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Repositioning of the global epicentre of 
non-optimal cholesterol

NCD Risk Factor Collaboration (NCD-RisC)*

High blood cholesterol is typically considered a feature of wealthy western 
countries1,2. However, dietary and behavioural determinants of blood cholesterol are 
changing rapidly throughout the world3 and countries are using lipid-lowering 
medications at varying rates. These changes can have distinct effects on the levels of 
high-density lipoprotein (HDL) cholesterol and non-HDL cholesterol, which have 
different effects on human health4,5. However, the trends of HDL and non-HDL 
cholesterol levels over time have not been previously reported in a global analysis. 
Here we pooled 1,127 population-based studies that measured blood lipids in 
102.6 million individuals aged 18 years and older to estimate trends from 1980 to 2018 
in mean total, non-HDL and HDL cholesterol levels for 200 countries. Globally, there 
was little change in total or non-HDL cholesterol from 1980 to 2018. This was a net 
effect of increases in low- and middle-income countries, especially in east and 
southeast Asia, and decreases in high-income western countries, especially those in 
northwestern Europe, and in central and eastern Europe. As a result, countries with 
the highest level of non-HDL cholesterol—which is a marker of cardiovascular risk—
changed from those in western Europe such as Belgium, Finland, Greenland, Iceland, 
Norway, Sweden, Switzerland and Malta in 1980 to those in Asia and the Pacific,  
such as Tokelau, Malaysia, The Philippines and Thailand. In 2017, high non-HDL 
cholesterol was responsible for an estimated 3.9 million (95% credible interval 
3.7 million–4.2 million) worldwide deaths, half of which occurred in east, southeast 
and south Asia. The global repositioning of lipid-related risk, with non-optimal 
cholesterol shifting from a distinct feature of high-income countries in northwestern 
Europe, north America and Australasia to one that affects countries in east and 
southeast Asia and Oceania should motivate the use of population-based policies and 
personal interventions to improve nutrition and enhance access to treatment 
throughout the world.

Blood cholesterol is one of the most important risk factors for ischaemic 
heart disease (IHD) and ischaemic stroke4–6. Consistent and comparable 
information on cholesterol levels and trends in different countries can 
help to benchmark national performance in addressing non-optimal 
cholesterol, investigate the reasons behind differential trends and 
identify countries in which interventions are needed the most.

A previous global analysis7 reported trends in total cholesterol 
from 1980 to 2008, but did not analyse important lipid fractions—
including HDL and non-HDL cholesterol—that are key to understand-
ing the cardiovascular disease risk associated with non-optimal 
cholesterol. Dietary and behavioural determinants of cholesterol 
have changed throughout the world in the past decades, including 
a worldwide rise in adiposity8,9, divergent global trends in alcohol 
use10, a rise in the intake of animal-source foods in middle-income 
countries (especially in east Asia)3,11, and a replacement of saturated 
fats and trans fats with unsaturated fats in some high-income coun-
tries3,11,12. There is also considerable variation in how much different 

countries have adopted lipid-lowering medications13. These changes 
are likely to have influenced cholesterol levels substantially in the 
decade since the last estimates were made. Furthermore, HDL and 
non-HDL cholesterol, which have opposite associations with cardio-
vascular diseases4,5, respond differently to diet and treatment, and 
may therefore have different geographical patterns and trends over 
time14. Information on these major lipid fractions, which were not 
included in the previous global estimates, is essential for priority 
setting and intervention choice.

Here we pooled 1,127 population-based studies that measured blood 
lipids in 102.6 million individuals aged 18 years and older (Extended 
Data Figs. 1, 2 and Supplementary Table 1) and used a Bayesian hierarchi-
cal model to estimate trends from 1980 to 2018 in mean total, non-HDL 
and HDL cholesterol levels for 200 countries. We also estimated  
the number of deaths caused by IHD and ischaemic stroke that were 
attributable to high levels of non-HDL cholesterol using information 
on its hazards from epidemiological studies.
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Trends in total cholesterol
In 2018, global age-standardized mean total cholesterol was 4.6 mmol l−1 
(95% credible interval, 4.5–4.7) for women and 4.5 mmol l−1 (4.3–4.6) 
for men. Global age-standardized mean total cholesterol changed 
little over these nearly four decades, decreasing by 0.03 mmol l−1 per 
decade (−0.02–0.08) in women and 0.05 mmol l−1 per decade (0.00–
0.11) in men (posterior probability of the observed declines being true 
declines = 0.90 for women and 0.98 for men) (Fig. 1). Regionally, total 
cholesterol decreased the most in high-income western regions and 
in central and eastern Europe. The decrease was the largest (around 
0.3 mmol l−1 per decade; posterior probability >0.9999) in northwest-
ern Europe, where mean total cholesterol levels had been the high-
est in 1980. The decrease in total cholesterol in high-income western 
regions and central and eastern Europe was largely due to a decline 
in non-HDL cholesterol (Extended Data Fig. 4), which among women 
was offset partly by an increase in mean HDL cholesterol levels. Mean 
total cholesterol changed little in most of the other regions, with the 
notable exception of east and southeast Asia, where it increased by 
more than 0.1 mmol l−1 per decade in both women and men (posterior 
probability ≥0.95). The increase in east and southeast Asia was largely 
due to an increase in non-HDL cholesterol.

Trends in non-HDL and HDL cholesterol
In 2018, global age-standardized mean non-HDL cholesterol was 
3.3 mmol l−1 (3.2–3.4) for women and 3.3 mmol l−1 (3.3–3.4) for men; 
global age-standardized mean HDL cholesterol was 1.3 mmol l−1 (1.2–1.3) 
for women and 1.1 mmol l−1 (1.1–1.2) for men. Global age-standardized 
mean non-HDL cholesterol remained almost unchanged from 1980 to 
2018, decreasing by only 0.02 mmol l−1 per decade (−0.02–0.06; poste-
rior probability = 0.80) in women and 0.01 mmol l−1 per decade (−0.03–
0.06; posterior probability = 0.72) in men. Global age-standardized 
mean HDL cholesterol remained unchanged for women and decreased 
slightly for men (by 0.02 mmol l−1 per decade, posterior probabil-
ity = 0.91).

