Compared with use of alpha-
glucosidase inhibitors, TZD use was significantly associ-
ated with dementia incidence in different age groups, with
a hazard ratio (HR) of 0.44 (95% confidence interval [CI],
0.21-0.91), 0.62 (95% CI, 0.39-0.98), and 0.47 (95% CI,
0.31-0.71) for T2DM patients aged <55 years, 55-65 years,
and >65 years, respectively. Similarly, TZD use was consis-
tently associated with dementia risk in terms of history of
mental disorders, with an HR of 0.53 (95% CI, 0.30-0.94)
and 0.50 (95% CI, 0.36-0.69) for T2DM patients with and
without history of any mental disorders, respectively.

We agree with the authors that we cannot fully rule
out biases caused by unmeasured confounding and inac-
curate information.® Therefore, we conducted several sen-
sitivity analyses using different dementia identification
rules combing diagnosis and prescriptions of antidementia
drugs. Results under various outcome definitions were
consistent (the Table 1), suggesting that our results were
robust against potential outcome misclassification.”> Fur-
thermore, we did not adjust full medication history and
some other potential confounders, such as dietary pat-
terns, hence we calculate the E-value as a sensitivity analy-
sis. The E-value for the observed HR of 0.51 in our
primary analysis was 3.33, which was the minimum
strength that an unmeasured confounder needed to be
associated with both the exposure and outcome to explain
away the observed association.”

However, our analyses should be interpreted in the
context of its observational nature. Future prospective
studies with more refined measurement of dementia
cases and potential confounders are needed to give
further insights into the potential role of TZDs in reduc-
ing dementia incidence.
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TABLE 1 Association between TZD use and incidence of dementia stratified by age at T2DM diagnosis and mental disorder under
different outcome definitions.

AGI users TZD users
Incidence Incidence
Subgroup analyses Cases/PY (/100 000 PY) Cases/PY (/100 000 PY) HR (95% CI)
Primary outcome definition®
Age at T2DM diagnosis
<55 94/129415 72.6 9/37280 24.1 0.44 (0.21-0.91)
55-65 152/93546 162.5 24/26997 88.9 0.62 (0.39-0.98)
>65 307/59597 515.1 27/12471 216.5 0.47 (0.31-0.71)
Any mental disorder
No 415/231879 179.0 45/62197 72.4 0.50 (0.36-0.69)
Yes 138/50678 272.3 15/14551 103.1 0.53 (0.30-0.94)
Outcome definition 2°
Age at T2DM diagnosis
<55 92/129365 71.1 9/37273 24.1 0.45 (0.22-0.93)
55-65 149/93462 159.4 22/26990 81.5 0.59 (0.37-0.96)
>65 303/59385 510.2 27/12404 217.7 0.48 (0.32-0.72)
Any mental disorder
No 407/231583 175.7 44/621146 70.8 0.50 (0.36-0.69)
Yes 137/50629 270.6 14/14521 96.4 0.52 (0.29-0.93)
Outcome definition 3°
Age at T2DM diagnosis
<55 62/129421 47.9 5/37282 13.4 0.32 (0.12-0.83)
55-65 99/93590 105.8 13/27006 48.1 0.54 (0.29-1.01)
>65 189/59652 316.8 16/12426 128.8 0.44 (0.26-0.75)
Any mental disorder
No 263/231917 113.4 26/62178 41.8 0.46 (0.30-0.71)
Yes 87/50747 171.7 8/14536 55.0 0.39 (0.18-0.87)
Outcome definition 4¢
Age at T2DM diagnosis
<55 101/129356 78.1 11/37264 29.5 0.48 (0.25-0.93)
55-65 166/93444 177.6 28/26961 103.9 0.64 (0.42-0.98)
>65 327/59388 550.6 29/12403 233.8 0.46 (0.31-0.68)
Any mental disorder
No 445/231582 192.2 49/62129 78.9 0.50 (0.37-0.68)
Yes 149/50606 294.4 19/14500 131.0 0.56 (0.33-0.93)
Outcome definition 5°
Age at T2DM diagnosis
<55 143/129255 71.6 18/37242 48.3 0.58 (0.34-0.98)
55-65 226/93315 189.9 40/26932 148.5 0.68 (0.47-0.98)
>65 490/59122 603.4 57/12368 460.9 0.59 (0.44-0.78)
Any mental disorder
No 648/231230 280.2 81/62063 130.5 0.57 (0.45-0.73)
Yes 211/50463 418.1 34/14477 234.8 0.73 (0.51-1.08)

Abbreviations: AGI, alpha-glucosidase inhibitor; CI, confidence interval; HR, hazard ratio; PY, person years; TZD, thiazolidinedione; T2DM, type 2 diabetes
mellitus.

