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ORIGINAL RESEARCH

Lipoprotein Characteristics and Incident 
Coronary Heart Disease: Prospective 
Cohort of Nearly 90 000 Individuals in UK 
Biobank
Danyao Jin , MSc*; Eirini Trichia , PhD*; Nazrul Islam , PhD; Jelena Bešević , PhD;  
Sarah Lewington , DPhil†; Ben Lacey , DPhil†

BACKGROUND: Associations of coronary heart disease (CHD) with plasma lipids are well described, but the associations with 
characteristics of lipoproteins (which transport lipids) remain unclear.

METHODS AND RESULTS: UK Biobank is a prospective study of 0.5 million adults. Analyses were restricted to 89 422 participants 
with plasma lipoprotein and apolipoprotein measures from Nightingale nuclear magnetic resonance spectroscopy and with-
out CHD at baseline. CHD risk was positively associated with concentrations of very- low- density lipoproteins, intermediate- 
density lipoproteins, and low- density lipoproteins (LDL), and inversely associated with high- density lipoproteins. Hazard ratios 
(99% CIs) per SD were 1.22 (1.17– 1.28), 1.16 (1.11– 1.21), 1.20 (1.15– 1.25), and 0.90 (0.86– 0.95), respectively. Larger subclasses 
of very- low- density lipoproteins were less strongly associated with CHD risk, but associations did not materially vary by size 
of LDL or high- density lipoprotein. Given lipoprotein particle concentrations, lipid composition (including cholesterol) was not 
strongly related to CHD risk, except for triglyceride in LDL particles. Apolipoprotein B was highly correlated with LDL con-
centration (r=0.99), but after adjustment for apolipoprotein B, concentrations of very- low- density lipoprotein and high- density 
lipoprotein particles remained strongly related to CHD risk.

CONCLUSIONS: This large- scale study reliably quantifies the associations of nuclear magnetic resonance– defined lipoprotein 
characteristics with CHD risk. CHD risk was most strongly related to particle concentrations, and separate measurements of 
lipoprotein concentrations may be of greater value than the measurement by apolipoprotein B, which was largely determined 
by LDL concentration alone. Furthermore, there was strong evidence of positive association with mean triglyceride molecules 
per LDL particle but little evidence of associations with total triglycerides or other lipid and lipoprotein fractions after account-
ing for lipoprotein concentrations.

Key Words: apolipoproteins ■ cholesterol ■ coronary heart disease ■ lipoproteins ■ nuclear magnetic resonance ■  
triglycerides ■ UK biobank

Lipoproteins are complex particles that transport 
lipids in the circulation. Although the associations 
of plasma lipids with coronary heart disease (CHD) 

risk are well described,1– 3 more recent evidence sug-
gests these associations may be driven more directly 
by the total circulating concentration of apolipoprotein 
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B (ApoB)– containing lipoprotein particles.1,4 Although 
total ApoB levels strongly predict CHD risk, ApoB- 
containing particles differ substantially by class. Very- 
low- density lipoprotein (VLDL), intermediate- density 
lipoprotein (IDL), and low- density lipoprotein (LDL) vary 
between and within class by size and lipid composi-
tion.5 Despite considerable research in this area, the 
relevance of these different lipoprotein characteristics 
to CHD risk remains unclear.

Previous studies comparing the strength of asso-
ciations between lipids and ApoB- containing lipopro-
teins relied on total ApoB levels as an indirect measure 
of the total concentration of all ApoB- containing par-
ticles (each VLDL, IDL, and LDL particle has a single 

ApoB molecule).1,4 However, VLDL and IDL are present 
in the plasma at much lower concentrations than LDL, 
and thus variations in VLDL, IDL, and LDL particle con-
centration may be obscured by measurements of total 
ApoB concentration alone. Furthermore, as traditional 
lipid measures are dependent on both the concentra-
tion of lipoproteins and their composition (size and lipid 
content), the atherogenic potential of lipoprotein may 
well be dependent on both these characteristics, but 
most previous studies have not described lipid com-
position for each of the different lipoprotein classes.

Nuclear magnetic resonance (NMR) spectroscopy 
is a high- throughput technology for metabolic profil-
ing. Compared with the previous NMR method,6,7 the 
current Nightingale NMR platform has the strength 
of providing details on many characteristics of major 
classes and subclasses of lipoproteins5 and shows 
high consistency with the same lipid and apolipo-
protein biomarkers measured using standard clinical 
chemistry method.8,9 To the authors’ knowledge, this 
study based on 89 422 participants in UK Biobank is 
the largest study with blood metabolites measured by 
the Nightingale NMR spectroscopy. The study aims 
to reliably quantify the associations of CHD risk with 
concentration of each of the major lipoprotein parti-
cle classes and to examine the effects of lipoprotein 
size and lipid composition after accounting for particle 
concentration.

METHODS
Study Design and Participants
Details of the UK Biobank study design and data 
collection methods have been reported previously.10 
In brief, it is a prospective cohort study of ≈500 000 
adults recruited from the general population of the 
United Kingdom from 2006 to 2010. At recruitment, 
participants completed questionnaires, had physical 
measurements taken, and biological samples were 
collected (including blood for long- term storage). A 
resurvey of the full baseline assessment was con-
ducted on a subset of 20 346 participants who lived 
within a 35- km radius of the assessment center at 
Stockport, with an average of 4.2 years after the first 
sampling, of which a random subset of blood sam-
ples were selected for measuring by Nightingale NMR 
spectroscopy. Ethical approval was obtained by the 
North West Research Ethics Committee. All partici-
pants in the UK Biobank provided informed written 
consent to take part in the study. Data from the UK 
Biobank are available to researchers after registra-
tion at the UK Biobank server. The data cleaning and 
coding used to generate the findings of this study are 
available from the corresponding author upon rea-
sonable request.

