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Abstract

Background and | DL-C and non-HDL-C do not fully capture coronary heart disease (CHD) risk attributed to all apoB-containing lipopro-

Aims teins. Use of apolipoprotein B (apoB) as a marker of total atherogenic particle number improves risk prediction, but risk may
still be underestimated when triglyceride-rich lipoproteins (TRL/remnants) and lipoprotein(a) [Lp(a)] are elevated. The aim
was to formulate a new metric—risk-weighted apoB (RW-apoB)—designed to capture risk from LDL, TRL/remnants, and
Lp(a) in a single number.

Methods Based on previously published estimates of the relative atherogenicity of LDL, TRL/remnant, and Lp(a) particles, RW-apoB
was developed (using UK Biobank data) as an atherogenicity-weighted apoB-sum calculated as: RW-apoB =
11.65XTG(mmol/L) + 0.215Xlipoprotein(a)(nmol/L) + 0.736xapoB(mg/dL).

Results Assigning RW-apoB to individuals substantially reclassified their risk status. Compared with ranking by measured apoB, 52%
of individuals were up- or down-ranked by >10 percentiles. About one-third of those in the top RW-apoB quintile—with
elevated TRL and Lp(a) and a CHD event rate of 5.4%—were misclassified as lower risk by apoB. Conversely, individuals in
the top measured apoB quintile but with low TRL and Lp(a) had a lower event rate (3.9%) and were correctly down-ranked.
RW-apoB improved risk prediction, significantly increasing Harrell’s C-index relative to apoB (P <.0001). In statin-treated
subjects, RW-apoB was potentially a better index of residual risk. RW-apoB consistently outperformed apoB as a risk pre-
dictor in Cox models across the UK Biobank and three other large population cohorts.

Conclusions RW-apoB represents not only particle number but also accounts for the higher atherogenicity of TRL and Lp(a). It offers
clinically meaningful improvements in CHD risk stratification.
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Structured Graphical Abstract

Key Question
How can coronary heart disease (CHD) risk assessment be improved beyond traditional lipid biomarkers?

Key Finding
Risk-weighted apolipoprotein B (RW-apoB), a novel measure combining particle number and atherogenicity, predicted CHD risk better
than low-density lipoprotein-cholesterol, non-high-density lipoprotein-cholesterol and apolipoprotein B.

Take Home Message
RW-apoB improves CHD risk prediction by integrating the atherogenic potential of the three apoB-containing lipoproteins into a single,
easily derived metric. This may impact on prevention strategies.

Derivation cohort Validation cohorts
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Risk-weighted apolipoprotein B (RW-apoB) provides a single, easily derived metric that integrates the number and atherogenic

potential of LDL, TRL and Lp(a). This metric more accurately reflects total atherogenic burden and coronary heart disease risk than LDLcholesterol,
non-HDL-cholesterol or apoB alone. It substantially improves risk stratification and the reclassification of high-risk individuals, as

well as the identification of residual risk, across multiple large population-based cohorts.

Translational Perspective

This study reinforces the concept that the three apoB-containing lipoproteins—LDLs, triglyceride-rich lipoproteins, and lipoprotein(a)—have
varying atherogenic potential. Risk-weighted apoB (RW-apoB) integrates the number and atherogenic potential of these atherogenic lipopro-
teins, offering superior CHD risk discrimination over LDL-C, non-HDL-C, or apoB alone. Cell culture studies and experiments in animal models
and tissue explants of normal and diseased arteries are required to elucidate the physicochemical basis of the enhanced atherogenicity of
triglyceride-rich lipoproteins and Lp(a) relative to LDL.
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Introduction

Apolipoprotein B (apoB)-containing lipoproteins play a central causal
role in atherosclerosis. LDL is the most abundant lipoprotein class in
the bloodstream and is established as a primary target for intervention
in treatment guidelines.”* A range of effective pharmaceutical agents
are available that permit a very low plasma concentration of LDL to
be achieved routinely. However, it is now evident from clinical trials
that even individuals with well-controlled LDL levels carry a substantial
residual risk, a significant component of which can be attributed to
other apoB-containing lipoproteins, namely triglyceride-rich lipopro-
teins (TRL) and their remnants, and lipoprotein(a) (Lp(a)).>® Recent
genetic and observational studies have revealed that these lipoprotein
classes exhibit greater atherogenicity per-particle than LDL. The incre-
ment in coronary heart disease (CHD) risk due to TRL/remnants has
been estimated to be four to five times that of LDL on a per-particle
basis.”'® Likewise, per-particle Lp(a) has a 6- to 7-fold greater impact
on CHD risk compared with LDL."""?