#An incident dementia case was defined as (a) having at least two consecutive diagnosis code or description of FOO-F03 or G30, or (b) having at least one
dementia diagnosis record and prescription records of antidementia drugs. Details of outcome definitions have been published previously.*

"Outcome definition 2: Dementia defined as having at least two diagnoses of FOO-F03 or G30;

‘Outcome definition 3: Dementia defined as having over two diagnoses of FO0-F03 or G30 and prescriptions of antidementia agents after the first diagnosis;
d0utcome definition 4: Dementia defined as having a consecutive diagnosis of FO0-F03 or G30 or prescription of antidementia agents within 1 year of the first
diagnosis of dementia;

°Outcome definition 5: Dementia defined as any diagnosis of FO0-F03 or G30.
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Robust estimation of dementia prevalence  «=

from two-phase surveys with non-responders
via propensity score stratification

Chong Shen'!, Minyue Pei**", Xiaoxiao Wang??, Yiming Zhao??, Luning Wang?, Jiping Tan*’, Ke Deng'” and
Nan Li**"

Abstract

Background Missing diagnoses are common in cross-sectional studies of dementia, and this missingness is usually
related to whether the respondent has dementia or not. Failure to properly address this issue can lead to underes-
timation of prevalence. To obtain accurate prevalence estimates, we propose different estimation methods within
the framework of propensity score stratification (PSS), which can significantly reduce the negative impact of non-
response on prevalence estimates.

Methods To obtain accurate estimates of dementia prevalence, we calculated the propensity score (PS) of each
participant to be a non-responder using logistic regression with demographic information, cognitive tests and physi-
cal function variables as covariates. We then divided all participants into five equal-sized strata based on their PS. The
stratum-specific prevalence of dementia was estimated using simple estimation (SE), regression estimation (RE), and
regression estimation with multiple imputation (REMI). These stratum-specific estimates were integrated to obtain an
overall estimate of dementia prevalence.

Results The estimated prevalence of dementia using SE, RE, and REMI with PSS was 12.24%, 12.28%, and 12.20%,
respectively. These estimates showed higher consistency than the estimates obtained without PSS, which were
11.64%, 12.33%, and 11.98%, respectively. Furthermore, considering only the observed diagnoses, the prevalence in
the same group was found to be 9.95%, which is significantly lower than the prevalence estimated by our proposed
method. This suggested that prevalence estimates obtained without properly accounting for missing data might
underestimate the true prevalence.

Conclusion Estimating the prevalence of dementia using the PSS provides a more robust and less biased estimate.
Keywords Prevalence estimation, Missing data, Propensity score
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Background

Dementia is a neurodegenerative disease that leads to
irreversible memory loss, language dysfunction, and dif-
ficulties in carrying out daily activities [1]. In an aging
society, dementia has become a major public health
challenge, affecting nearly 50 million people worldwide
[2, 3]. This places a heavy burden not only on people
with dementia and their families, but also on society and
the economy. The total cost of caring for people with
dementia is one of the largest healthcare expenditures
for society, and is expected to reach $355 billion glob-
ally in 2021 [4]. China is also expected to spend $507.49
billion on dementia care in 2030 [5]. In addition, mild
cognitive impairment (MCI), the intermediate state
between normal and dementia, has also been the focus
of research [1]. The number of people with dementia
or MCI is increasing over time, leading to a growing
healthcare burden in the future [6]. Therefore, an accu-
rate prevalence estimation is essential to understand
the disease, accurately assess the burden of disease, and
make informed health policy decisions [6, 7].

Dementia research typically follows a two-phase sur-
vey approach [8]. In phase I, screening is carried out in
the general population to identify high-risk participants,
who then undergo systemic neuropsychological testing
in phase II to obtain accurate diagnoses. However, there
are significant challenges in conducting testing in phase
I1 [9, 10]. Some of the essential tests are complex and can
be difficult for participants with poor physical, hospitali-
zation, and cognitive conditions to complete, leading to
a high non-response rate in phase II [11]. This results in
non-random missingness of final diagnoses and challenge
to the estimation of dementia prevalence [12].

Missing data is a common issue in cross-sectional stud-
ies of dementia. Wu’s meta-analysis showed that large-
scale prevalence studies in China had a response rate
of around 90% [13]. However, traditional methods of
dealing with missing data involve simply removing non-
responders’ data points from the analysis, which can lead
to an underestimation of prevalence. This is particularly
true for studies of dementia, as missing diagnoses in
phase II are more likely to be associated with higher dis-
ease rates. In these cases, the missing mechanism is clas-
sified as missing not at random (MNAR) [14].

Unfortunately, we have found that many previous
studies suffer from the defect of not properly deal-
ing with missing data, resulting in underestimates of
the prevalence and burden of dementia [15, 16]. For
example, the Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD) calculated global prevalence
through systematic reviews without correcting the
potential bias due to missing data [4, 6]. In recent years,
many researchers have made great efforts to address
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this critical issue. Tan et al. [17] proposed to impute the
missing diagnoses in phase II via various imputation
methods and compared the resulting estimated preva-
lence. There are some previous studies that have dealt
with missing data in different ways in longitudinal stud-
ies [18-20], but not in cross-sectional studies. Chen
developed a method called the Diggle-Kenward (DK)
selection model to deal with MNAR [21]. However,
there is still a lack of a logical strategy with an explicit
protocol to properly handle the unobserved diagnoses
that are MNAR in the field of dementia research.