CLINICAL PERSPECTIVE

What Is New?
• This is one of few large- scale studies to assess 

the separate associations of lipoprotein particle 
concentration, size, and composition with coro-
nary heart disease risk.

• Separate measurements of lipoprotein concen-
trations may be of greater value than the single 
measurement by apolipoprotein B, which was 
largely determined by low- density lipoprotein 
concentration alone.

• The study indicates that the associations of 
plasma lipids with coronary heart disease risk 
are likely to be accounted for largely by lipo-
protein particle concentrations; however, after 
adjusting for lipoprotein particle concentration, 
mean triglyceride molecules per low- density li-
poprotein particle remained positively related to 
coronary heart disease risk.

What Are the Clinical Implications?
• Nightingale nuclear magnetic resonance pro-

vides a wealth of information about lipoprotein 
particles, including their concentration, size, 
and content of lipid, although the practicali-
ties of performing this new method in a typical 
clinical setting, including logistics and cost- 
effectiveness, remain to be explored.

• Furthermore, the study suggests that, in ad-
dition to lipoprotein concentrations, mean tri-
glyceride molecules per low- density lipoprotein 
particles may be a valuable additional biomarker 
of coronary heart disease risk.

Nonstandard Abbreviations and Acronyms

IDL intermediate- density lipoprotein
NMR nuclear magnetic resonance
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Measurement of Biomarkers
The Nightingale NMR spectroscopy (Nightingale 
Health, Finland) was used for metabolic profiling of 
the baseline plasma samples of 121 540 participants 
(a random subset of the initial cohort) and 5306 blood 
samples taken at resurvey. The following measure-
ments of lipoproteins and lipids were available for 
analyses: the concentration of lipoproteins (including 
VLDL, IDL, LDL, and high- density lipoprotein [HDL]) 
and 13 subclasses of these lipoproteins, as defined by 
particle size; the average diameter of lipoprotein; the 
total lipid concentration (including cholesteryl esters, 
free cholesterol, phospholipids, and triglycerides) of 
lipoprotein; and the mean lipid composition of lipopro-
tein (calculated by dividing the lipid concentration by 
the corresponding lipoprotein particle concentration); 
and the concentration of apolipoprotein A1 and ApoB5 
(Table S1).

Case Definition of CHD
Incident CHD was defined as the first- ever myocardial 
infarction, unstable angina pectoris, coronary- related 
procedure, or coronary- related death. Events were 
identified from hospital episode statistics and from 
the Office for National Statistics cause of death data 
(Table S2).11

Statistical Analysis
The analyses excluded participants with prior CHD or 
those taking statins at baseline (Figure S1). Cox propor-
tional hazards models, stratified by sex and age, and 
adjusted for education, region, Townsend Deprivation 
Index, smoking, alcohol intake, and body mass index, 
were used to calculate hazard ratios (HRs) for the as-
sociations of lipoprotein characteristics with incident 
CHD. Given the multiple number of HRs presented, we 
lowered the significance threshold to 0.01 and, thus, 
99% CIs were calculated. To examine the separate ef-
fect of these characteristics on CHD risk, analyses of 
the size and composition of lipoproteins were further 
adjusted for lipoprotein concentrations of VLDL, LDL, 
and HDL (IDL concentration was not included for fur-
ther adjustment because of its high correlation with 
LDL).

HRs were corrected for regression dilution bias (ie, 
categorizing people by their baseline concentrations 
and estimating the long- term average concentration in 
each category using the correlation between resurvey 
and baseline measurements) and therefore describe 
associations of usual lipoprotein levels with CHD risk.12 
“Usual” levels in the plot were estimated from the mean 
value at resurvey within each baseline defined group, 
representing an unbiased estimate of the long- term av-
erage level in each baseline- defined group. The SD of 

the usual values was obtained by multiplying the base-
line SD by the square root of the regression dilution 
ratio, and CIs in the plots were calculated using the 
variance of the log risk, which appropriately attributes 
variance to all groups, including the reference.13

The change in the log likelihood ratio χ2 between 
models with and without the lipoprotein parameter is 
a measure of extent of variance explained by the li-
poprotein parameter in addition to the other variables 
in the model. This statistic provides not only a signifi-
cance test for the improvement in fit from including the 
main lipoprotein term but also a quantitative measure 
of the extent to which the lipoprotein term improves 
risk prediction in different models (eg, with and without 
adjustment for confounders or other lipoprotein char-
acteristics).14 Discordance analysis (used to deal with 
the challenge of discriminating among highly correlated 
markers) was also used to judge which biomarker is 
more responsible for risk among highly correlated lip-
ids or lipoproteins by comparing the HRs among the 
participants who are discordant in 2 highly correlated 
biomarkers.15,16

Sensitivity analysis of the main associations were 
conducted by excluding CHD events in the first 2 years 
of follow- up and by further adjusting for other potential 
confounders, including waist circumference, systolic 
blood pressure, diabetes, and chronic kidney disease, 
at baseline, fasting time, and spectrometer. The asso-
ciations of apolipoprotein A1 and ApoB concentrations 
with incidence CHD, as well as the associations of 
lipids and apolipoproteins measured using either clin-
ical chemistry or Nightingale NMR method, were esti-
mated for comparison. All the measures in the tables 
and figures, except the ones we noted as “measured 
by clinical chemistry,” were measured by Nightingale 
NMR. All analyses were conducted with SAS version 
9.4, and all figures were generated in R version 4.0.1.