Assessing CHD risk is a key aspect of any prevention strategy. It de-
termines the nature and degree of intervention required to provide the
optimum outcome for each person. LDL cholesterol (LDL-C) is used
widely as an indicator of risk and as a goal to judge therapeutic success,
while plasma total apoB is recognized increasingly as a more compre-
hensive biomarker of risk."? Looking to the future, as we incorporate
TRL/remnants and Lp(a) into risk assessment and into treatment guide-
lines, there is a need to formulate, if possible, a simple clinically useful
metric(s) that provides an integrated view of an individual’'s
lipid-associated CHD risk. In this regard, non-HDL cholesterol
(non-HDL-C) and plasma apoB have been proposed as measures of, re-
spectively, all of the cholesterol in atherogenic lipoproteins and the to-
tal number of atherogenic particles (since each lipoprotein contains one
apoB protein).”’18 There are scientific and practical arguments in sup-
port of each. However, these measures do not take into account differ-
ing particle atherogenicities. Algorithms could be developed that
consider apoB, LDL-C, plasma triglyceride/TRL cholesterol, and Lp(a)
separately, but this approach is likely to be unwieldy and complex to
use in everyday practice.

In this report, we explore the benefits of generating and deploying a
single metric of CHD risk based on apoB. Plasma apoB level is taken as
the starting point since it represents the total number of atherogenic
particles in the circulation. The proportion of apoB in TRL, Lp(a), and
LDL is then estimated, and each component is weighted according to
its relative atherogenicity. The resultant ‘risk-weighted apoB’
(RW-apoB), which has been explored in part previously,19 exhibits im-
proved predictive power and therefore has potential clinical utility as an
integrated biomarker of CHD risk.

Methods

Study populations
The UK Biobank cohort comprises over 502 000 UK residents of predom-
inantly white ancestry who had the required biochemical data available.?’
The main analyses were conducted on 285060 subjects who were not
on lipid-lowering therapy (LLT) at the time of recruitment and who had
complete data with regard to LDL-C, non-HDL-C, plasma TG, apoB, and
Lp(a). Further analyses were conducted on 56 442 subjects on treatment
(mostly statins) (see Supplementary data online, Figure S7), also with the
full lipid profile recorded.

The Multi-Ethnic Study of Atherosclerosis (MESA) is a prospective ob-
servational study that enrolled individuals aged 45-84 years who were

free of clinically diagnosed cardiovascular disease at baseline. Participants
were followed for over 10 years, with data on CHD events available
throughout the follow-up period. Initial examinations took place between
2000 and 2002 across six field centres in the USA. Comprehensive informa-
tion about the study design, recruitment, examinations, and data collection
is available on the MESA website: https://www.mesa-nhlbi.org. Here, we
analysed data from 4450 individuals with TG, Lp(a), and apoB measure-
ments who reported not being on LLT and who had apoB levels >50 mg/
dL (MESA subjects with low apoB (<50 mg/dL) discordant with their lipid
profile were not included).

The Framingham Offspring Study (FOS), a prospective, community-
based epidemiological survey, enrolled men and women who were either
the biological children or spouses of the children of the original
Framingham Heart Study cohort. Participants underwent serial examina-
tions approximately every 4-8 years, including detailed assessments of car-
diovascular risk factors, medical history, and laboratory measurements.
Here, we used 2359 study participants with complete data on apoB, plasma
TG, and Lp(a).

SCAPIS (Swedish CArdioPulmonary biolmage Study) recruited from the
Swedish population a cohort comprising 26 049 subjects not on lipid-lowering
treatment and with complete data on the same measures. SCAPIS is a
population-based prospective study (www.scapis.org) that, between 2013
and 2018, randomly selected men and women aged 50—64 years from across
Sweden. Registration was undertaken at six sites (Gothenburg, Linkoping,
Malmé/Lund, Stockholm, Umea, and Uppsala) and subjects were invited to
undergo a comprehensive health examination, as previously described.’
CHD events were gathered from national registries.

Ethical review

The UK Biobank has received generic approval for data exploration of the
type undertaken here. MESA and FOS received ethical approval from their
respective institutional review boards (at all sites), and all participants pro-
vided written informed consent. The present analysis of the MESA and FOS
data was also approved by the ethics committee of Lyon-Villeurbanne hos-
pital, France. SCAPIS was approved by the ethics committee in Umes,
Sweden (number 2010-228-31M).

Lipid and lipoprotein measurements

In the UK Biobank, LDL-C was measured directly (Beckman Coulter, Brea,
CA). Non-HDL-C was calculated as the difference between plasma choles-
terol and HDL cholesterol.>** TRL/remnant-C was derived by subtracting
direct LDL-C from non-HDL-C.> Lipoprotein(a) mass concentration was
measured by immunoturbidimetry using the Randox assay (Data Field
30790). The assay range was 3.8—-189 nmol/L (values outside the working
range were classified as ‘not available’). Other analytes, including plasma
apoB, were measured by standard laboratory methods. Blood samples
were not obtained in the fasting state, so postprandial lipoproteins were
possibly present.