In recent years, propensity scores (PS) have gained
popularity in observational studies. Defined as the
conditional probability of a unit being assigned to a
particular treatment group given a set of observed
covariates, PS can help balancing confounding factors
across treatment or exposure groups [22]. We assume
that when the observed indicators are included to
build non-response PS model, the composition of inde-
pendent variables in the model help us to diagnose
the existence of MNAR. It will indicate MNAR, if the
meaningful independent variables contain those associ-
ated with the outcome. In such cases, direct estimation,
also known as marginal effects, may be influenced by
several confounding factors.

In this study, we have addressed the challenge of han-
dling missing data under the MNAR mechanism by
introducing a general strategy using propensity score
stratification (PSS) [22]. Within the stratification, the
observed and missing data can be approximated as iden-
tically distributed, making it a conditional effects method.
By applying the proposed strategy to estimate the preva-
lence of dementia among male veterans enrolled in the
Chinese Veteran Clinical Research (CVCR) platform, we
obtained an unbiased prevalence estimator that is robust
to different imputation methods.

Methods

Data source

This study was based on a sub-project of the Chinese
Veteran Clinical Research (CVCR) Platform for the
Assessment of Non-Communicable Diseases program.
It was a multicenter, two-phase, cross-sectional study
to estimate the prevalence of dementia and MCI. The
design and protocol of the CVCR have been approved
by the Ethics Committee of the Chinese People’s Libera-
tion Army (PLA) General Hospital(No. 20090820-02)
[23]. In this study, we reviewed the de-identified database
of the CVCR platform, and the design and protocol of
data analysis were approved by Ethics Committee of the
Peking University Third Hospital (No. M2016114 and
M2017055).
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Study population

The CVCR survey included 8,246 veterans aged 60 and
over from 277 veteran communities in 18 cities who
had registered on the CVCR platform and had been liv-
ing continuously in a veteran community for at least one
month. Of the 8,246 veterans who participated in the sur-
vey, n1 = 3,801 were diagnosed as normal in phase I, and
only the remaining ny = 4,445 were enrolled in phase
II. Among the participants enrolled in phase II, 1,170
failed to complete enough neuropsychological batteries
to obtain a clinical diagnosis and were defined as non-
responders, while the others received a specific diagnosis
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(589 normal, 1979 MCI, 707 dementia). Figure 1 illus-
trates the main results in both phases of the survey, and
detailed baseline characteristics of the participants are
shown in Table 1.

Diagnostic criteria

The Montreal Cognitive Assessment (MoCA), the Mini-
Mental State Examination (MMSE) and the Activities
of Daily Living (ADL) scale were used in the phase I to
assess participants’ cognitive and physical conditions
[24]. Socio-demographic data (age, gender, education and

CVCR Database LEGEND
| Non-response
' in Phase I ( Data
Screening Response
Normal in Phase I )
n,=3801 n,+n,= 8246
{ Process
Screening
Abnormal Results
n, = 4445
l l Cross-Sectional Study
Responce Non-responce
in Phase I1 in Phase I1 Stratification
n,=3275 n,=1170
l Estimation
Set Up Prevalence Estimation
Logistic Regression
Model
Estimate
Propensity Score
[ | l | |
STRAT 1 STRAT 2 STRAT 3 STRAT 4 STRAT 5
n, =889 n, =889 n, =889 n, =889 n, = 889
PS: (12.4%-21.5%) PS: (21.6%-24.2%) PS: (24.3%-26.6%) PS: (26.7%-30.1%) PS: (30.2%-67.2%)
[ v [
Estimate* Estimate* Estimate* Estimate* Estimate*
|
Diganose as
normal, MCI,
Dementia
Diganose as |
normal l
Dementia
Prevalence
Estimation

Fig. 1 Schematic diagram of imputation and propensity score in each stratum * Estimation methods included simple estimation, regression
estimation, and regression estimation with multiple imputation. Each stratum was imputed in the same way and the estimations were then
combined. The covariates used by regression estimation were different at each stratum. Note: Propensity score for non-response was calculated by

logistic regression
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Table 1 Baseline characteristics of the sub-population with and without diagnosis in phase Il
Sub-population with diagnosis Sub-population without diagnosis P-value SMD
(n=3275) (n=1170)
Age, 8289+ 372 83.08 £3.76 0.14 0.05
Year of Education 7.52 +£4.58 7.55£476 0.86 0.01
PADL score 12.25 £ 501 13.01 £6.00 < 0.001 0.14
IADL score 1528 £ 874 1586 £9.29 0.06 0.06
MMSE score 2491 £5.16 2415+ 5.02 < 0.001 0.15
MoCA score 2148 £5.56 20.00 £ 5.21 < 0.001 027

Data are expressed as mean +SD

Abbreviations: SMD standardized mean difference, MoCA Montreal Cognitive Assessment, MMSE Mini-Mental State Examination, PADL physical activities of daily living,
IADL Instrumental activities of daily living. P-values were calculated using t-test or Wilcoxon signed-rank test, depending on the distribution of covariates. A two-tailed
P-value <0.05 was considered statistically significant. The PADL score, MMSE score, and MoCA scores of the two sub-populations were significantly different in the
sense that the P-value was less than 0.05, a result that still holds after Bonferroni correction

living conditions) were collected by the investigators in a
face-to-face interview.