RESULTS
After exclusions, 89 422 participants remained, of 
which 3821 had an incident CHD event during a mean 
follow- up of 11.5 years. Compared with participants 
who did not have an incident CHD event, those with in-
cident CHD were on average slightly older, more likely 
to be men and current smokers, have lower education, 
and have slightly higher body mass index and systolic 
blood pressure (Table 1). The baseline characteristics 
of the study population showed no difference with the 
whole UK Biobank participants (Table S3).

There were 1065 participants (after exclusions) with 
lipoprotein measures both at baseline and resurvey 
(measured on average 4.2 years after baseline assess-
ment) (Table S3). The baseline levels of lipids and apoli-
poproteins (measured by clinical chemistry) among the 
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participants with repeated measures were similar with 
the total study population, although there were some 
differences in the baseline socioeconomic and life-
style factors (Table S3). The mean levels of lipoprotein 
measures among resurveyed participants were also 
not statistically different between baseline and resur-
vey (Table S4). The regression dilution ratios between 
baseline and resurvey of most measures of lipoprotein 
characteristics ranged from 0.5 to 0.8, although this 

was slightly lower for LDL particle diameter (0.28) and 
mean cholesteryl ester molecules per LDL particle 
(0.42) (Table S5); further adjustment for the differences 
in baseline characteristics between resurveyed and 
study population did not materially change the esti-
mates of regression dilution ratios.

CHD risk was positively associated with usual VLDL, 
IDL, and LDL particle concentrations and inversely asso-
ciated with HDL concentration (Figure 1). After adjusting 
for confounders and correcting for regression dilution, 
HRs (99% CIs) per usual SD higher level of VLDL, IDL, 
LDL, and HDL particle concentration were 1.22 (1.17– 
1.28), 1.16 (1.11– 1.21), 1.20 (1.15– 1.25), and 0.90 (0.86– 
0.95), respectively. With the same adjustment, the CI of 
the HR of ApoB concentration (1.20 [1.15– 1.25]) over-
lapped the HR of LDL particle concentration, and the 
overlap was also between HR of apolipoprotein A1 (0.88 
[0.83– 0.92]) and HDL concentration (Table S6).

The strength of the associations of lipoprotein con-
centration and CHD risk varied across subclass of VLDL, 
with progressively stronger associations for smaller sub-
classes: HR was 1.22 (99% CI, 1.17– 1.28) for the very small 
subclass of VLDL particles but 1.11 (99% CI, 1.07– 1.16) for 
the extremely large subclass of VLDL (Table 2). By con-
trast, the strengths of the associations of lipoprotein con-
centration and CHD risk were similar and not statistically 
different across LDL subclasses. For HDL, there were 
slight variations in the associations by subclass but no ev-
idence of increasing or decreasing trend in associations 
from small to very large HDL. The findings on lipoprotein 
subclass were consistent with analyses of lipoprotein 
particle diameter and CHD risk (Table 3 and Figure S2): 
there was no evidence of associations with either usual 
LDL diameter (1.04 [99% CI, 0.99– 1.10]) or usual HDL 
diameter (0.96 [99% CI, 0.90– 1.03]) after adjusting for li-
poprotein concentrations but an inverse association with 
usual VLDL diameter (0.92 [99% CI, 0.86– 0.99]).

Table 4 shows the associations of lipoprotein compo-
sition and CHD risk. In analyses of VLDL particle com-
position, free cholesterol was inversely associated with 
CHD risk (0.92 [99% CI, 0.86– 0.99]) after adjustment for 
VLDL, LDL, and HDL particle concentrations, but the 
proportional reduction in the likelihood ratio χ2 statis-
tic (from 118 to 9, a reduction of 92%) with progressive 
adjustments indicated the strong likelihood for residual 
confounding in this association. There was no evidence 
of associations with other lipid fractions in VLDL parti-
cle. For LDL particle composition, there was strong ev-
idence of a positive association of CHD risk with mean 
triglyceride molecule (1.18 [99% CI, 1.10– 1.26]; Figure 2) 
after adjusting for lipoprotein concentration but no ev-
idence of associations with levels of cholesterol (1.03 
[99% CI, 0.94– 1.14]), free cholesterol (1.02 [99% CI, 
0.92– 1.14]), cholesteryl esters (1.03 [99% CI, 0.95– 1.12]), 
or phospholipids (1.06 [99% CI, 0.98– 1.14]) (Table 4 and 
Figure S3). There were similar findings for HDL particle 

Table 1. Baseline Characteristics in Study Population by 
Incident CHD

Characteristic

Incident CHD

No Yes All

No. of participants 85 601 3821 89 422

Sociodemographic factors

Baseline age, y 55.0 (8.0) 59.2 (7.1) 55.2 (8.0)

Male sex, % 41.8 64.5 42.8

White race, % 95.0 95.5 95.0

University education, % 40.8 31.6 40.4

Townsend Deprivation 
Index*

−1.4 (3.0) −1.2 (3.2) −1.4 (3.0)