In the MESA cohort, subjects were sampled after an overnight fast.
Plasma lipids were measured using standard laboratory methods. apoB re-
sults were taken from the data field apobd1. Lp(a) was reported in nmol/L.
In FOS, blood samples were obtained from subjects after at least a 12 h fast.
Lp(a) was reported in mg/dL. In SCAPIS, subjects were fasted for at least
8 h, and Lp(a) was reported in mg/dL. Where Lp(a) was reported in mg/
dL, we used a conversion factor of X2.2 to convert the result to nmol/L.

Note that the terms ‘TRL/remnant’ and ‘TRL/remnant-C’ are used
throughout the text to recognize the fact that there is no clear definition
of remnant particles that allows them to be identified separately from other
TRL; they are part of a continuum. The concept and nature of a TRL rem-
nant particle are discussed in detail in the EAS Consensus Statement.®

Calculation of risk-weighted apoB

RW-apoB was calculated by first estimating how much of the plasma total
apoB was in TRL particles and in Lp(a). ApoB in TRL (in nmol/L) was
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calculated from plasma TG (expressed in mmol/L) by assuming 1 mmol/L (1
000 000 nmol/L) of plasma TG corresponds to 85 nmol/L of TRL particles
(that is on average a TRL particle contains 12 000 TG molecules;** while the
TG/apoB ratio in VLDL does vary to a degree as a function of particle size,**
use of a mean value has the merit of simplicity and provided a reasonable
estimate for VLDL-apoB in the calculation of RW-apoB across a wide range
of plasma TG levels—see Supplementary data online, Section S7). Each
1 nmol/L of TRL particles contains 1 nmol/L of apoB protein. The concen-
tration of apoB in Lp(a) was derived directly from the Lp(a) test result since
each nmol of Lp(a) contains 1 nmol of apoB. For each subject, we deter-
mined TRL-apoB, Lp(a)-apoB, and by subtraction from total plasma apoB
(total apoB expressed in nmol/L is the sum of all three apoB-containing li-
poproteins), LDL-apoB concentrations in nmol/L. This gives particle con-
centrations for each lipoprotein class since 1 nmol of apoB =1 nmol of
particles. To apply a risk weighting, we took into account the previously de-
termined relative atherogenicity of these three apoB-containing lipoprotein
particles.”"* Thus, TRL-apoB in nmol/L was multiplied by a factor of 4.5,
Lp(a)-apoB in nmol/L by a factor of 6.5, and LDL-apoB in nmol/L by a factor
of 1 (see Supplementary data online, Section S for more detail). RW-apoB
was calculated as the sum of these individual weighted apoB values. The va-
lue in nmol/L was then converted back to mg/dL by multiplying by the mo-
lecular weight of the apoB protein (530000 Daltons). The multiplication
factors were scaled so that the median RW-apoB in the population was ap-
proximately the same as the median measured plasma apoB, and 1 unit of
RW-apoB was calibrated to be the risk equivalent of 1 unit of measured
apoB. This allowed us to examine how the risk weighting altered the ranking
of individuals within the cohort and compare this directly to the ranking
based on measured apoB.

In summary, RW-apoB=11.65xTG+0.215 X Lp(a) + 0.736 X ApoB,
where TG is measured in mmol/L, Lp(a) in nmol/L, and apoB in mg/dL.
Since it is derived from apoB, RW-apoB has notional units of mg/dL.
Alternate forms of the equation and examples of calculations of
RW-apoB are given in Supplementary data online, Section S71. The same
equation (and multiplication factors) was used in all four cohorts (UK
Biobank, MESA, FOS, and SCAPIS).

Coronary heart disease events

In UKB, CHD events were defined as a combination of myocardial infarc-
tion and coronary revascularizations (see also Supplementary data online,
Table ST7). In MESA, CHD events were defined as myocardial infarction, re-
suscitated cardiac arrest, definite angina, probable angina followed by revas-
cularization, and CHD-related death. Event information was obtained from
hospital medical records, autopsy reports, and participant interviews. For
out-of-hospital deaths, data were collected through interviews and ques-
tionnaires. In FOS, CHD was defined as myocardial infarction, angina, cor-
onary revascularization, or CHD death. Events were adjudicated using
medical records. For those without CHD, censoring dates were based on
the latest exam or health update through 2019. In SCAPIS, CHD events
were defined as the first occurrence of nonfatal myocardial infarction or
death from CHD. Events were identified through linkage to the Swedish
National Patient Register and Cause of Death Register. Mean follow-up per-
iods were for UK Biobank 13.5 years, for MESA 12.0 years, for FOS 42.7
years, and for SCAPIS 7.8 years. In SCAPIS, the follow-up period was
from the date of coronary imaging to the first CHD event, death, or the
censor date of 30 September 2024.

Statistics

All statistical analyses were performed using R version 4.3.0. P-values for
between-group comparisons were calculated using the t-test for continu-
ous variables and the ¥ test for categorical variables as the default in the
tableone package. Significance tests were two-sided with a cut-off of .05
being considered statistically significant.