In phase II, systemic neuropsychological tests were
used to assess memory, language, visuospatial percep-
tion, calculation, abstract reasoning and executive func-
tion. Clinical diagnoses were made on the basis of a joint
consideration of the patient’s medical history, system-
atic neuropsychological tests, physical examinations in
internal medicine and neurology, head CT or MRI, and
blood tests. The diagnosis of dementia was based on the
Diagnostic and Statistical Manual of Mental Disorders-
IV (DSM-1V) [25]. The core clinical criteria was recom-
mended by the International Aging and Alzheimer’s
Disease Association to diagnose MCI [26].

Statistical analysis
The characteristics of responders and non-respond-
ers in phase II were described by the mean (+standard
deviation). The results obtained from these analyses, as
shown in Table 1, reveal significant differences between
responders and non-responders in phase II, suggesting
that the corresponding missing mechanism is obviously
missing not at random (MNAR). The following analy-
sis consists of three parts: setting up the PS model and
stratification, estimating stratum-specific prevalence, and
summarising for final estimation. The analysis protocol is
shown in Fig. 1 with the specific analysis process and for-
mulas detailed in the supplementary material.
Non-random missing responses pose a critical chal-
lenge to prevalence estimation in practice and may lead
to biased results if not handled properly. In this study, we
address this issue by recommending the use of propensity
score stratification (PSS) framework [22]. The propensity
score (PS) was used to assess the missing probability of
diagnostic results for those who entered phase II. Logis-
tic regression is commonly used to calculate propensity
scores (PSs), with the response variable being whether

the participant has a missing diagnosis. The independ-
ent variables in the regression model can first include all
variables related to dementia, such as socio-demographic
information and cognitive screening scores, and then
use stepwise regression to filter out the significant vari-
ables. We can then simply partition all participants into 5
equally sized strata based on the quintiles of the empiri-
cal distribution of the estimated propensity score. Rosen-
baum and Rubin (1983) showed that such a strategy leads
to simplified unit stratifications, within each of which the
unobserved responses are approximately missing at ran-
dom (MAR).

Based on the stratification approach, we can estimate
the prevalence of each stratum using two different esti-
mation methods: simple estimation (SE) and regression
estimation (RE). SE directly estimates the prevalence of
each stratum by calculating the percentage of dementia
among the responders in the stratum. Since the preva-
lence estimator follows a binomial distribution, its vari-
ance can be easily estimated. On the other hand, RE
utilizes an ordered logistic regression model between the
covariates X and the response Y to provide a more sta-
tistically efficient prevalence estimation with a smaller
estimation variance. In contrast to the calculation of
propensity scores, the responses in RE are ordinal vari-
ables with three categories: normal, MCI and dementia.
Similarly, we first consider the full set of covariates in
each stratum and then filter out the significant variables
by stepwise regression, with possible differences in the
final covariates used in each stratum. In addition, we
can combine multiple imputation, which is a Bayesian
method for imputing missing data multiple times, with
the aforementioned estimation methods. In this study,
we utilized regression estimation with multiple imputa-
tion (REMI) to estimate the prevalence of each stratum
[12]. Specifically, we followed the concept of regression
estimation in modeling each stratum, but employed a
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Bayesian approach to impute missing values. As a result,
after several imputations, different versions of the com-
plete dataset can be obtained for each stratum. We then
pool the prevalence estimates from each dataset to obtain
a final stratum-specific prevalence.

Given the stratum-specific prevalence estimates, we
integrate them into a proper estimate of overall preva-
lence via a weighted average, where the weight of each
stratum is proportional to the sample size within it. The
main advantage of such a stratification-based strategy
is that, after stratification, the missing responses within
each PSS can be treated approximately as MAR, making
it logically sound and technically convenient for statisti-
cal inference on the unknown prevalence.

All analyses were performed using R (version 4.0.2).
Details can be found in Supplementary Material.

Results

Propensity score stratification and baseline characteristics

in each stratum

To establish a proper PSS for participants in phase II of
the CVCR survey, we built a logistic regression model
to describe how a participant’s response rate varies with
their covariates. The parameters of the model could be
estimated using the observed indicators of responders
and non-responders as responses. For each participant
with a given set of covariates, their propensity score,
derived from the fitted regression model, represents the
predicted probability of them being a non-responder.
Initially, we considered all recorded covariates that
could potentially be associated with the absence of a
diagnosis in the logistic regression, including socio-
demographic information (e.g., age and year of edu-
cation) and cognitive screening scores (e.g., MoCA,
MMSE, and ADL). We gradually removed unimpor-
tant variables using stepwise regression with AIC as
the model selection principle, resulting in a final model
with only 4 covariates:

log( - P SP 5) = — 0.56 — 0.08M0CA + 0.04MMSE
+0.03PADL — 0.02IADL.