Regionally, non-HDL cholesterol decreased substantially in 
high-income western regions and central and eastern Europe. The 
largest decrease occurred in northwestern Europe (>0.3 mmol l−1 
per decade; posterior probability >0.9999) (Fig. 2). By contrast, it 
increased in east and southeast Asia, parts of sub-Saharan Africa and 
Melanesia. The increase was the largest in southeast Asia, increasing by 

approximately 0.2 mmol l−1 per decade (posterior probability >0.9999). 
Mean HDL cholesterol increased in the high-income Asia–Pacific region, 
by as much as 0.1 mmol l−1 per decade in women (posterior probabil-
ity >0.9999) but decreased in Melanesia, Polynesia and Micronesia 
(Extended Data Fig. 3).

Belgium, Finland, Greenland, Iceland, Norway, Sweden, Switzerland 
and Malta had some of the highest non-HDL cholesterol levels in 1980 
(>4.5 mmol l−1 in women and >4.7 mmol l−1 in men) but experienced 
some of the largest declines (Figs. 3, 4). At the extreme, mean non-HDL 
cholesterol declined by around 0.45 mmol l−1 per decade or more in 
Belgian and Icelandic women and men, changing their ranks from being 
in the top 10 countries in terms of non-HDL cholesterol in 1980 to being 
ranked in the lower half of the countries in 2018—below countries in 
southwestern Europe such as France and Italy. The largest increases 
were found in east Asian countries (for example, China) and southeast 
Asian countries (for example, Indonesia, Thailand, Malaysia, Cambodia 
and Lao PDR). In these countries, age-standardized mean non-HDL 
cholesterol increased by as much as 0.23 mmol l−1 per decade. As a result 
of these opposite trends, countries with the highest age-standardized 
mean non-HDL cholesterol levels in 2018 were all outside northwestern 
Europe: Tokelau, Malaysia, The Philippines and Thailand, all of which 
had mean non-HDL cholesterol around or above 4 mmol l−1. China, which 
had one of the lowest mean non-HDL cholesterol levels in 1980, reached 
or surpassed non-HDL cholesterol levels of many high-income western 
countries in 2018. Sub-Saharan African countries had the lowest mean 
non-HDL cholesterol in 2018, as low as 2.6 mmol l−1 in some countries, 
as they had in 1980. Not only did high-income countries benefit from 
decreasing non-HDL cholesterol levels, they had higher mean HDL cho-
lesterol than low- and middle-income countries (Extended Data Fig. 6).

Deaths attributable to non-optimal cholesterol
In 2017, high non-HDL cholesterol was responsible for an estimated 
3.9 million (3.7–4.2 million) worldwide deaths from IHD and ischaemic 
stroke (Fig. 5), accounting for a third of deaths from these causes. From 
1990 to 2017, the number of deaths caused by IHD and ischaemic stroke 
that were attributable to high non-HDL cholesterol increased by around 
910,000 globally. This increase was a net result of a large decrease in 
western countries, from 950,000 (890,000–990,000) to 480,000 
(430,000–530,000), and a large increase throughout Asia. In particular, 
the number of deaths attributable to high non-HDL cholesterol more 
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Fig. 1 | Change in age-standardized mean total cholesterol between 1980 
and 2018 by region for women and men. a, Age-standardized mean total 
cholesterol in women. b, Age-standardized mean total cholesterol in men.  

The start of the arrow shows the level in 1980 and the head indicates the level in 
2018. See Extended Data Fig. 3 for age-standardized mean HDL cholesterol. 
One mmol l−1 is equivalent to 38.61 mg dl−1.
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than tripled in east Asia, from 250,000 (230,000–270,000) to 860,000 
(770,000–940,000), and more than doubled in southeast Asia, from 
110,000 (100,000–120,000) to 310,000 (290,000–330,000). As a 

result, by 2017 east, southeast and south Asia accounted for half of 
all deaths attributable to high non-HDL cholesterol, compared with 
a quarter in 1990.
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Fig. 2 | Change in age-standardized mean non-HDL cholesterol between 
1980 and 2018 by region for women and men. a, Age-standardized mean 
non-HDL cholesterol in women. b, Age-standardized mean non-HDL 

cholesterol in men. The start of the arrow shows the level in 1980 and the head 
indicates the level in 2018. See Extended Data Fig. 3 for age-standardized mean 
HDL cholesterol. One mmol l−1 is equivalent to 38.61 mg dl−1.
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Fig. 3 | Age-standardized mean non-HDL cholesterol by country in 1980 and 
2018 for women and men. a, Age-standardized mean non-HDL cholesterol in 
women in 1980. b, Age-standardized mean non-HDL cholesterol in women in 
2018. c, Age-standardized mean non-HDL cholesterol in men in 1980.  

d, Age-standardized mean non-HDL cholesterol in men in 2018. See Extended 
Data Fig. 5 for age-standardized mean total cholesterol and Extended Data 
Fig. 6 for age-standardized mean HDL cholesterol. One mmol l−1 is equivalent to 
38.61 mg dl−1.
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Implications
Our results show that over the past nearly four decades, there has been 
a major global repositioning of lipid-related risk, with non-optimal cho-
lesterol patterns shifting from being a distinct feature of high-income 
countries in northwestern Europe, north America and Australasia to one 
that affects middle-income countries in east and southeast Asia, as well 
as some countries in Oceania and central Latin America. This transition 
is especially noticeable for non-HDL cholesterol, which had not been 
quantified previously in a global analysis. This global repositioning has 
occurred as a consequence of opposing trends in high-income western 
countries and in Asia, which has led to some Asian countries having the 
highest worldwide non-HDL cholesterol levels in 2018.