Lifestyle factors, %

Current smoker 10.1 16.6 10.5

Current regular alcohol 
drinker

70.7 68.3 70.6

Anthropometry

Body mass index, kg/m2 26.9 (4.6) 27.9 (4.6) 27.0 (4.6)

Waist circumference, cm 88.5 
(12.9)

93.9 
(12.5)

88.7 
(12.9)

Waist/hip ratio 0.86 
(0.09)

0.91 
(0.08)

0.86 
(0.09)

Lipids and apolipoproteins measured by clinical chemistry

LDL cholesterol, mmol/L 3.7 (0.8) 3.9 (0.8) 3.7 (0.8)

HDL cholesterol, mmol/L 1.5 (0.4) 1.3 (0.3) 1.5 (0.4)

Total triglycerides, mmol/L 1.7 (1.0) 2.0 (1.1) 1.7 (1.0)

Apolipoprotein A- I, g/L 1.5 (0.3) 1.5 (0.3) 1.5 (0.3)

Apolipoprotein B, g/L 1.1 (0.2) 1.1 (0.2) 1.1 (0.2)

Blood pressure and diabetes

Systolic blood pressure, 
mm Hg

136.3 
(18.4)

144.8 
(19.0)

136.7 
(18.5)

Baseline diabetes, %† 2.0 4.5 2.1

Fasting time, h 3.0 (2.0) 3.0 (1.0) 3.0 (2.0)

Baseline characteristics of those with and those without incident CHD 
during follow- up among 89 422 participants. Analyses exclude those with 
missing or outlying values for metabolites or key covariates and those with 
prior CHD or taking statins at baseline. Continuous variables are presented 
as mean (SD) (except for skew variable fasting time, presented as median 
[quartile range]), and categorical variables are presented as column 
percentages. CHD indicates coronary heart disease; HDL, high- density 
lipoprotein; and LDL, low- density lipoprotein.

*Area- level measure of material deprivation.
†The low diabetes prevalence is attributable to the exclusion of 

individuals with baseline cardiovascular disease, which had large overlap 
with the individuals with diabetes at baseline. Before excluding baseline 
cardiovascular disease, the prevalence of diabetes in the study population is 
6% (the prevalence is also 6% for the whole UK Biobank participants).
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composition, with no evidence of an association with 
lipid fractions except triglycerides (1.16 [99% CI, 1.03– 
1.31]); however, the proportional reduction in the like-
lihood ratio χ2 statistic (from 175 to 10, a reduction of 
94%) with progressive adjustments indicated the strong 
likelihood for residual confounding in this association 
(Table 4). The analyses of IDL revealed similar findings to 
those of LDL, with only the mean triglyceride molecules 
per particle being associated with CHD risk after adjust-
ing for particle concentrations, although the strength of 
the association was weaker (1.12 [99% CI, 1.05– 1.19]) 
(Table 4 and Figure S4). Similarly, in discordance anal-
yses, among participants with absolute difference of 
total triglycerides and mean triglyceride in LDL particles 
above the 10th percentile, total triglycerides were not 
associated with CHD after accounting for VLDL particle 
concentrations or HDL cholesterol (HDL- C) and non– 
HDL- C, whereas triglycerides in LDL remained as a sig-
nificant marker of CHD risk (Table S7).

Total ApoB concentration (also measured by 
Nightingale NMR) was highly correlated with LDL particle 
concentration (r=0.99; Table S8), and the strength of the 
association between total ApoB level and CHD risk was 
the same as LDL particle concentration (Figures  S5). 
ApoB concentration was still highly but relatively more 
weakly correlated with VLDL (r=0.87). Given total ApoB 
concentration, concentrations of VLDL and HDL par-
ticles remained positively associated with CHD risk, 
whereas the association of total ApoB level given VLDL 
concentration attenuated to null (Figures S6 and S7).

In sensitivity analyses, further adjustment for other 
potential confounders did not materially change the 
main associations, and neither did mutual adjustment 
of other particle concentrations for the association of 
lipoprotein concentrations (Table  S9). Furthermore, 
exclusion of the first 2 years of follow- up to assess for 
any impact of reverse causality to the metabolite mea-
sures attributable to the subclinical disease at baseline 
(although without formal diagnosis) did not change the 
associations. Supplementary analyses showed high 
consistency among lipid and apolipoprotein measure-
ments using traditional clinical chemistry and those 
using Nightingale NMR (although the absolute values 
were different because UK Biobank used serum sample 
for clinical chemistry measurements and plasma sample 
for NMR measurement)17 (Table S10), and the analyses 
of associations to CHD risk were not statistically different 
between the 2 types of measurements (Table S11). Lipid 
content measures also showed similar results with our 
derived lipid composition measures (Table  S6 versus 
Table 4) but wider CIs when assessing the associations 
after adjusting for particle concentrations attributable to 
the collinearity with lipid content measures.