Figure 2A shows the distributions of estimated PSs for
both responders and non-responders, with non-respond-
ers on average had higher PSs than responders. A Wil-
coxon test was performed to confirm that the difference
between the two PS distributions was statistically signifi-
cant (P-value < 0.001). It is important to note that if the
missing mechanism was MAR, there will not be a mean-
ingful PS model based on variables related to dementia
itself. At the same time, the risk of non-response calcu-
lated by such a model could not effectively distinguish
non-response from response patients. This finding is
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consistent with our prior knowledge that the missing
mechanism in phase II of the CVCR survey involvesmiss-
ing not at random (MNAR), which supports the need for
a propensity score stratification framework to adequately
address missingness in dementia surveys.

To stratify all participants based on quintiles of esti-
mated propensity scores, we divided the range of all
estimated propensity scores into five strata, with the
same number of participants in each stratum. The stra-
tum boundaries are indicated by red dashed lines in
Fig. 2A. The PSs of stratum 1 to 5 range from low to
high, representing a low to high risk of missing a diag-
nosis. Importantly, there were enough responders and
non-responders in all five strata to ensure that we had
enough information to estimate the prevalence within
each stratum.

We observed that the proportion of normal, MCI and
dementia differed in each stratum (Fig. 2B). As the PS
increased, the proportion of dementia and MCI in the
observed data gradually increased. For example, the pro-
portion of dementia in stratum 1 was 7.99%, compared
with 33.85% in stratum 5. In addition, the proportion of
non-responders also increased.

Figure 2 further shows the distributions of various
covariates and estimated PSs in each of the 5 strata. It was
clear that some covariates (such as MoCA score, MMSE
score, etc.) had markedly different distributions across
the strata. In particular, there was a clear linear trend
between stratum and MoCA score (P < 2.2 x 10719), as
shown in Fig. 2F.

Prevalence estimation for strata and overall population
The prevalence of dementia and MCI estimated using SE,
RE and REMI within each PSS is shown in Table 2. The
estimation method was the same for both, except that the
response variable Y was changed from dementia to MCL
We found that the prevalence estimated by the three
methods was very consistent within each PSS. For exam-
ple, in stratum 5, with the highest percentage of missing
diagnoses (34.63%), the estimated prevalence of dementia
by PSS-SE, PSS-RE, and PSS-REMI was 51.86%, 51.97%
and 51.63%, respectively. Furthermore, the sum of the
prevalence of MCI and dementia gradually increased
from stratum 1 to stratum 5. The proportion of the nor-
mal population estimated by the PSS-RE in each stratum
was 46.68%, 19.24%, 5.85%, 4.39% and 2.02%, respectively.
This suggests that the higher the propensity score of the
respondent, the higher the risk of cognitive impairment.
In addition, the prevalence of MCI first increased and
then decreased, being highest in stratum 3. This might
be because the proportion of respondents with demen-
tia increased rapidly in stratum 4 and 5, as presented in
Fig. 2B.
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Figure 3 visualizes the estimated prevalence and cor-
responding 95% confidence intervals for the whole
population (n; 4+ ny participants) based on different
estimation methods using PSS (red intervals), as well
as the results without PSS (purple intervals). Under the
PSS framework, the prevalence and corresponding inter-
vals obtained by the three estimation methods are highly
consistent, indicating that all three methods effectively
impute missing data and estimate prevalence when

the missing mechanism within each stratum is MAR.
However, on an unstratified basis, where the essential
requirement for dealing with missing data is not met,
the estimated prevalence of the different methods dif-
fers significantly and the confidence intervals of the SE
and RE do not even overlap. Furthermore, RE, which
uses information on covariates, can partially counteract
the effect of MNAR mechanisms in the data, leading to
similar results as the PSS-based approach. However, it is
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Table 2 Estimated percentage of participants with different cognitive status within each PSS, phase Il and CVCR
STRAT 1 (%) STRAT 2 (%) STRAT 3 (%) STRAT 4 (%) STRAT 5 (%) phase Il (%) CVCR
- ("
(n,=889) (n,=889) (n;=889) (n,=889) (n;=889) (n,=4445) ;I/:’):(gé 1‘6)
PSS-SE MCI 41.28(0.62) 68.5 (0.79) 9(0.73) 69.52 (0.83) 2(0.98) 60.90 (0.36) 32.83(0.19)
dementia 9.34(0.37) 11.14 (0.53) 14.96 (0.64) 26.32(0.79) 86 (0.99) 22.70(0.31) 12.24(0.17)
PSS-RE MCI 4331(061) 68.95 (0.73) 79.98 (0.65) 69.74 (0.75) 46.01 (0.80) 61.60 (0.32) 33.20(0.17)
dementia 10.01 (0.41) 11.81(047) 7(0.52) 25.87 (0.68) 51.97 (0.78) 22.79 (0.26) 12.28 (0.14)
PSS-REMI MCI 43.19(0.63) 69.18 (0.83) 79.64(0.72) 69.97 (0.83) 46.34(0.93) 61.69 (0.36) 33.25(0.19)
dementia 9.79(0.41) 11.36 (0.52) 14.51 (0.61) 25.76 (0.78) 63 (0.91) 22.63 (0.30) 12.20 (0.16)
Data are expressed as mean (standard deviation) of the percentage
Abbreviations: STRAT stratum
Methods Prevalence (95% ClI)
PSS-SE —_ 12.24 (11.91,12.56)
PSS-RE e 12.28 (12.01,12.56)
PSS-REMI — 12.20 (11.88,12.52)
SE i — 11.64 (11.30,11.98)
RE e 12.33 (12.06,12.60)
REMI —_ 11.98 (11.66,12.29)
11 1.5 12 125 13