The decrease in non-HDL cholesterol in western countries started 
in the 1980s, before statins were widely used15,16. This indicates that 
changes in diet, especially the replacement of saturated with unsatu-
rated fats3,17–21 and reduction in trans fats12,17,22, are major contributors 
to this decline. Nonetheless, the increased use of statins from the 
late 1990s onwards15,16, may explain up to one half of the decrease in 
those countries in which statins are widely used19,23,24. In contrast to 
high-income western countries, the consumption of animal-source 
foods, refined carbohydrates and palm oil has increased substantially 
in east and southeast Asia3,25,26, where statin use remains low13,27. For 
example, the Pearson correlation coefficient between the change in 
non-HDL cholesterol and the change in a multi-dimensional score 
of animal-source foods and sugar3 was 0.69 for women and 0.67 for 

men using data from high-income western countries and countries in 
east and southeast Asia, the two regions that experienced the largest 
decrease and increase, respectively, in non-HDL cholesterol levels. 
Finally, changes in diet, especially a decrease in carbohydrate and an 
increase in fat intake28–31, may have contributed to the large increase 
in HDL cholesterol observed in the high-income Asia–Pacific region, 
where there was little increase in overweight and obesity relative to 
other regions8,9. By contrast, the large increase in diabetes32 and adi-
posity8 in Oceania may have contributed to the decrease in HDL cho-
lesterol in this region. The Pearson correlation coefficient between 
the change in HDL cholesterol and the change in body-mass index8 was 
−0.87 for women and −0.69 for men using countries in the high-income 
Asia–Pacific region and Oceania, the two regions that had the largest 
increase and decrease, respectively, in HDL cholesterol; the Pearson 
correlation coefficient for the change in HDL cholesterol and change 
in diabetes prevalence32 was −0.84 for women and −0.69 for men. In the 
same regions, the Pearson correlation coefficient between the change 
in non-HDL cholesterol and the change in body-mass index8 was 0.77 
for women and 0.62 for men; for the change in non-HDL cholesterol 
and the change in diabetes prevalence32, the Pearson correlation coef-
ficient was 0.54 for women and 0.40 for men.

Although it has previously been documented that the prevalence of 
adiposity8,9, diabetes32 and high blood pressure33 is now higher in low- 
and middle-income countries than in high-income countries, higher 
cholesterol is commonly considered to be a feature of affluent west-
ern nations1,2. We show that, when focusing on non-HDL cholesterol, 
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Fig. 4 | Change in age-standardized mean non-HDL cholesterol per decade 
by country for women and men. a, Change per decade in age-standardized 
mean non-HDL cholesterol in women. b, Change per decade in 
age-standardized mean non-HDL cholesterol in men. See Extended Data Fig. 7 

for change per decade in age-standardized mean total cholesterol and 
Extended Data Fig. 8 for change per decade in age-standardized mean HDL 
cholesterol. One mmol l−1 is equivalent to 38.61 mg dl−1.
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Fig. 5 | Deaths from IHD and ischaemic stroke attributable to high non-HDL cholesterol by region in 1990 and 2017 for women and men. a, Deaths in women 
attributable to high non-HDL cholesterol. b, Deaths in men attributable to high non-HDL cholesterol.
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middle-income countries have emerged as the new global epicentre 
of non-optimal cholesterol as they did for other major cardiovascular 
disease risk factors, indicating that there is no such a thing as a western 
risk factor. At the same time, the populations of high-income countries 
would also benefit from further lowering non-HDL cholesterol. There-
fore, population-based policies and personal interventions to improve 
nutrition and enhance treatment are now needed in all countries, espe-
cially as a part of the movement towards universal health coverage.
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Methods

Our aim was to estimate trends in mean total, HDL and non-HDL cho-
lesterol for 200 countries and territories (Supplementary Table 2). We 
used non-HDL cholesterol rather than low-density lipoprotein (LDL) 
cholesterol because most studies in our analysis had measured total 
cholesterol and HDL cholesterol, from which non-HDL cholesterol can 
be calculated through subtraction. By contrast, LDL cholesterol was 
directly measured in only around 14% of studies. When LDL cholesterol 
is not directly measured, its calculation requires data on triglycerides, 
which were available in approximately 64% of the studies. Furthermore, 
the most-commonly used estimation method—that is, the Friedewald 
equation—can be inaccurate, particularly at high levels of triglycer-
ides34. Non-HDL and LDL cholesterol were highly correlated (Pearson 
correlation coefficient = 0.94) in studies with data on both variables 
(Extended Data Fig. 9), because LDL cholesterol constitutes most of 
non-HDL cholesterol. Furthermore, non-HDL cholesterol predicts 
IHD risk at least as well as LDL cholesterol5,35, and can be measured at 
a lower cost than LDL cholesterol, which is relevant for how widely it 
can be used in low- and middle-income countries. Although non-HDL 
cholesterol is now commonly used in clinical guidelines36–38, LDL cho-
lesterol continues to be a key target for treatment36,37, possibly because 
the interpretation of non-HDL cholesterol is more complex than LDL 
cholesterol alone. Specifically, an increase in non-HDL cholesterol 
could be due to the increase in LDL cholesterol or very-low-density 
lipoprotein cholesterol39. Furthermore, there is some evidence that 
triglyceride levels are high in Asian populations, compared to levels 
seen in high-income western countries40. Therefore, data on non-HDL 
cholesterol can motivate dietary interventions to both reduce LDL 
cholesterol (for example, reducing saturated and trans fat intake) 
and triglyceride levels (for example, reducing refined carbohydrates 
and increasing omega-3 fatty acids) as well as treatments that lower 
LDL cholesterol (statins), alongside those that lower triglycerides (for 
example, fibrates).

Data sources
We used a database of population-based data on cardiometabolic risk 
factors collated by the NCD Risk Factor Collaboration (NCD-RisC), 
a worldwide network of health researchers and practitioners that 
systematically monitors the worldwide trends and variations in 
non-communicable disease (NCD) risk factors. The database was 
collated through multiple routes for identifying and accessing data. 
We accessed publicly available population-based multi-country and 
national measurement surveys (for example, Demographic and Health 
Surveys and surveys identified through the Inter-University Consor-
tium for Political and Social Research and European Health Interview 
& Health Examination Surveys Database). We requested, via the World 
Health Organization (WHO) and its regional and country offices, from 
ministries of health and other national health and statistical agen-
cies to identify and access population-based surveys. Requests were 
also sent via the World Heart Federation to its national partners. We 
made a similar request to the co-authors of an earlier pooled analysis 
of cardiometabolic risk factors7,41–43, and invited the co-authors of the 
analysis to reanalyse data from their studies and join NCD-RisC. Finally, 
to identify major sources that were not accessed through the above 
routes, we searched and reviewed published studies as described in 
the Supplementary Information and invited all eligible studies to join 
NCD-RisC.