Modelling of CHD risk was performed using Cox proportional hazards
models with the coxph function from the survival package. The models

included apoB-containing lipoproteins (as independent causal factors) but
not HDL-C (a non-causal factor) for the reasons given in Supplementary
data online, Section S2. Since collinearity can affect estimates in Cox propor-
tional hazards models, we also performed analyses to evaluate the relative
predictive capacity of RW-apoB compared with apoB using the compareC
package in R, which implements Harrell's C-index to formally test for differ-
ences in predictive capacity between two correlated risk scores.

Results
Study population

The primary analysis was performed on the UK Biobank population®®
using data from 285 060 subjects who had a complete lipid profile, in-
cluding apoB and Lp(a) recorded and were not on LLT at baseline (see
Supplementary data online, Figure S7). Further analyses were conducted
on the 56 442 UK Biobank subjects who were on lipid-lowering treat-
ment at the time of recruitment. Three other cohorts were used to
replicate the analysis and validate the findings from the UK Biobank.
These were MESA participants (N = 4450) not on lipid-lowering treat-
ment, FOS participants (N =2359) not on lipid-lowering treatment,
and SCARPIS participants (N =26 049) again not on lipid treatment.

Derivation of risk-weighted apoB

As set out in Figure 1A and Methods (see also Supplementary data
online, Section S1), RW-apoB was derived from measured plasma total
apoB using a simple equation that approximated the apoB content
(=particle concentrations) of TRL, Lp(a), and LDL, and then applied
weighting factors based on relative particle atherogenicity according
to previously published Mendelian randomization studies.”"* The
sum of these weighted apoB components—RW-apoB—integrated
for each subject the impact of all three apoB-containing lipoproteins
on CHD risk.

Figure 1B shows the distribution of RW-apoB compared with the
measured apoB from which it was derived. By design, the two distribu-
tions had the same median values (105 mg/dL; the factors used in the
equations to calculate RW-apoB were scaled to achieve this outcome;
see Supplementary data online, Section S7). RW-apoB exhibited a skew-
ness towards higher values due to the weighting factors applied to the
Lp(a)- and TRL components. However, since LDL is by far the most
abundant apoB-containing lipoprotein in the circulation, the change in
the overall population distribution, while evident, was not large.

Reclassification of subjects by
risk-weighted apoB

The ranking of individuals in the apoB distribution was affected marked-
ly by the calculation of their RW-apoB, as shown in Figure 1C. Here,
‘concordance’ by percentile (each percentile having >2800 people)
was calculated on an individual basis. That is, if a subject was in the
50th percentile of measured apoB and in the 50th percentile for
RW-apoB, then they would be considered exactly concordant.
However, if they had high plasma TG or high Lp(a) (or both), then
the weighting would move them up the distribution, possibly by a sub-
stantial degree, and they would be counted as increasingly discordant.
Over half of the whole cohort (52% of subjects) had a 10th percentile
or larger difference between their ranking according to measured apoB
and that according to RW-apoB. Looking at the top quintile of mea-
sured apoB, 66% of individuals also fell into the top quintile of
RW-apoB, while 34% moved to a lower quintile based on their
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A Derivation of risk-weighted apoB

B Distribution in UK Biobank

TRL
LDL Q Lp(a)
1X 4-5X 6-7X

RW-apoB (mg/dL)

0.0151

Variable
0.0104 Ju—
0.0054 E RW-apcB
0.0004 ’ -
100 200
ApoB or RW-apoB (mg/dL})
C Concordance with apoB
Percentile
difference

n
=1
3

50

]

2
=1

50 100 150 200

ApoB (mg/dL)

Figure 1 Derivation and population distribution of risk-weighted apoB. (A) Schematic diagram of RW-apoB derivation. The number of TRL, Lp(a), and
LDL particles (based on estimated apoB content) is calculated and weighted according to their relative atherogenicity. (B) Measured apoB and RW-apoB
distribution in UK Biobank (note the weighting factors used in calculating RW-apoB were scaled so that median RW-apoB equalled median measured
apoB). (C) RW-apoB concordance and discordance compared with measured apoB. Colour indicates the degree of discrepancy between the percentile
of apoB and RW-apoB for each individual, e.g. if a person is at the 25th percentile of apoB and the 75th percentile of RW-apoB, there is a 50-percentile

difference

RW-apoB. Similarly, comparing the top deciles, 42% of individuals were
discordant between apoB and RW-apoB.