Fig. 3 Comparison of estimated prevalence of CVCR between three methods with and without PSS. Estimated prevalence using different
imputation methods are expressed as mean (95% Cl). The upper panel represents the results with PSS

important to emphasize that the direct use of RE is still
very risky.

Compared with the prevalence of 9.95% before the treat-
ment of missing data, the mean estimated prevalence
under the PSS framework was 12.24%, suggesting that the
true prevalence may have been underestimated in the past.

Compared the prevalence with published data by 80-89
age male

To compare the prevalence estimation with other stud-
ies, we chose the published data from Zhao et al. [27]
and Jia et al. [28], which were large cross-sectional stud-
ies in China and could better represent the prevalence of
dementia in China. The prevalence and the confidence
interval were calculated from published second-hand
data. The results were presented as a forest plot (Fig. 4).
As the final prevalence was standardized differently and
the 80-89 year old group had less weight in published
studies, which was not the case for the CVCR where
this age group had a larger population, we chose the
80-89 year old male group to calculate the prevalence for
better comparability.

When comparing the group of men aged 80-89 years,
the estimated prevalence of dementia in the CVCR
was higher than in other dementia studies, as shown in
Fig. 4. For older individuals aged 80—89 years, the preva-
lence of dementia in this study (12.29%) was similar to
the prevalence estimated by the GBD for China in the
same year (12.68%). In other individual studies con-
ducted in China during the same period, the prevalence
was lower than the GBD estimates (9.50% vs 11.82% for
1998 [27], 11.83% vs 13.89% for 2019/2020 [28]). In gen-
eral, the prevalence of dementia in older people is gradu-
ally increasing over time, as shown by the trend in the
GBD study.

Using PSS, the prevalence estimated by the three meth-
ods was approximately 14% in the 80-89 year old male
group, which would increase the estimated prevalence in
the CVCR platform by approximately 1.7%. In contrast,
missing data were not imputed in the studies by Zhao
and Jia, and it is reasonable to assume that the true preva-
lence rate would be higher if missing values were imputed.
Based on our projections, after imputing missing data
using PSS, we predicted that the prevalence in 1998 and
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Year Methods & Studies Prevalence (95% ClI)
2011 PSS-SE = 14.04 (13.63,14.45)
PSS-RE i 14.12 (13.78,14.47)
PSS-REMI = 14.06 (13.68,14.43)
SE = 13.40 (13.00,13.81)
RE o 14.19 (13.86,14.52)
REMI el 14.04 (13.65,14.43)
1998 GBD ' i 11.82 (9.65,13.99)
Shanghai, Zhao b { 9.50 (7.19,11.80)
2011 GBD 12.68 (10.38,14.99)
CVCR, Tan e 12.29 (11.40,13.19)
2019 & 2020 GBD I { 13.89 (11.41,16.36)
Lancet, Jia e 11.83(10.53,13.13)

T T T T
7 8 9 10

T T T T T T 1
1 12 13 14 15 16 17

Fig. 4 Prevalence of dementia in CVCR and other studies in China by male group aged 80-89. Different colours represent different research years,
dark blue for 1998, orange for 2011 and green for 2019. The results of the GBD study are shown in light blue and were considered as a reference

in different years. The top two panels show the estimated results in CVCRwith and without PSS. Prevalence is expressed as the mean (95% Cl).
Prevalence in 2011 was estimated from the CVCR platform, and prevalence in 1998 and 2020 was estimated from published data by Zhao et al. and

Jia et al,, respectively. GBD data were obtained from the GHDx database

2020 would increase to about 11.2% and 13.5%, respec-
tively, according to the Zhao and Jia studies.

Discussion

When we used different methods to estimate dementia
diagnoses in patients who did not respond, the preva-
lence of dementia increased to 13.40-14.19% in the
80-89 age group. In a previous study [29], we compared
the characteristics of responders and non-responders
in phase II. It showed that non-responders in phase II
were older, in poorer physical health, with lower cog-
nitive performance, suggesting that non-responders
were more likely to have dementia. Moreover, partici-
pants who screened positive for dementia in phase I
had a higher rate of non-response. All this suggests that
dementia and non-response in the dementia survey are
closely related, and that MNAR is involved in the mech-
anism of missing dementia diagnosis [30]. Non-random
non-response is a critical challenge for prevalence esti-
mation in practice and can lead to biased results if not
properly managed [31]. These may explain the underes-
timation of dementia prevalence when non-responders
were ignored. When non-responders were ignored, the
prevalence of dementia in male aged 80—89 years was
lower in the CVCR than in the GBD (12.29% vs. 12.68%).
After imputation for non-response, the prevalence of

dementia in the CVCR was about 14%, suggesting that
the true prevalence of dementia in this age group may
be higher. Similarly, the prevalence of dementia in the
population as a whole is likely to be higher than cur-
rently reported.