For each data source, we recorded the available information about 
the study population, start year and duration of measurement, sam-
pling approach and measurement methods. The information about 
study population was used to establish that each data source was 
population-based, and to assess whether it covered the whole country, 
multiple subnational regions or one or a small number of communities, 
and whether it was rural, urban or combined.

We carefully checked all data sources in terms of how they met our 
inclusion and exclusion criteria listed below. We identified duplicate 
data sources by comparing studies from the same country and year. 
Additionally, all NCD-RisC members are asked periodically to review 
the list of sources from their country, to suggest additional sources not 
in the database, and to verify that the included data meet the inclusion 
criteria listed below and are not duplicates. The NCD-RisC database is 
continuously updated through the above routes and through regular 
contact with NCD-RisC members.

Anonymized individual record data from sources included in 
NCD-RisC were reanalysed according to a common protocol. Within 
each survey, we included participants aged 18 years and older who 
were not pregnant. We removed participants with implausible total 
cholesterol levels (defined as total cholesterol levels of <1.75 mmol l−1 
or >20 mmol l−1, or total cholesterol values that were lower than HDL 
cholesterol values) (<0.05% of all participants with total cholesterol 
measurements) or HDL cholesterol levels (defined as HDL cholesterol 
levels of <0.4 mmol l−1 or >5 mmol l−1, or total cholesterol values that 
were lower than HDL cholesterol values) (<0.15% of all participants with 
HDL cholesterol measurements). When data on LDL cholesterol were 
also available, we removed individuals for whom the sum of LDL and 
HDL cholesterol level surpassed total cholesterol level by more than is 
plausible based on the limits to errors in their measurement (following 
the CDC Cholesterol Reference Method Laboratory Network (CRMLN) 
standards, these errors were set at 8.9% for total cholesterol, 13% for 
HDL cholesterol and 12% for LDL cholesterol) (<0.06% of all participants 
with total cholesterol and HDL cholesterol measurements)44–46.

We calculated mean total cholesterol, mean HDL cholesterol and 
mean non-HDL cholesterol, and associated standard errors and sam-
ple sizes, by sex and age group (18–19 years, 20–29 years, followed by 
10-year age groups and 80+ years). All analyses incorporated appro-
priate sample weights and complex survey design in calculating 
age–sex-specific means when applicable. To ensure summaries were 
prepared according to the study protocol, computer code was provided 
to NCD-RisC members who requested assistance. All submitted data 
were checked independently by at least two researchers. Questions and 
clarifications were discussed with NCD-RisC members and resolved 
before the data were incorporated in the database.

Finally, we obtained data not accessed through the above routes 
by extracting data from published reports of all additional national 
health surveys identified through the above-described strategies, as 
well as eight sites of the WHO Multinational MONItoring of trends and 
determinants in CArdiovascular disease (MONICA) project that were 
not deposited in the MONICA Data Centre. Data were extracted from 
published reports only when reported by sex and in age groups no wider 
than 20 years. We also used data from a previous pooling study7 when 
such data did not overlap with those accessed through the above routes.

Data inclusion and exclusion
Data sources were included in NCD-RisC database if: (1) measured data 
on total, LDL, HDL cholesterol and/or triglycerides were available; (2) 
study participants were 10 years of age or older; (3) data were collected 
using a probabilistic sampling method with a defined sampling frame; 
(4) data were from population samples at the national, subnational 
(covering one or more subnational regions, more than three urban 
communities or more than five rural communities) or community (one 
or a small number of communities) level; (5) data were collected in or 
after 1950; and (6) data were from the countries and territories listed 
in Supplementary Table 2.

We excluded all data sources that included only hypercholesterolae-
mia or dyslipidaemia diagnosis history or medication status without 
measurement of cholesterol levels. We also excluded data sources 
on population subgroups for which the lipid profile may differ sys-
tematically from the general population, including: (1) studies that 
had included or excluded people on the basis of their health status or 



cardiovascular risk; (2) studies for which the participants were only 
from ethnic minorities; (3) studies that had recruited only specific edu-
cational, occupational or socioeconomic subgroups, with the exception 
noted below; and (4) studies that had recruited participants through 
health facilities, with the exception noted below.

We used school-based data in countries and for age–sex groups, for 
which secondary school enrolment was 70% or higher. We used data for 
which the sampling frame was health insurance schemes in countries 
in which at least 80% of the population was insured. Finally, we used 
data collected through general practice and primary-care systems in 
high-income and central European countries with universal insurance, 
because contact with the primary-care systems tends to be as good as or 
better than response rates for population-based surveys. We used data 
sources regardless of fasting status, because the differences between 
fasting and non-fasting measurements are negligible for total, non-HDL 
and HDL cholesterol39, and therefore non-fasting lipid profiles are now 
widely endorsed for the estimation of cardiovascular risk36,37.

Data used in the analysis
For this paper, we used data from the NCD-RisC database for years 
1980 to 2018 and individuals aged 18 years and older. A list of the data 
sources that we used in this analysis and their characteristics is provided 
in Supplementary Table 1. The data comprised 1,127 population-based 
measurement surveys and studies that included measurements of 
blood lipids on 102.6 million participants aged 18 years and older. 
We had at least one data source for 161 of the 200 countries that we 
made estimates for, covering 92.4% of the world’s population in 2018 
(Extended Data Fig. 1); and at least two data sources for 104 countries 
(87.5% of the world population). Of these 1,127 sources, 409 (36.3%) 
sampled from national populations, 250 (22.2%) covered one or more 
subnational regions, and the remaining 468 (41.5%) were from one or a 
small number of communities. Regionally, data availability ranged from 
around 2 data sources per country in sub-Saharan Africa to approxi-
mately 35 sources per country in the high-income Asia–Pacific region. 
In total, 454 data sources (40.3%) were from years before 2000 and the 
remaining 673 (59.7%) were collected from 2001 onwards.