DISCUSSION
In this large- scale prospective study, CHD risk was posi-
tively associated with VLDL, IDL, and LDL particle con-
centrations and inversely associated with HDL particle 

Figure 1. Lipoprotein particle concentration vs coronary heart disease risk.
Hazard ratios (HRs) per usual SD higher level of particle concentration among 89 422 participants (stratified by quintiles). A, Very- 
low- density lipoprotein (VLDL) particle concentration. B, Intermediate- density lipoprotein (IDL) particle concentration. C, Low- density 
lipoprotein (LDL) particle concentration. D, High- density lipoprotein (HDL) particle concentration. HRs calculated by Cox proportional 
hazards models, stratified by age and sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, smoking, 
alcohol, and body mass index. “Usual” levels are estimated from the mean value at resurvey within each baseline- defined group, 
providing an unbiased estimate of the long- term average level in each baseline- defined group. “Usual SD” was obtained from the 
baseline SD through multiplication by square root of the regression dilution ratio. Area of the square is inversely proportional to the 
variance of the category- specific log risk. CI indicates confidence interval; HDL, high- density lipoproteins; HR, hazard ratio; IDL, 
intermediate- density lipoproteins; LDL, low- density lipoproteins; SD, standard deviation; and VLDL, very- low- density lipoproteins.
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concentration. There was no evidence that the strength 
of these associations varied by sizes of LDL and HDL 
particles, but larger subclasses of VLDL were found to 
be less strongly related to CHD risk. After adjusting for 
lipoprotein particle concentrations, there was strong evi-
dence of a positive association between mean triglyc-
eride molecules per LDL particle and CHD risk but little 
evidence of associations with other lipid fractions or in 

VLDL or HDL particles. Of the lipoprotein characteristics 
assessed, CHD risk was most strongly related to lipo-
protein particle concentration, and separate measure-
ments of lipoprotein concentrations may be of greater 
value than the measurement by ApoB, which was largely 
determined by LDL concentration alone.

Several previous studies have also assessed the 
associations of NMR- derived measures of lipoprotein 

Table 2. Lipoprotein Particle Concentration Versus CHD Risk, by Particle Subclass

Lipoprotein subclass

Particle concentration, μmol/L A: adjusted for age and sex only
B: adjusted for age, sex, and 
other confounders

Baseline mean Usual SD HR (99% CI) LR χ2 HR (99% CI) LR χ2

VLDL

Extremely large 0.002 0.001 1.18 (1.14– 1.22) 121.4 1.11 (1.07– 1.16) 44.2

Very large 0.003 0.002 1.23 (1.18– 1.28) 180.7 1.16 (1.12– 1.21) 84.5

Large 0.010 0.004 1.24 (1.19– 1.29) 189.3 1.18 (1.13– 1.23) 95.9

Medium 0.036 0.009 1.25 (1.20– 1.30) 184.6 1.21 (1.16– 1.26) 126.0

Small 0.039 0.010 1.27 (1.22– 1.32) 225.1 1.22 (1.17– 1.27) 139.8

Very small 0.057 0.010 1.26 (1.21– 1.31) 198.7 1.22 (1.17– 1.28) 150.1

All 0.147 0.035 1.28 (1.23– 1.33) 230.1 1.22 (1.17– 1.28) 148.7

IDL 0.323 0.054 1.18 (1.13– 1.23) 97.4 1.16 (1.11– 1.21) 82.0

LDL

Large 0.754 0.128 1.21 (1.16– 1.26) 139.2 1.19 (1.14– 1.24) 119.1

Medium 0.301 0.054 1.20 (1.15– 1.25) 125.8 1.18 (1.13– 1.23) 94.8

Small 0.174 0.028 1.24 (1.19– 1.29) 170.7 1.20 (1.15– 1.26) 127.1

All 1.229 0.207 1.22 (1.17– 1.27) 148.3 1.20 (1.15– 1.25) 120.6

HDL

Very large 0.243 0.082 0.85 (0.80– 0.89) 70.7 0.94 (0.89– 0.99) 9.2

Large 1.451 0.672 0.75 (0.70– 0.79) 201.5 0.83 (0.78– 0.88) 71.6

Medium 3.837 0.696 0.80 (0.77– 0.84) 136.8 0.86 (0.82– 0.90) 62.2

Small 9.583 0.907 1.00 (0.95– 1.04) 0.1 0.99 (0.95– 1.04) 0.2

All 15.114 1.722 0.85 (0.81– 0.89) 80.2 0.90 (0.86– 0.95) 31.1

HRs per usual SD higher level of particle concentration among 89 422 participants. HRs calculated by Cox proportional hazards models with: (A) stratification 
by age and sex; and (B) model A with further adjustment for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, and body mass index. 
LR χ2 improvement with the addition of the exposure variable to the model with stated adjustments. “Usual SD” was obtained from the baseline SD through 
multiplication by square root of the regression dilution ratio, representing an unbiased estimate of the long- term average level in each baseline- defined group. 
CHD indicates coronary heart disease; HDL, high- density lipoprotein; HR, hazard ratio; IDL, intermediate- density lipoprotein; LDL, low- density lipoprotein; LR, 
likelihood ratio; and VLDL, very- low- density lipoprotein.