To further assess the extent of reclassification for the whole cohort,
we used Sankey diagrams that chart the flow of subjects as they are re-
ranked from quintile of measured apoB to quintile of RW-apoB
(Figure 2). For simplicity of presentation, Figure 2A—C depicts only sub-
jects who were re-ranked into the top quintile (quintile 5) of RW-apoB.
There were subjects in each quintile of measured apoB with high TG or
high Lp(a) (an increasing proportion progressing from quintile 1 to
quintile 5) who were up-classified to the top quintile of RW-apoB.
Conversely, some subjects who had high measured apoB due mainly
to elevated LDL moved to a lower quintile of RW-apoB (due to the
lower weighting for LDL-apoB relative to TRL and Lp(a)).
Supplementary data online, Figure S2 presents Sankey diagrams for all
subjects and shows the substantial reclassification by quintile that re-
sults from ranking by RW-apoB.

Figure 2D shows that for quintiles 1—4 of measured apoB, the sub-
jects who were up-classified to the top quintile of RW-apoB also had
a higher CHD event rate, as would be expected based on the greater
atherogenicity of Lp(a) and TRL particles. The inset table in Figure 2
gives the lipid profile of the subjects who remained in the top quintile
when their RW-apoB was calculated. They had high levels of LDL-C,
TG, and Lp(a). The subjects who were down-classified had high
LDL-C but relatively low TG and Lp(a), while the subjects who were
up-classified on the basis of RW-apoB had elevated TG and Lp(a) but
near population average LDL-C. As a group, the up-classified subjects
had an observed CHD event rate close to that of those who remained
in the top quintile. Subjects who were down-classified on the basis of
RW-apoB had a much lower CHD event rate (mean of 3.85%). Thus,
after re-ranking subjects according to their RW-apoB, there was an

improved gradient of CHD risk across the quintiles, with clustering
of the highest risk subjects in the top quintile of RW-apoB.

Risk-weighted apoB and coronary heart
disease risk prediction

The overall outcome of ranking subjects by RW-apoB vs measured
apoB, LDL-C, and non-HDL-C is presented in Figure 3A.
Reclassification by RW-apoB generated a steeper gradient of CHD
risk across deciles as subjects with elevated TG or Lp(a) moved to high-
er deciles and those with primarily elevated LDL-C moved down
(Figure 2 and Supplementary data online, Figure S2). The gradient of
CHD event rate across deciles of RW-apoB had a 3.5-fold variation
from the lowest to the highest decile. Measured apoB exhibited the
next strongest relationship to CHD events (lowest vs highest decile
gave a 2.5-fold variation), followed by non-HDL-C (2.0-fold variation)
and LDL-C (1.5-fold variation).

The calculation of Harrell's C-index for these variables showed that
RW-apoB was a significantly more accurate predictor of CHD risk
compared with the other lipid predictors (Figure 3B). The C-index
for RW-apoB was 0.619 compared with 0.591 for apoB, reflecting an
absolute improvement of 0.028 (P <.0001). Further, RW-apoB gave
a C-index result that was close to that obtained from a model that in-
cluded plasma TG, Lp(a), and apoB as separate variables. Thus,
RW-apoB can be used as a single metric that captures the combined
risk associated with all three major apoB-containing lipoproteins; mea-
sured apoB was inferior in this regard, as shown in Figure 3B. This can
also be seen in Table 1, where apoB and RW-apoB were tested in
Cox proportional hazards models both in separate univariable models
and together in a multivariable model. In multivariable models (i.e.
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Figure 2 Reclassification of subjects by risk-weighted apoB. Sankey diagram with apoB quintile 1-5 in the left panels and RW-apoB quintiles 5 and 14
combined (i.e. <5) in the right panels, showing how individuals are reclassified (up or down) when using RW-apoB in place of apoB. 34% of individuals
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mutually adjusted for each other) in both the UK Biobank and in all
three validation cohorts—MESA, FOS, and SCAPIS—RW-apoB but
not measured apoB remained significantly positively associated with
CHD events. Since MESA included subjects from varying ethnic back-
grounds, we were able to confirm in a similar multivariable model in in-
dividuals of African American descent (the second largest subgroup (N
= 1260), other ethnic groups were too small to undertake the analysis)
that RW-apoB remained a significant predictor of CHD risk while mea-
sured apoB became non-significant (data not shown).

Use of risk-weighted apoB in clinical
decision-making

We next addressed the question of how the application of RW-apoB
might affect clinical decision-making in CHD prevention. In the primary
prevention setting, the recommended approach is to determine a sub-
ject’s overall CHD risk and intervene according to the risk classification.
In the recent ESC SCORE2 guidelines,15 non-HDL-C is used as the
principal predictor of lipid-associated risk and as the means of classifying
individuals in the population. As seen in Figure 3A, ranking individuals
based on non-HDL-C (the range in the UK Biobank population is similar
to that used in the SCORE?2 tables) yields a gradient of risk that is shal-
lower than that of RW-apoB. When RW-apoB is calculated, there is
substantial reclassification of subjects (see Supplementary data online,
Figure S3) and a marked improvement in risk discrimination (Figure 3B).