Adjusting for the differences in mean cholesterol between 
portable device and laboratory measurements
In 112 (10%) of the 1,127 data sources used in our analysis (11.5% and 5.8% 
of age–sex-specific data points for total and HDL cholesterol, respec-
tively) lipids were measured using a portable device. Some portable 
devices have narrower analytical ranges than laboratory methods, 
which results in truncations of blood cholesterol data that are outside 
their range (Supplementary Table 3). This may in turn affect the popula-
tion mean. Although cholesterol concentrations that fall outside the 
analytical range are displayed as ‘high’ (above the measurement range) 
or ‘low’ (below the measurement range) by these devices, different sur-
veys record and code cholesterol concentrations outside the analytical 
range in different ways, for example using ‘too low’, ‘too high’ and ‘error’ 
codes; assigning the minimum or maximum value to individuals whose 
cholesterol was below or above the analytical range, respectively; set-
ting values outside the analytical range to missing; and so on. We used 
an approach that treated surveys with such data consistently.

Specifically, we first dropped all participants with cholesterol levels 
below and at the minimum, and at and above the maximum, values of 
the analytical range of each portable device before calculating the mean 
cholesterol (Supplementary Table 3). We then developed conversion 
regressions to adjust the mean cholesterol levels measured using a 
portable device (calculated over the restricted range, Supplementary 
Table 3) to the levels expected using laboratory measurements. The 
dependent variable in each regression was mean total, non-HDL or HDL 
cholesterol for the full range, and the main independent variable was 
mean total, non-HDL or HDL cholesterol over the above-mentioned 
restricted cholesterol range of the portable devices. The regression 

coefficients were estimated from data sources for which lipids were 
measured in a laboratory, and thus had the full range of measurement 
and could be used to calculate both dependent and independent vari-
ables. When estimating the regression coefficients, we constructed the 
dependent variable using the full data, and the independent variable 
by dropping the values outside the above-mentioned restricted cho-
lesterol range of each device, mimicking those that would be expected 
if a portable device had been used. Separate models were developed 
according to the specific range of the different portable devices. All 
regressions included terms for age and sex, as well as interactions 
between predictors and age and sex, based on the Bayesian information 
criterion47. The regressions for mean non-HDL cholesterol also included 
mean total cholesterol and mean HDL cholesterol because non-HDL 
cholesterol is calculated from total cholesterol and HDL cholesterol. 
We excluded data points for which there were fewer than 25 individu-
als for the purpose of estimating the coefficients of these regressions. 
All sources of uncertainty in the conversion—including the sampling 
uncertainty of the original data, the uncertainty of the regression coef-
ficients and residuals—were carried forward by using repeated draws 
from their respective distributions. The regression coefficients and 
number of data points used to estimate the coefficients are shown in 
Supplementary Table 4.

Statistical analysis
We used a statistical model to estimate mean total, non-HDL and HDL 
cholesterol by country, year, sex and age using all of the available data. 
The model is described in detail in a statistical paper and related sub-
stantive papers8,32,33,48; the computer code is available at http://www.
ncdrisc.org/. In summary, we organized countries into 21 regions, 
mainly based on geography and national income; these regions were 
further aggregated into 9 ‘super-regions’ (Supplementary Table 2). The 
model had a hierarchical structure in which estimates for each country 
and year were informed by its own data, if available, and by data from 
other years in the same country and from other countries, especially 
countries in the same region or super-region with data for similar 
time periods. The extent to which estimates for each country-year 
are influenced by data from other years and other countries depends 
on whether the country has data, the sample size of data, whether or 
not they are national, and the within-country and within-region data 
variability. The model incorporated nonlinear time trends comprising 
linear terms and a second-order random walk. The age association of 
blood lipids was modelled using a cubic spline to allow nonlinear age 
patterns, which might vary across countries. The model accounted for 
the possibility that blood lipids in subnational and community samples 
might systematically differ from nationally representative ones; and/
or have larger variation. These features were implemented by includ-
ing data-driven fixed-effect and random-effect terms for subnational 
and community data. The fixed effects adjust for systematic differ-
ences between subnational or community studies and national studies. 
The random effects allow national data to have larger influence on the 
estimates than subnational or community data with similar sample 
sizes. The model also accounted for rural–urban differences in blood 
lipids, through the use of data-driven fixed effects for rural-only and 
urban-only studies. These rural and urban effects were weighted by the 
difference between study-level and country-level urbanization in the 
year in which the study was done. The proportion of the national popu-
lation living in urban areas was also included as a predictor (covariate) 
in the model. The model for mean non-HDL and HDL cholesterol also 
used age-standardized mean total cholesterol as a covariate.

We fitted the statistical model with the Markov chain Monte Carlo 
(MCMC) algorithm, and obtained 5,000 post-burn-in samples from 
the posterior distribution of model parameters, which were in turn 
used to obtain the posterior distributions of mean total, non-HDL and 
HDL cholesterol. We calculated average change in mean total, HDL and 
non-HDL cholesterol across the 39 years of analysis (reported as change 
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per decade). Age-standardized estimates were generated by taking 
weighted averages of age–sex-specific estimates, using the WHO stand-
ard population. Estimates for regions and the world were calculated 
as population-weighted averages of the constituent country estimates 
by age group and sex. The reported credible intervals represent the 
2.5–97.5th percentiles of the posterior distributions. We also report 
the posterior probability that an estimated increase or decrease rep-
resents a truly increasing or decreasing trend as opposed to a chance 
observation. We performed all analyses by sex, because blood lipids 
levels and trends are different in men and women.

Validation of statistical model
We tested how well our statistical model predicts missing data, known 
as external predictive validity, in two different tests. In the first test, we 
held out all data from 10% of countries with data (that is, created the 
appearance of countries with no data where we actually had data). The 
countries for which the data were withheld were randomly selected 
from the following three groups: data rich (5 or more data sources, with 
at least one data source after the year 2000), data poor (1 data source) 
and average data availability (2–4 data sources). In the second test, we 
assessed other patterns of missing data by holding out 10% of our data 
sources, again from a mix of data-rich, data-poor and average-data 
countries, as defined above. For a given country, we either held out 
a random half of the data of a country or all of the 2000–2018 data 
of the country to determine, respectively, how well we filled in the 
gaps for countries with intermittent data and how well we estimated in 
countries without recent data. In both tests, we then fitted the model 
to the remaining 90% of the countries (test 1) or data sources (test 2) 
and made estimates of the held-out observations. We repeated each 
test five times, holding out a different subset of data in each repetition. 
In both tests, we calculated the differences between the held-out data 
and the estimates. We also calculated the 95% credible intervals of the 
estimates; in a model with good external predictive validity, 95% of 
held-out values would be included in the 95% credible intervals.