Table 3. Lipoprotein Particle Size Versus CHD Risk

Lipoprotein type

Particle diameter, nm
A: adjusted for age and 
sex only

B: adjusted for age, sex, 
and other confounders

C: further adjusted for 
lipoprotein particle 
concentration

Baseline mean Usual SD HR (99% CI) LR χ2 HR (99% CI) LR χ2 HR (99% CI) LR χ2

VLDL 38.6 1.0 1.18 (1.13– 1.24) 90.8 1.10 (1.05– 1.15) 25.2 0.92 (0.86– 0.99) 9.3

LDL 23.9 <0.1 0.99 (0.95– 1.03) 0.7 1.03 (0.98– 1.07) 2.4 1.04 (0.99– 1.10) 4.9

HDL ,9.7 0.2 0.76 (0.72– 0.80) 193.1 0.83 (0.79– 0.88) 70.5 0.96 (0.90– 1.03) 1.9

HRs per usual SD higher level of average particle diameter among 89 422 participants. HRs calculated by Cox proportional hazards models with: (A) 
stratification by age and sex; (B) model A with further adjustment for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, and body 
mass index; and (C) model B with further adjustment for concentrations of VLDL, LDL, and HDL particles. LR χ2 improvement with the addition of the exposure 
variable to the model with stated adjustments. “Usual SD” was obtained from the baseline SD through multiplication by square root of the regression dilution 
ratio, representing an unbiased estimate of the long- term average level in each baseline- defined group. Particle diameter of intermediate- density lipoprotein is 
unavailable in Nightingale nuclear magnetic resonance platform. CHD indicates coronary heart disease; HDL, high- density lipoprotein; HR, hazard ratio; LDL, 
low- density lipoprotein; LR, likelihood ratio; and VLDL, very- low- density lipoprotein.
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concentrations with CHD risk.18– 20 These studies have 
consistently described positive associations with 
VLDL and LDL particle concentrations and inverse 
associations with HDL particle concentrations, as in 
the present report. However, the associations in these 
studies are somewhat weaker than in the present re-
port, likely reflecting associations with baseline mea-
sures rather than long- term average (“usual”) levels of 
lipoprotein concentration. For example, the placebo 
arm of a large randomized trial of simvastatin ver-
sus placebo showed adjusted HRs per 1- SD higher 
level were 1.11 (95% CI, 1.05– 1.17; SD=0.34 nmoL/
mL) for LDL particles concentration and 0.88 (95% 
CI, 0.83– 0.92; SD=5.18 nmoL/mL) for HDL particle 
concentration.18

Subclasses of lipoproteins can be categorized by 
either particle size or density. Previous studies on the 
association of size- determined lipoprotein subclasses 
with CHD risk focused mainly on LDL and HDL.8,18,19 
Consistent with the present report, these studies did 
not find differences in the strength of associations 
across LDL subclasses.8 However, the evidence for 
the associations of CHD risk with HDL subclasses has 
been less consistent, with some describing heteroge-
neity and others not.8,18,19 The reason for this is unclear 
but may reflect different sets of adjustments; studies 
that have further adjusted for LDL concentration tend 
to find little evidence of heterogeneity among HDL 
subclasses.18,19 Similarly, although HDL size was sig-
nificantly associated with CHD risk in some studies,8 

Table 4. Lipoprotein Particle Composition Versus CHD Risk

Lipoprotein type

Particle composition, 
molecules/particle

A: adjusted for age and 
sex only

B: adjusted for age, sex, 
and other confounders

C: further adjusted for 
lipoprotein particle 
concentration

Baseline mean Usual SD HR (99% CI) LR χ2 HR (99% CI) LR χ2 HR (99% CI) LR χ2

VLDL

Cholesterol 5022.8 226.3 1.10 (1.05– 1.15) 29.0 1.10 (1.05– 1.15) 26.6 0.97 (0.90– 1.03) 1.9

Cholesteryl 
esters

3033.7 179.0 1.00 (0.96– 1.04) <0.1 1.04 (0.99– 1.08) 4.9 1.00 (0.94– 1.07) <0.1

Free cholesterol 1989.1 129.3 1.22 (1.17– 1.28) 118.1 1.15 (1.09– 1.21) 48.7 0.92 (0.86– 0.99) 8.6

Phospholipids 3189.5 270.8 1.23 (1.17– 1.28) 134.7 1.14 (1.08– 1.19) 45.6 0.94 (0.87– 1.02) 3.7

Triglycerides 5880.2 1394.6 1.10 (1.06– 1.15) 36.3 1.03 (0.99– 1.08) 3.0 0.93 (0.87– 1.00) 7.1

IDL

Cholesterol 2716.4 185.8 0.79 (0.76– 0.83) 180.6 0.86 (0.82– 0.90) 65.0 0.99 (0.91– 1.08) 0.1

Cholesteryl 
esters

2001.6 140.6 0.79 (0.76– 0.83) 184.2 0.86 (0.82– 0.90) 69.7 0.98 (0.90– 1.07) 0.4

Free cholesterol 714.8 48.4 0.83 (0.80– 0.87) 116.5 0.90 (0.86– 0.95) 33.0 1.01 (0.95– 1.08) 0.1

Phospholipids 945.8 56.3 0.90 (0.86– 0.94) 40.4 0.96 (0.91– 1.00) 6.6 1.03 (0.98– 1.09) 2.8

Triglycerides 313.6 61.0 1.11 (1.07– 1.15) 47.4 1.06 (1.02– 1.10) 15.1 1.12 (1.05– 1.19) 19.3

LDL

Cholesterol 1445.5 71.0 0.85 (0.82– 0.89) 91.6 0.90 (0.86– 0.94) 37.0 1.03 (0.94– 1.14) 0.8

Cholesteryl 
esters

1055.0 45.3 0.89 (0.85– 0.92) 52.4 0.92 (0.88– 0.96) 22.7 1.03 (0.95– 1.12) 0.8

Free cholesterol 390.5 32.4 0.83 (0.80– 0.87) 129.5 0.89 (0.85– 0.93) 48.9 1.02 (0.92– 1.14) 0.3

Phospholipids 506.2 22.2 0.85 (0.81– 0.89) 94.6 0.88 (0.84– 0.92) 56.5 1.06 (0.98– 1.14) 4.0

Triglycerides 118.1 20.4 1.11 (1.07– 1.15) 47.6 1.05 (1.01– 1.09) 11.4 1.18 (1.10– 1.26) 34.4