This study found that after using SE, RE and REMI
to infer a diagnosis of dementia in non-responders,
there were differences in prevalence in the population
(11.64%, 12.33%, 11.98%). This is similar to the results
of previous analyses based on the CVCR [17]. In pre-
vious studies, when the prevalence of dementia was
estimated after imputing missing data using stratified
weighting (SW), inverse probability weighting (IPW),
hot-deck imputation (HDI) and ordinal logistic regres-
sion (OLR), the prevalence estimates ranged from 10 to
16% for dementia and showed greater variation. Some
research has shown that by setting up a PS model, the
association between missing propensity and dementia
can be removed, thereby improving the performance
of imputation models [32-35]. PSS would therefore be
an ideal strategy. We recommend that this critical issue
be addressed under the framework of the PSS: establish
PS model and determine the missing mechanism, strati-
fied veterans by the missing propensity score, then the
same methods were used to estimate the prevalence of
participants in each stratum, and finally the prevalence
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was pooled. After these procedures, the consistency of
the estimated prevalence of the different methods was
improved (12.24%, 12.28%, 12.20%). MoCA and MMSE
scores reflecting cognitive function were used to stratify
the probability of non-response. Therefore, the cognitive
level of patients in each stratum is more similar. At this
point, the absence of diagnosis was weakly correlated
with cognitive function itself in each stratum, and the
missing mechanism was closer to MAR. In this way, con-
sistency between different methods can theoretically be
improved. The results of this study also suggest that con-
trolling for MNAR may be more important than models
that impute missing data [31].

Three methods can be used to estimate the preva-
lence of each stratum: SE, RE and REML SE is based on
the expectation and variance of the observed proportion
of people with dementia to impute missingness, which
does not rely on covariates and is sensitive to MNAR.
In RE, participants in each stratum have different char-
acteristics, so we choose different covariates to build the
logistic model, and the same covariate will have different
estimated coefficients in different stratum. As a method
of imputation rather than estimation, multiple imputa-
tion must be combined with estimation methods such
as simple estimation or regression estimation [36]. The
results of multiple imputation will generally have a larger
variance, which is consistent with its aim of taking full
account of the uncertainty in the data.

However, in the published literature on the prevalence
of dementia in China, estimates of prevalence in the
80-89 age group are imprecise. Some studies included
fewer people in the population, which is reflected in the
large confidence interval for prevalence estimates in this
age group [27, 28]; other studies used only historical data
to estimate the current prevalence in the 80-89 age group
[8, 13]. This phenomenon widely existed in the research
among the oldest-old around the world [2]. Missing data
are inevitable not only in observational studies [37] but
also in clinical trials [38]. Older non-responders are
more likely to have the disease being studied. There-
fore, an optimal method for dealing with missing data is
needed [39]. With the development of an ageing society,
there will be an increasing number of older people who
are more likely to have dementia and other chronic dis-
eases. And research on the elderly will have larger sample
sizes and more variables, resulting in a more compli-
cated missing mechanism [19], as more causes can lead
to missing data. Traditional data imputation methods are
not suitable, and a joint model in statistics will be a new
direction for dealing with missing data in future medical
research.

The study found that the prevalence of dementia
may be underestimated by 2%. An accurate estimate

Page 9 of 11

of dementia prevalence could help guide policy and
health care resources. A study conducted to simulate
resource use for dementia in Australia found that age-
related health resource use increased as the dementia
population grew. The study also found that the lack of
provision of residential aged care could put a strain on
hospital resources. In addition, a study reported that
neurological disorders are among the leading causes
of disability and death, highlighting the need for more
cost-effective and rational resource allocation. Accurate
prevalence estimates can help to effectively address the
challenges posed by pension shortages and an ageing
population.

The findings of this study should be interpreted along-
side its limitations. First, for stratification, dividing the
population equally by the quintiles of the propensity
score is a simple and effective method but it is not the
only one. In more extreme scenarios, for example if there
are not enough responders in a particular stratum, we
can reduce the number of strata with some loss of pre-
cision or make the stratum include more people. In the
estimating overall prevalence, the weighted average
method we use will remove the effect of differences in
sample size between strata. Also, in the PS model, only
some of the collected covariates were considered, while
there are still some confounders that cannot be assessed.
In addition, our study only used data from one platform
to build this model, which may limit the generalizability
of the methods. Therefore, external validation is needed
in further research.

Conclusion

In conclusion, stratifying data according to the missing
propensity and using appropriate prevalence estimation
methods for each stratum can produce reliable estimates
of the prevalence of dementia that are higher than the
original estimates without accounting for missing data.
Moreover, after PSS, the results of different estimation
methods are more consistent.