Our statistical model performed well in the external validation tests, 
that is, in estimating mean cholesterol when data were missing. The 
estimates of mean total, non-HDL and HDL cholesterol were unbiased, 
as evidenced with median errors that were very close to zero globally 
for every outcome and test, and less than ±0.30 mmol l−1 in every subset 
of withheld data except for women in the high-income Asia–Pacific 
region in test 1 for non-HDL cholesterol (median error 0.47 mmol l−1) 
and men in south Asia in test 2 for non-HDL cholesterol (median error 
−0.33 mmol l−1) (Supplementary Table 5). The 95% credible intervals 
of estimated means covered 83–92% and 75–83% of true data globally 
in the first and second tests, respectively. In subsets, coverage ranged 
from 47% to 100%, but was mostly greater than 75%, with coverage 
generally lower in test 2 than test 1. Median absolute errors ranged 
from 0.07 to 0.23 mmol l−1 globally for different outcomes and sexes, 
and were no more than 0.45 mmol l−1 in all subsets of withheld data, 
except for women in the high-income Asia–Pacific region for non-HDL 
cholesterol in test 1 (median absolute error 0.47 mmol l−1).

Calculation of the number of deaths attributable to high 
cholesterol
We estimated the number of deaths from IHD and ischaemic stroke 
attributable to high non-HDL cholesterol. For each country, year, sex 
and age group, we first calculated the population attributable frac-
tions—that is, the proportion of deaths from IHD and ischaemic stroke 
that would have been prevented if non-HDL cholesterol levels were at 
an optimal level (defined as a mean of 1.8–2.2 mmol l−1) in the popula-
tion6,49. For these calculations, we used age-specific relative risks from 
meta-analyses of prospective cohort studies4,5,50. The number of IHD 
and ischaemic stroke deaths attributable to high non-HDL cholesterol 
was calculated for each country–year–age–sex group by multiplying the 
cause-specific population attributable fractions by the cause-specific 

deaths from the Global Burden of Disease study in 1990 and 2017 (the 
earliest and latest years with cause-specific mortality data).

Strengths and limitations
The strengths of our study include its scope in making consistent and 
comparable estimates of trends in blood cholesterol and its cardio-
vascular disease mortality burden, over almost four decades for all of 
the countries in the world, including global estimates of non-HDL and 
HDL cholesterol. We used a large amount of population-based data, 
which came from countries in which 92% of the global adult population 
lives. We used only data from studies that had measured blood lipids 
to avoid bias in self-reported data. Data were analysed according to a 
consistent protocol, and the characteristics and quality of data from 
each country were rigorously verified through repeated checks by 
NCD-RisC members. We pooled data using a statistical model that 
took into account the epidemiological features of cholesterol, includ-
ing nonlinear time trends and age associations. Our statistical model 
used all available data while giving more weight to national data than 
to subnational and community sources.

Similar to all global analyses, our study is affected by some limita-
tions. Despite our extensive efforts to identify and access worldwide 
population-based data, some countries had no or few data sources, 
especially those in sub-Saharan Africa, the Caribbean, central Asia 
and Melanesia. Estimates for these countries relied mostly or entirely 
on the statistical model, which shares information across countries 
and regions through its hierarchy. Data scarcity is reflected in wider 
uncertainty intervals of our estimates for these countries and regions, 
highlighting the need for national NCD-oriented surveillance. The 
distribution of lipids measured in a population using a portable device, 
which was used in 10% of our studies, may be truncated and may there-
fore affect the population mean. To overcome this issue, we developed 
conversion regressions to adjust mean cholesterol levels measured 
using a portable device to the levels expected in laboratory measure-
ments; the conversion regressions used for this purpose had good 
predictive accuracy. Although most studies had measured cholesterol 
in serum samples, around 7% had used plasma samples. As choles-
terol measured in plasma and serum samples differ51 by only about 3%, 
adjusting for plasma-serum differences would have little effect on our 
results, as seen in a previous analysis14. Although methods to measure 
total and HDL cholesterol have evolved over time, since the 1950s there 
have been systematic efforts to standardize lipid measurements that 
have resulted in increased comparability between different methods. 
In our analysis, 90% of studies measured lipids in a laboratory; of these 
studies more than 60% for total cholesterol and more than 70% for 
HDL cholesterol participated in a lipid standardization programme 
or quality control scheme. We did not analyse emerging lipid mark-
ers such as apolipoprotein B and apolipoprotein A-I, because they are 
neither commonly measured in population-based health surveys, nor 
routinely used in clinical practice36.

Comparison with other studies
There are no global analyses on trends in lipid fractions for comparison 
with our results. Our findings for total cholesterol were largely consist-
ent with the only other previous analysis7, but we estimated a larger 
decrease in mean total cholesterol in high-income western countries 
and central Europe, and a larger increase in southeast Asia, because 
we had an additional decade of data compared with the earlier global 
analysis. Therefore, although the highest mean total cholesterol levels 
reported previously7, for 2008, were still in high-income western coun-
tries, we estimated that in 2018 total cholesterol was equally high or 
higher in southeast Asia. Our findings on mean total cholesterol trends 
are also largely consistent with previous multi- and single-country 
reports14,15,17–21,52–73. Differences from previous studies—for example, 
in Italy61, Lithuania63, the Netherlands65, Russian Federation69 and in 
some countries that participated in the MONICA Project52—mostly arise 



because our study covered a longer period and used a larger number 
of data sources. Studies15,18,54,63,66,70,74–77 that have reported trends in 
lipid fractions for a period longer than 15 years have found changes 
in non-HDL cholesterol (or in LDL cholesterol for some studies) that 
were consistent with our results.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Estimates of mean total, non-HDL and HDL cholesterol by country, 
year and sex are available at http://www.ncdrisc.org/. Input data from 
publicly available sources can also be downloaded from http://www.
ncdrisc.org/. For other data sources, contact information for data 
providers can be obtained from http://www.ncdrisc.org/.