A further key decision point in lipid-lowering treatment strategies is
whether to institute add-on therapy on top of statin treatment.
RW-apoB may be of particular use in this clinical scenario. Figure 4A
shows the distribution of RW-apoB in the 17% of the UK Biobank co-
hort who were on LLT at baseline (almost all were on statins). In this
treated cohort, RW-apoB exhibited a more marked positively skewed
distribution (Figure 4C). As expected, RW-apoB was markedly higher
than measured apoB in subjects on LLT who had either elevated plasma
TG (>2.5 mmol/L) or elevated Lp(a) (>125 nmol/L) (Figure 4B and D).
Indeed, for many of these individuals, RW-apoB was 25% to 100% high-
er than measured apoB. Shown in the diagram are the apoB treatment
thresholds recommended in the ESC guidelines. In moderate-risk indi-
viduals, the recommendation is to achieve an apoB < 100 mg/dL. If
measured apoB is used as a treatment guide, then about 23% of subjects
on statin will require additional treatment, but on the basis of
RW-apoB, it is seen that 41% of subjects now merit further interven-
tion. In high or very high-risk patients where the goals are apoB < 80
and <65 mg/dL, few people lie below these values for RW-apoB, and
the majority will require aggressive intervention.

Discussion

In this study, we describe the derivation, utility, and application of risk-
weighted apoB, a single metric that captures the CHD risk associated
with all three apoB-containing lipoproteins—LDL, TRL, and Lp(a).
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RW-apoB is based on measured plasma total apoB but weights the
apoB estimated to be present in TRL and Lp(a) to reflect their higher
per-particle atherogenicity compared with LDL. We found RW-apoB
to be superior to other single predictors of CHD risk, such as
LDL-C, non-HDL-C, and apoB itself. Classifying individuals using
RW-apoB improved discrimination in population risk assessment
schemes as advocated in international guidelines. Further, it has the po-
tential to improve the prediction of ongoing risk in subjects in whom
raised LDL has been treated with statins. The impact of using
RW-apoB in patients on statin with moderate to high residual risk
due to elevated TRL or Lp(a) was substantial; using RW-apoB virtually
doubled the number needing further aggressive intervention and high-
lighted the unmet clinical need in this group. It is important to note that
while RW-apoB was derived in the present report using genetically de-
termined weighting factors for TRL, LDL, and Lp(a), upcoming inter-
vention trials of TRL- and Lp(a)-lowering will provide further

information on the strength of the association of these lipoproteins
with CHD risk. This will allow further validation and refinement of
the calculation of RW-apoB. Three independent validation cohorts dif-
fering in geographical location and demographic makeup were used to
confirm our main finding that RW-apoB was superior in predicting
CHD risk compared with measured apoB. The broader clinical utility
of this metric will need to be tested in further data sets and different
clinical settings, but on the basis of the present investigation, its poten-
tial as a guide in future CHD prevention strategies where LDL, TRL, and
Lp(a) are taken into account is clear.

The rationale underpinning the development of an apoB-based
metric that accommodates the differing atherogenicity of the
apoB-lipoproteins has been explored in a previous publication that ex-
amined the derivation of an RW-apoB that took into account the ather-
ogenicity of Lp(a)."” Here, the concept is expanded to include all
apoB-containing lipoproteins by also incorporating TRL. Measured
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Table 1 ApoB and risk-weighted apoB as predictors of coronary heart disease risk
Cohort/Model Term CHD Hazard ratio per 10 mg/dL 95% ClI P-value
B
Univariable ApoB 1.144 [1.134, 1.153] 24 x1072%¢
Univariable RW-apoB 1.157 [1.150, 1.166] <1x1073%
Multivariable RW-apoB 1.173 [1.159, 1.187] 151x107">*
ApoB 0.981 [0.967, 0.995] 0071
MESA
Univariable ApoB 1.054 [1.01, 1.10] 016
Univariable RW-apoB 1.048 [1.03, 1.07] 7.05%x107¢
Multivariable RW-apoB 1.047 [1.02, 1.07] 2.04x107*
ApoB 0.961 [0.95, 1.05] 96
FOS
Univariable ApoB 1.16 [1.13, 1.19] 2.85x 1072
Univariable RW-apoB 1.19 [1.16,1.22] 458x 107
Multivariable RW-apoB 1.19 [1.13, 1.26] 159 % 1077
ApoB 0.998 [0.94, 1.06] 935
SCAPIS
Univariable ApoB 1.21 [1.16, 1.26] 14x107%°
Univariable RW-apoB 117 [1.14,1.21] 34x107%¢
Multivariable RW-apoB 1.13 [1.07, 1.19] 51%x107°
ApoB 1.06 [0.989, 1.14] 106