Abbreviations

CVCR Chinese Veteran Clinical Research

PSS Propensity score stratification

PS Propensity score

SE Simple estimation

RE Regression estimation

REMI Regression estimation with multiple imputation
GBD Global Burden of Diseases, Injuries, and Risk Factors Study
McCl Mild cognitive impairment

MNAR Missing not at random

MAR Missing at random

MoCA Montreal Cognitive Assessment

MMSE Mini-Mental State Examination

PADL Physical activities of daily living

IADL Instrumental activities of daily living
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Association between blood pressure and heart failure in East Asian

population: a two —sample bidirectional Mendelian randomization study
LI Yue —ying” , HUANG Tao

* Department of Epidemiology and Biostatistics, School of Public Health ,Peking University, Beijing, Beijing 100191, China
Abstract: Objective  To investigate the association between three blood pressure components and the risk of heart failure in
the East Asian population by two — sample bidirectional Mendelian Randomization ( MR) analysis. Methods Summary data
used in the study were extracted from published genome — wide association studies (GWASs). The instrumental variables were
derived from the Korean Genome and Epidemiology Study for systolic and diastolic blood pressure, the BioBank Japan Project
for pulse pressure, and a GWAS involving five Japanese cohorts for heart failure risk. Univariate MR, bidirectional MR, and
multivariable MR were conducted to analyze the association between three blood pressure components and heart failure risk.
Results The results of the inverse variance weighted method demonstrated that systolic blood pressure (OR =1.52 per 1 mm
Hg increase; 95% CI. 1.25 —1.84), diastolic blood pressure (1.62; 1.34 —1.95), and pulse pressure (1.85; 1.27 —
2.69) were all associated with increased risk of heart failure, which however had no potential causal effect on the three blood
pressure components ( P >0.05). Multivariable analysis showed no significant association between pulse pressure and heart
failure risk after adjusting for systolic blood pressure (1.25; 0.77 —=2.05) or diastolic blood pressure (1.46; 0.95 -2.23).
Conclusion Our findings suggest that there is a potential unidirectional causal association from blood pressure to heart failure
in the East Asian population, and pulse pressure has no direct effect on heart failure risk when taking systolic or diastolic blood
pressure into account.

Keywords: Blood pressure; Heart failure; Mendelian randomization analysis; East Asia
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Table 2 Univariate MR estimates of blood pressure traits and heart failure

Rz J5id: SNP OR (95% CI) PAH Pots P
SBP VW 21 1.52 (1.25 ~1.84) <0.001 0.247
MR - Egger 21 2.09 (1.15~3.82) 0.026 0.261 0.284
AR 7 £ 21 1.56 (1.20 ~2.03) <0.001
JIALAR AL 21 1.63 (1.18 ~2.25) 0.005
MR - PRESSO 21 1.52 (1.25 ~1.84) <0.001
DBP IVW 22 1.62 (1.34~1.95) <0.001 0.346
MR - Egger 22 1.74 (0.95~3.17) 0.089 0.294 0.812
JnA %L 22 1.55 (1.19~2.02) <0.001
JmALAEL 22 1.56 (1.10 ~2.19) 0.015
MR - PRESSO 22 1.62 (1.34~1.95) <0.001
PP VW 18 1.85 (1.27 ~2.69) 0.001 0.089
MR - Egger 18 1.50 (0.17 ~13.43) 0.720 0.066 0.852
LSRR 18 1.41 (0.90 ~2.23) 0.129
JInELAR AL 18 1.57 (0.79 ~3.13) 0.206
MR - PRESSO 18 1.85 (1.27 ~2.69) 0.005
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Fig.2 Scatter plots and funnel plots of univariate MR analyses
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Table 3 Multivariable MR estimates of blood pressure traits and heart failure

21 22 ViR SNP OR(95% CI) PE Pog P
SBP DBP VW 26 0.82(0.33 ~2.02) 0. 667 0.381
Egger 26 0.85(0.34 ~2.12) 0.725 0.379 0. 468
Lasso 24 0.88(0.36 ~2. 14) 0.782
PP VW 28 1.50(1.11 ~2.03) 0.015 0.174
Egeer 28 1.49(1.00 ~2.22) 0.051 0.157 0.951
Lasso 26 1.40(1.06 ~1.85) 0.018
DBP SBP VW 26 1.99(0.77 ~5.12) 0.167 0.381
Egeer 26 2.32(0.82~6.55) 0.113 0.379 0. 468
Lasso 26 1.85(0.73 ~4.67) 0.194
PP VW 30 1.48(1.12~1.96) 0.010 0.084
Egger 30 1.76(1.03 ~3.03) 0.039 0.083 0.458
Lasso 30 1.48(1.12 ~1.96) 0.006
PP SBP vw 28 1.25(0.77 ~2.05) 0.375 0.174
Egger 28 1.24(0.63 ~2.42) 0.538 0.157 0.951
Lasso 26 1.23(0.79 ~1.94) 0.362
DBP VW 30 1.46(0.95 ~2.23) 0.092 0.084
Egger 30 1.40(0.90 ~2.18) 0.135 0. 083 0.458
Lasso 30 1.46(0.95 ~2.23) 0.081
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