Code availability
The computer code for the Bayesian hierarchical model used in this 
work is available at http://www.ncdrisc.org/.
 
34.	 Martin, S. S. et al. Friedewald-estimated versus directly measured low-density lipoprotein 

cholesterol and treatment implications. J. Am. Coll. Cardiol. 62, 732–739 (2013).
35.	 Cui, Y. et al. Non-high-density lipoprotein cholesterol level as a predictor of 

cardiovascular disease mortality. Arch. Intern. Med. 161, 1413–1419 (2001).
36.	 Grundy, S. M. et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/

NLA/PCNA guideline on the management of blood cholesterol: a report of the American 
College of Cardiology/American Heart Association Task Force on clinical practice 
guidelines. Circulation 139, e1082–e1143 (2019).

37.	 Mach, F. et al. 2019 ESC/EAS guidelines for the management of dyslipidaemias: lipid 
modification to reduce cardiovascular risk. Eur. Heart J. 41, 111–188 (2020).

38.	 Expert Dyslipidemia Panel of the International Atherosclerosis Society. An International 
Atherosclerosis Society Position Paper: global recommendations for the management of 
dyslipidemia—full report. J. Clin. Lipidol. 8, 29–60 (2014).

39.	 Nordestgaard, B. G. et al. Fasting is not routinely required for determination of a lipid 
profile: clinical and laboratory implications including flagging at desirable concentration 
cut-points—a joint consensus statement from the European Atherosclerosis Society and 
European Federation of Clinical Chemistry and Laboratory Medicine. Eur. Heart J. 37, 
1944–1958 (2016).

40.	 Bilen, O., Kamal, A. & Virani, S. S. Lipoprotein abnormalities in South Asians and its 
association with cardiovascular disease: current state and future directions. World J. 
Cardiol. 8, 247–257 (2016).

41.	 Danaei, G. et al. National, regional, and global trends in systolic blood pressure since 
1980: systematic analysis of health examination surveys and epidemiological studies 
with 786 country-years and 5·4 million participants. Lancet 377, 568–577 (2011).

42.	 Danaei, G. et al. National, regional, and global trends in fasting plasma glucose and 
diabetes prevalence since 1980: systematic analysis of health examination surveys and 
epidemiological studies with 370 country-years and 2·7 million participants. Lancet 378, 
31–40 (2011).

43.	 Finucane, M. M. et al. National, regional, and global trends in body-mass index since 
1980: systematic analysis of health examination surveys and epidemiological studies 
with 960 country-years and 9·1 million participants. Lancet 377, 557–567 (2011).

44.	 Cholesterol Reference Method Laboratory Network. Total Cholesterol Certi�ication 
Protocol for Manufacturers. https://www.cdc.gov/labstandards/pdf/crmln/
RevisedTCprotocolOct04.pdf (Cholesterol Reference Method Laboratory Network, 2004).

45.	 Cholesterol Reference Method Laboratory Network. HDL Cholesterol Certi�ication 
Protocol for Manufacturers. https://www.cdc.gov/labstandards/pdf/crmln/HDL_
Certification_Protocol-508.pdf (Cholesterol Reference Method Laboratory Network, 2018).

46.	 Cholesterol Reference Method Laboratory Network. LDL Cholesterol Certi�ication 
Protocol for Manufacturers. https://www.cdc.gov/labstandards/pdf/crmln/LDL_
Certification_Protocol-508.pdf (Cholesterol Reference Method Laboratory Network, 2018).

47.	 Schwarz, G. Estimating the dimension of a model. Ann. Stat. 6, 461–464 (1978).
48.	 Finucane, M. M., Paciorek, C. J., Danaei, G. & Ezzati, M. Bayesian estimation of 

population-level trends in measures of health status. Stat. Sci. 29, 18–25 (2014).
49.	 Ezzati, M., Lopez, A. D., Rodgers, A., Vander Hoorn, S. & Murray, C. J. Selected major risk 

factors and global and regional burden of disease. Lancet 360, 1347–1360 (2002).
50.	 Singh, G. M. et al. The age-specific quantitative effects of metabolic risk factors on 

cardiovascular diseases and diabetes: a pooled analysis. PLoS ONE 8, e65174 (2013).
51.	 National Cholesterol Education Program. Recommendations on Lipoprotein 

Measurement. From the Working Group on Lipoprotein Measurement. NIH Publication No. 
95-3044 (National Institutes of Health, National Heart, Lung, and Blood Institute, 1995).

52.	 Evans, A. et al. Trends in coronary risk factors in the WHO MONICA project. Int. J. 
Epidemiol. 30, S35–S40 (2001).

53.	 Bennett, S. A. & Magnus, P. Trends in cardiovascular risk factors in Australia. Results from 
the National Heart Foundation’s Risk Factor Prevalence Study, 1980–1989. Med. J. Aust. 
161, 519–527 (1994).

54.	 Cífková, R. et al. Longitudinal trends in major cardiovascular risk factors in the Czech 
population between 1985 and 2007/8. Czech MONICA and Czech post-MONICA. 
Atherosclerosis 211, 676–681 (2010).

55.	 Sun, J. Y. et al. The changing trend of serum total cholesterol in Beijing population aged 
25 - 64 years during 1984 - 1999 (article in Chinese). Zhonghua Nei Ke Za Zhi 45, 980–984 
(2006).

56.	 Afzal, S., Tybjærg-Hansen, A., Jensen, G. B. & Nordestgaard, B. G. Change in body mass 
index associated with lowest mortality in Denmark, 1976–2013. J. Am. Med. Assoc. 315, 
1989–1996 (2016).

57.	 Ferrières, J. et al. Trends in plasma lipids, lipoproteins and dyslipidaemias in French 
adults, 1996–2007. Arch. Cardiovasc. Dis. 102, 293–301 (2009).