Cox proportional hazards models of apoB or RW-apoB in separate univariable models and combined in one multivariable model. Results are presented for the UK Biobank, the
Multi-Ethnic Study of Atherosclerosis (MESA), the FRAMINGHAM OFFSPRING STUDY (FOS), and the Swedish CArdioPulmonary biolmage Study (SCAPIS) cohorts separately.
RW-apoB, but not apoB, remains significantly positively associated with CHD events in the multivariable models. Note that the weighting factors used to calculate RW-apoB were
scaled so that for the population median, RW-apoB was equal to measured apoB. Hazard ratios with 95% confidence intervals are presented.

apoB represents the total number of atherogenic particles present in
the blood circulation. Early studies suggested that all apoB-containing
lipoproteins had approximately equal atherogenicity,”®*° but recent in-
vestigations have revealed this not to be the case. It is consistently re-
ported that TRL cholesterol carries a higher CHD risk per mmol/L than
LDL-C,%**3° and since the cholesterol to apoB ratio is higher in TRL
than LDL, then the CHD risk per unit apoB must be considerably great-
er for TRL than LDL. To obtain an estimate of relative atherogenicity
for TRL vs LDL, we identified genetic variants that affected these par-
ticles to differing degrees. Sets of variants generating a higher apoB due
to increased TRL were associated with a greater CHD event rate than
sets of variants that increased apoB to the same extent, but this time in
LDL particles. It was estimated that TRL particles (i.e. per apoB) were
about four to five times more atherogenic than LDL. Using a similar ap-
proach, we reported that Lp(a) particles were approximately 6.5 times
more atherogenic than LDL. These relative atherogenicities were con-
firmed independently by Morze et al.'® by assessing the CHD risk asso-
ciated with VLDL vs LDL particles (based on NMR measurements), and
by Marston et al'® who examined the increment in CHD per unit
change in apoB in Lp(a) compared with apoB in VLDL/LDL. The basis
of the differential atherogenicity of TRL and Lp(a) relative to LDL is
as yet unclear but is likely linked to the finding that both particles gen-
erate pro-inflammatory changes that are believed to promote

atherosclerosis.”>*" The main advantage of deriving the weighting fac-
tors used in the calculation of RW-apoB empirically from Mendelian
randomization analysis is that they are unlikely to be confounded by life-
style or other phenotypic factors.

The finding in the present report that the observed CHD event rate
per unit measured apoB was higher in those with elevated plasma TG
and Lp(a) compared with those with elevated LDL-C (as seen in the
RW-apoB-based re-ranking process) provides further strong support
from an epidemiological perspective for our previously published gen-
etic findings.”""*® Reclassification would not have produced improved
risk discrimination if all apoB-containing lipoproteins were equally
atherogenic. In our earlier publication, we reported that non-HDL-C
exhibited a varying quantitative relationship with CHD risk (per
mmol/L) and that this variable would need to be adjusted to improve
the accuracy of risk prediction.” RW-apoB addresses this issue directly
and in a way that allows for both TRL and Lp(a) to be included in a sim-
ple risk metric.

Since plasma lipids in the UK Biobank were measured in the non-
fasting state, the weighting factor used for plasma TG was applied
not only to very-low-density lipoprotein TG but also to any chylo-
micron TG present. (Chylomicrons appear in a wave during absorption
of fat from the diet and in most people are cleared by 8-10 h after meal
consumption—these particles are usually absent from blood samples
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Figure 4 Risk-weighted apoB in subjects on lipid-lowering therapy in the UK Biobank. (A) Scatter plot of apoB and RW-apoB in people on
lipid-lowering therapy in the UK Biobank. The black line is the line of identity, and the yellow line shows the Locally Estimated Scatterplot
Smoothing (LOESS) fitted line. (B) Same scatter plot as in (A) but in UK Biobank individuals on lipid-lowering therapy with hyper-TG (plasma TG >
2.5) or high Lp(a) (Lp(a) =125 nmol/L). (C) Distribution of apoB and RW-apoB from (A). (D) Distribution of apoB and RW-apoB from (B).
Indicated are also the apoB target values in moderate-risk, high-risk, or very high-risk individuals as defined in ESC/EAS guidelines*®?’

taken in the fasting state unless a subject has an elevated TG). The mean
difference between a subject’s fasting and non-fasting TG level is about
0.3 mmol/L. Thus, the fasting/non-fasting status will influence the esti-
mation of apoB in TRL. The weighting factors used in the RW-apoB cal-
culation here, therefore, apply to non-fasting conditions. If fasting
plasma TG is used, then a modified factor could be employed. There
has been wide discussion as to whether fasting or non-fasting TG pro-
vides the best indicator of TRL-related CHD risk. While there are ben-
efits in adopting fasting as a standardized state in which to assess
lipid-associated risk, cogent arguments have been put forward that
the inclusion of chylomicrons and their remnants in a non-fasting sam-
ple gives superior prediction of CHD risk. 3273 It is of interest in this
regard that the calculation of RW-apoB in the three validation cohorts
that used fasting TG measurements gave results that were in line with
those from the UK Biobank. On this basis, we assume that the present
equation for estimating RW-apoB is generally applicable, although fur-
ther refinement may be required depending on population
characteristics.