HDL

Cholesterol 87.0 9.9 0.74 (0.70– 0.78) 240.5 0.81 (0.76– 0.86) 96.7 0.96 (0.89– 1.03) 2.2

Cholesteryl 
esters

67.6 7.8 0.73 (0.69– 0.76) 283.8 0.79 (0.75– 0.83) 125.4 0.93 (0.86– 1.01) 5.0

Free cholesterol 19.4 2.2 0.85 (0.81– 0.90) 66.9 0.93 (0.89– 0.99) 10.6 1.01 (0.95– 1.07) 0.1

Phospholipids 102.1 7.1 0.87 (0.83– 0.91) 63.3 0.91 (0.87– 0.95) 25.8 1.02 (0.96– 1.09) 0.9

Triglycerides 9.5 2.4 1.22 (1.18– 1.27) 174.9 1.15 (1.11– 1.20) 81.0 1.16 (1.03– 1.31) 10.4

HRs per usual SD higher level of average molecules of the lipid per lipoprotein particle among 89 422 participants. HRs calculated by Cox proportional 
hazards models with: (A) stratification by age and sex; (B) model A with further adjustment for ethnicity, education, region, Townsend Deprivation Index, 
smoking, alcohol, and body mass index; and (C) model B with further adjustment for concentrations of VLDL, LDL, and HDL particles (not further adjusted for 
IDL concentration because of its high correlation with LDL concentration). LR χ2 improvement with the addition of the exposure variable to the model with stated 
adjustments. “Usual SD” was obtained from the baseline SD through multiplication by square root of the regression dilution ratio, representing an unbiased 
estimate of the long- term average level in each baseline- defined group. CHD indicates coronary heart disease; HDL, high- density lipoprotein; HR, hazard ratio; 
IDL, intermediate- density lipoprotein; LDL, low- density lipoprotein; LR, likelihood ratio; and VLDL, very- low- density lipoprotein.
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there was little evidence of associations of LDL and 
HDL particle size after accounting for particle concen-
trations.18,21 One possible explanation is that although 
smaller particles are easier to penetrate into the artery 
wall, the ratio of surface cholesterol/phospholipid in 
the particle also decreases significantly as the size be-
comes smaller, leading to a decrease in binding affinity 
and therefore making it equally possibile to be trapped 
within the arterial intima.22,23 However, some small 
variations in atherogenicity observed among lipopro-
teins in different size are more likely attributable to the 
variations in concentrations. On the other hand, small 
dense LDL, another subclass of LDL categorized by 
density, has been found to be more atherogenic than 
other lipoproteins.22,24 This is probably because small 
dense LDL is mostly derived from triglyceride- rich LDL, 
following a different hydrolysis mechanism in hypertri-
glyceridemic status, and its more atherogenic property 
is probably attributable to being susceptible to chemi-
cal modification, which increases its atherogenicity.22,25

We also examined the effect on CHD risk with varia-
tion in lipid composition of lipoproteins, adjusting for li-
poprotein concentration. Standard measures of plasma 
lipids are the sum of the lipid carried by lipoprotein 

particles and therefore strongly correlated with parti-
cle concentration, which limits the potential to assess 
their separate effects. In contrast to previous studies, 
we divided the lipid concentration by the correspond-
ing lipoprotein particle concentration to examine the 
associations with average lipid composition (molecules 
per particle) for each type of lipoprotein, which is not 
as strongly correlated with lipoprotein concentration. 
Associations with lipid composition showed substan-
tial attenuation on adjustment for potential confound-
ers and particle concentrations, with the exception of 
mean triglyceride molecules per LDL particle. Although 
large observational studies have demonstrated a strong 
positive association of LDL cholesterol and remnant li-
poprotein particle (composed primarily of VLDL and 
IDL) cholesterol with cardiovascular disease,26– 28 in the 
present report there was little association of mean mol-
ecules of cholesterol (either esterified cholesterol or free 
cholesterol or adding both) in any type of lipoprotein 
after adjusting for particle concentrations.

The consistency between biomarkers measured by 
Nightingale NMR and by clinical chemistry has been 
shown in 3 large cohorts, including UK Biobank.8,9 
Before the application of Nightingale NMR, several 

Figure 2. Total triglycerides and triglycerides in low- density lipoprotein (LDL) vs coronary heart 
disease risk, adjusted for lipoprotein particle concentration.
Hazard ratios (HRs) per usual SD higher level of triglycerides among 89 422 participants (stratified by 
quintiles). A, Total triglycerides. Total triglyceride is triglyceride concentration in all lipoprotein particles. B, 
Triglycerides in LDL. Triglyceride in LDL is average triglyceride molecules per LDL particle. HRs calculated 
by Cox proportional hazards models stratified by age and sex and adjusted for ethnicity, education, region, 
Townsend Deprivation Index, smoking, alcohol, body mass index, and concentration of very- low- density 
lipoprotein, LDL, and high- density lipoprotein particles. “Usual” levels are estimated from the mean value 
at resurvey within each baseline- defined group, providing an unbiased estimate of the long- term average 
level in each baseline- defined group. “Usual SD” was obtained from the baseline SD through multiplication 
by square root of the regression dilution ratio. Area of the square is inversely proportional to the variance of 
the category- specific log risk. CI indicates confidence interval; HDL, high- density lipoproteins; HR, hazard 
ratio; LDL, low- density lipoproteins; SD, standard deviation; and VLDL, very- low- density lipoproteins.
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previous studies have indirectly assessed the effect 
of lipoprotein particle composition on CHD risk by 
comparing the strengths of associations of ApoB- 
containing particles concentration and those with 
standard measures of plasma lipids.1,15,16,29,30 These 
studies have found similar associations of total ApoB 
concentration, LDL cholesterol, and non– HDL- C to 
CHD risk. However, few have directly assessed the 
relevance of particle composition adjusting for particle 
concentration. A recent cohort study also found that 
the association with myocardial infarction was best 
captured by the number of ApoB- containing lipopro-
teins, rather than standard measures of lipid content.4 
Furthermore, 2 Mendelian randomization studies have 
supported the causality of the relation between ApoB 
and CHD risk but not with plasma cholesterol after ac-
counting for total ApoB concentration.31,32 It has been 
suggested that cholesterol enters the arterial wall within 
ApoB- containing particles and, as such, the number of 
ApoB- containing particles within the lumen of an artery 
may be the primary determinant of atherosclerosis.33