58.	 Truthmann, J. et al. Changes in mean serum lipids among adults in Germany: results from 
National Health Surveys 1997–99 and 2008–11. BMC Public Health 16, 240 (2016).

59.	 Sigfusson, N. et al. Decline in ischaemic heart disease in Iceland and change in risk factor 
levels. Br. Med. J. 302, 1371–1375 (1991).

60.	 Gupta, R. et al. Twenty-year trends in cardiovascular risk factors in India and influence of 
educational status. Eur. J. Prev. Cardiol. 19, 1258–1271 (2012).

61.	 Giampaoli, S. et al. Cardiovascular health in Italy. Ten-year surveillance of cardiovascular 
diseases and risk factors: Osservatorio Epidemiologico Cardiovascolare/Health 
Examination Survey 1998–2012. Eur. J. Prev. Cardiol. 22, 9–37 (2015).

62.	 Iso, H. Changes in coronary heart disease risk among Japanese. Circulation 118,  
2725–2729 (2008).

63.	 Luksiene, D. et al. Trends in prevalence of dyslipidaemias and the risk of mortality in 
Lithuanian urban population aged 45–64 in relation to the presence of the dyslipidaemias 
and the other cardiovascular risk factors. PLoS ONE 9, e100158 (2014).

64.	 Uusitalo, U. et al. Fall in total cholesterol concentration over five years in association with 
changes in fatty acid composition of cooking oil in Mauritius: cross sectional survey.  
Br. Med. J. 313, 1044–1046 (1996).

65.	 Koopman, C. et al. Trends in risk factors for coronary heart disease in the Netherlands. 
BMC Public Health 16, 835 (2016).

66.	 Metcalf, P. et al. Trends in major cardiovascular risk factors in Auckland, New Zealand: 
1982 to 2002–2003. N. Z. Med. J. 119, U2308 (2006).

67.	 Sharashova, E., Wilsgaard, T. & Brenn, T. Resting heart rate on the decline: the Tromsø 
Study 1986–2007. Int. J. Epidemiol. 44, 1007–1017 (2015).

68.	 Pajak, A. et al. Changes over time in blood lipids and their correlates in Polish rural and 
urban populations: the Poland–United States Collaborative Study in cardiopulmonary 
disease epidemiology. Ann. Epidemiol. 7, 115–124 (1997).

69.	 Vlasoff, T. et al. Ten year trends in chronic disease risk factors in the Republic of Karelia, 
Russia. Eur. J. Public Health 18, 666–673 (2008).

70.	 Bovet, P. et al. Divergent fifteen-year trends in traditional and cardiometabolic risk factors 
of cardiovascular diseases in the Seychelles. Cardiovasc. Diabetol. 8, 34 (2009).

71.	 Serra-Majem, L. et al. Trends in blood lipids and fat soluble vitamins in Catalonia, Spain 
(1992–2003). Public Health Nutr. 10, 1379–1388 (2007).

72.	 Berg, C. M. et al. Trends in blood lipid levels, blood pressure, alcohol and smoking habits 
from 1985 to 2002: results from INTERGENE and GOT-MONICA. Eur. J. Cardiovasc. Prev. 
Rehabil. 12, 115–125 (2005).

73.	 Wietlisbach, V., Paccaud, F., Rickenbach, M. & Gutzwiller, F. Trends in cardiovascular risk 
factors (1984–1993) in a Swiss region: results of three population surveys. Prev. Med. 26, 
523–533 (1997).

74.	 Leiviskä, J. et al. What have we learnt about high-density lipoprotein cholesterol 
measurements during 32 years? Experiences in Finland 1980–2012. Clin. Chim. Acta 415, 
118–123 (2013).

75.	 Yokoyama, S. et al. High-density lipoprotein levels have markedly increased over the past 
twenty years in Japan. J. Atheroscler. Thromb. 21, 151–160 (2014).

76.	 Hardoon, S. L. et al. Assessing the impact of medication use on trends in major coronary 
risk factors in older British men: a cohort study. Eur. J. Cardiovasc. Prev. Rehabil. 17,  
502–508 (2010).

77.	 Carroll, M. D. et al. Trends in serum lipids and lipoproteins of adults, 1960–2002. J. Am. 
Med. Assoc. 294, 1773–1781 (2005).

Acknowledgements This study was funded by a Wellcome Trust (Biomedical Resource & 
Multi-User Equipment grant 01506/Z/13/Z) and the British Heart Foundation (Centre of 
Research Excellence grant RE/18/4/34215). C.T. was supported by a Wellcome Trust Research 
Training Fellowship (203616/Z/16/Z). The authors alone are responsible for the views 
expressed in this Article and they do not necessarily represent the views, decisions, or policies 
of the institutions with which they are affiliated.

Author contributions M.E. and G.D. designed the study and oversaw research. C.T., B.Z., H.B. 
and R.C.L. led the data collection. The other authors contributed to study design; and 
collected, reanalysed, checked and pooled data. C.T. analysed pooled data and prepared 
results. C.T., E.G. and M.E. wrote the first draft of the manuscript with input from the other 
authors.

Competing interests M.E. reports a charitable grant from the AstraZeneca Young Health 
Programme, and personal fees from Prudential, Scor and Third Bridge, outside the submitted 
work. The other authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41586-020-
2338-1.
Correspondence and requests for materials should be addressed to M.E.
Peer review information Nature thanks Frank Hu and Pekka Jousilahti for their contribution to 
the peer review of this work.
Reprints and permissions information is available at http://www.nature.com/reprints.



Article

Extended Data Fig. 1 | Number of data sources by country. The colour indicates the number of data sources for each country used in the analysis. Countries and 
territories that were not included in the analysis are coloured in grey.



Extended Data Fig. 2 | Number of data sources by region and year. The size of each circle shows the number of data sources for each region and year, and the 
colours indicate the relative size of national, subnational and community data sources.
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Extended Data Fig. 3 | Change in age-standardized mean HDL cholesterol between 1980 and 2018 by region for women and men. The start of the arrow 
shows the level in 1980 and the head shows the level in 2018. One mmol l−1 is equivalent to 38.61 mg dl−1.
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