Achieving the best possible prediction of CHD risk is key to the de-
velopment of effective prevention strategies. The assessment of an

individual’s overall CHD risk is critical when screening populations to
identify those who require intervention but have not yet had a cardio-
vascular event. Equally critical is the decision to introduce more aggres-
sive therapy in those on first-line treatment. For lipid-related risk,
non-HDL-C has been advocated for screening as in SCORE2'*™"8
and is recommended as a guide to treatment intensification in those
at high risk." However, as argued in a number of recent publications
and as further demonstrated in the present report, plasma apoB may
be a better predictor and provide a satisfactory index of risk for those
in whom LDL is the predominant apoB-containing lipopro-
tein.'®?82%3539 Eor 3 portion of the population, the contribution
from TRL/remnants as an independent risk factor will be signifi-
cant®?>%  (although this is not a universal opinion® see
Supplementary data online, Section S2 for one explanation as to why in-
terpretations of the strength of association of TRL with risk can differ).
Since plasma TG is part of the regular lipid profile, weighing for apoB in
TRL could be readily achieved along the lines described here. Also, in
the future, best practice will include measurement of an individual’s
Lp(a) at least once (as promoted in the recent ESC Consensus state-
ment42), and this then makes possible the estimation of RW-apoB
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routinely. The findings of the present study support such a strategy. Use
of this single metric allows an integrated assessment of CHD risk that
would otherwise be difficult to achieve.

A strength of this study lies in the range of populations used as pri-
mary and validation cohorts. These include Northern European sub-
jects of mainly white ancestry (UK Biobank, SCAPIS) and also people
of other demographic and ethnic backgrounds (MESA, FOS). Use of
RW-apoB needs to be refined and validated in different ethnic groups
to assess its value as a globally relevant indicator of CHD risk. The
weighting factors used in the derivation of RW-apoB will likely vary be-
tween ethnic groups, and the equation may need to be tailored for
each. Ideally, the weighting factors would again be derived from
Mendelian randomization analysis specific to each ethnic group since,
as explained above, we believe that this empirical approach, independ-
ent in methodology from predictive modelling, is the best means of ob-
taining reliable and unconfounded estimates for these factors. Key
limitations include the fact that we did not have directly measured
apoB levels in the lipoprotein fractions, i.e. TRL, Lp(a), and
LDL-apoB. These had to be estimated from known compositional fea-
tures of the lipoprotein particles. However, such assays are not avail-
able routinely, nor are they likely to be. The fact that RW-apoB can
be derived from apoB, plasma TG, and Lp(a) as measured by regular
clinical chemistry assays is a considerable strength of the study and
aids the general application of our findings. Additional limitations are
that in the UK Biobank population, due to the performance character-
istics of the assay, the Lp(a) range was truncated; values above
189 nmol/L or below 3.8 nmol/L were recorded as not available.
Further, as noted in Methods, UK Biobank participants were not
sampled in the fasting state. Lp(a) is not affected by fasting. These tech-
nical issues did not apply in the validation studies.

RW-apoB, based on the results in this study, can be applied readily to
risk stratification to inform decisions regarding CHD prevention in in-
dividuals. While the findings in the UK Biobank in statin-treated subjects
showed promise regarding the utility of RW-apoB as an index of re-
sidual lipid-associated risk, a more rigorous analysis is required in the
on-treatment situation to ascertain whether the weighting factors de-
rived in the general population are optimum for those on LLT. Testing
of the predictive potential of RW-apoB in completed lipid-lowering
trials will help determine its usefulness and aid in the refinement of
treatment thresholds and goals. A further consideration relating to
the use of RW-apoB in statin-treated subjects is the fact that we still
await clinical trial evidence that lowering Lp(a) or lowering TRL/rem-
nant levels will produce a reduction in CHD risk. Although we now
have evidence from multiple sources that TRL/remnants and Lp(a)
are more atherogenic on a per-particle basis than LDL, we lack data re-
garding the size of the benefit in lowering these lipoprotein species. If
the risk reductions are modest, then emphasis will continue to be on
reducing apoB principally through LDL lowering. The outcome of
TRL- and Lp(a)-lowering trials will provide further information on the
strength of the association between these lipoprotein species and
CHD risk, permit refinement of the calculation of RW-apoB, and po-
tentially expand its use beyond risk assessment to inclusion as a metric
of treatment success.

In conclusion, this study provides evidence of the utility of a single
metric that represents not only the number of apoB-containing lipo-
proteins in the circulation but also their atherogenicity. Likely, clinical
practice in the future will routinely entail the measurement of apoB
and Lp(a) as well as the traditional plasma lipid profile. RW-apoB offers
a simply derived means of assessing lipoprotein-related CHD risk and
has the potential to be a useful tool in clinical decision-making.
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