In our study, total ApoB concentration was strongly 
correlated with LDL concentration but less strongly 
correlated with VLDL. Total ApoB concentration may 
only capture the variation in LDL concentration but fail 
to adequately capture the variations in other ApoB- 
containing lipoproteins with much lower concentrations. 
The strong association of VLDL concentration given 
ApoB indicates that VLDL concentration is relevant to 
CHD risk over and above that of total ApoB concentra-
tion alone and highlights the importance of using direct 
measures of lipoprotein concentration to assess the 
separate effects of other lipoprotein characteristics.

Accumulating epidemiologic and genetic evidence 
has supported increased triglycerides as an additional 
cause of cardiovascular disease,2,3,34 whereas uncer-
tainty still existed on whether triglycerides provide ad-
ditional information on vascular risk after accounting 
for cholesterol or ApoB levels.1,26 Our results showed 
little evidence for an association with mean triglyceride 
molecule levels in VLDL particle but positive associa-
tions with triglycerides in LDL. This finding is consistent 
with a recent genetic study showing that triglycerides 
in LDL are associated with increased CHD risk in mod-
els adjusted for cholesterol levels.35 One hypothesis is 
that excess triglycerides in LDL, generated in hypertri-
glyceridemic states, will finally convert to small, dense 
LDL, which was found to be closely associated with 
increased CVD risk.24,25,35 Given lipoprotein concentra-
tions, our results found that the addition of single mea-
surement of LDL triglyceride to the model improved the 
likelihood ratio χ2 statistic, whereas little evidence of 
improvement was shown with the addition of total tri-
glycerides. Discordance analysis also showed that after 
accounting for HDL- C and non– HDL- C (as measured 
by Nightingale NMR) or lipoprotein concentrations, LDL 

triglyceride remained significantly associated with CHD 
risk, whereas the association of total triglycerides was 
largely accounted for by the concentration of VLDL 
particles. These differences may partly explain the 
previous inconsistency in the evidence on triglycerides, 
which mostly used total triglyceride concentration as 
the exposure. Therefore, our findings indicated the 
value of disaggregating the standard measures of total 
triglycerides by type of lipoprotein particle. Further 
work is necessary to assess causality, but if causal, tri-
glycerides in LDL might become a valuable additional 
biomarker of CHD risk.

This study has several key strengths. This is one of 
few large- scale studies to robustly assess the separate 
associations of lipoprotein particle concentration, size, 
and composition. Although multiple metabolite mea-
surements allowing for assessment of within- person 
variation were not available for all participants, the study 
conducted a resurvey to allow correction for regres-
sion dilution, enabling estimates of associations with 
long- term average levels of lipoprotein characteristics. 
Furthermore, linkage to National Health Service elec-
tronic health records and national death registries lim-
ited loss to follow- up and allowed reliable ascertainment 
of CHD events. Although these analyses assessed the 
relevance of lipoprotein characteristics after adjustment 
for each other, it is not possible to exclude the potential 
for residual confounding (because of confounders not 
measured or measured with random noise) or reverse 
causality in observational studies. Lack of measure-
ment of the sizes of lipoprotein subclasses and the lipid 
density of lipoprotein limited a deeper exploration of rel-
evant mechanisms and predictive values, which needs 
to be considered when additional data on metabolom-
ics are released by UK Biobank. It was not possible in 
this study to directly compare results for previous NMR 
methods and other measurement techniques with the 
current Nightingale NMR method, so the comparison 
with older studies is based on the assumption that the 
2 methods would give comparable results. Because of 
some concerns related to the validity of Nightingale NMR 
measures,36 more evidence of comparing Nightingale 
NMR with other techniques is needed. Finally, although 
UK Biobank is not representative of the UK population, it 
has been shown that associations with health outcomes 
can be generalized.37 Future analyses should further as-
sess the effect modification by other metabolic factors 
and the causality of these associations, including using 
Mendelian randomization approaches.

CONCLUSIONS
This large- scale prospective study uses Nightingale 
NMR to quantify the associations of lipoprotein particle 
concentration, size, and lipid composition with CHD 
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risk. CHD risk was most strongly related to VLDL, LDL, 
and HDL particle concentrations, but there was some 
additional effect from mean triglyceride molecules per 
LDL particle. The results also suggest that separate 
measurement of VLDL and LDL particles may be su-
perior to measurement of total ApoB levels, which was 
found to be highly correlated with LDL particle concen-
tration alone.
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