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Abstract

(ApoB).

BHMC (4.93%) and CHARLS (1.84%).

cardiovascular disease

Objective Small dense low-density lipoprotein cholesterol (sdLDL-C), as an emerging atherogenic factor of
cardiovascular diseases, requires additional tests. We aimed to establish a sdLDL-C equation using standard lipid
profile and evaluate its capacity of identifying the residual cardiovascular risk beyond LDL-C and apolipoprotein B

Methods This cross-sectional study included 25 435 participants from Health Management Cohort and 11 628
participants from China Health and Retirement Longitudinal Study (CHARLS) to construct and evaluate the sdLDL-C
equation by least-squares regression model. The equation for sdLDL-C depended on low-density lipoprotein
cholesterol (LDL-C) and an interaction term between LDL-C and the natural log of triglycerides (TG).

Results The modified equation (sdLDL-C=0.14*In(TG)*LDL-C — 0.45*LDL-C + 10.88) was more accurate than the
original equation in validation set (slope=0.783 vs. 0.776, MAD=5.228 vs. 5.396). Using the 80th percentile (50 mg/
dl) as a risk-enhancer rule for sdLDL-C, accuracy of the modified equation was higher than the original equation in
validation set (90.47% vs. 89.73%). The estimated sdL.DL-C identified an additional proportion of high-risk individuals in

Conclusion The newly developed equation in our study provided an accurate tool for estimating sdLDL-C level
among the Chinese population as a potential cardiovascular risk-enhancer.
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Background

Atherosclerotic cardiovascular disease (ASCVD) is the
leading cause of death worldwide [1] and the estimated
prevalence of ASCVD reached 32.2% among Chinese
population in 2022 [2]. Moreover, ASCVD caused 40%
deaths in China [3] and imposed a substantial burden on
human health. The increasing level of low-density lipo-
protein cholesterol (LDL-C) is strongly associated with
the development and progression of ASCVD, becom-
ing the principal target for the primary and second-
ary prevention [4, 5]. Unfortunately, recent studies
pointed out that residual ASCVD risk remained even
in people achieving appropriate LDL-C level [6, 7]. LDL
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subfractions can be classified based on density and size.
In general, there are two major LDL sizes, that are small
and dense LDL (sdLDL) characterized by high den-
sity and large buoyant LDL (IbLDL). Thus, not only the
amount of LDL-C, but the composition should be consid-
ered for the risk stratification of ASCVD. The cholesterol
component on sdLDL particles (sdLDL-C) has been rec-
ognized as an emerging atherogenic risk factor account-
ing for residual risk of ASCVD by National Cholesterol
Education Program [8]. Shiffman et al., revealed that
sdLDL-C is independently associated with ASCVD [9]
independent of traditional lipid parameters. In addition,
previous studies found that sdLDL-C could predict the
development of acute ischemic stroke [10] and coronary
heart disease [11], even among participants with recom-
mended LDL-C level (12-13). A study from Framingham
Offspring Cohort confirmed the improved capacity of
integrating sdLDL-C into the risk stratification and man-
agement of ASCVD [14]. Therefore, it is of great impor-
tance to facilitate the routine detection of sdLDL-C.

Ultracentrifugation or gradient gel electrophore-
sis are used as traditional measurements of sdLDL-C
[15] with restricted usability in the large-scale popula-
tion studies or screening programs due to the inten-
sive labor, time and cost. Two equations have been
proposed to estimate sdLDL-C level. Burns et al,
developed a sdLDL-C equation using the ratio of tri-
glycerides (TG) to high-density lipoprotein cholesterol
(HDL-C) and nonHDL-C concentration only in 141
youth [16]. Srisawasdi et al., constructed an equation
among 297 adults with a restricted applicability [17].
A recent study [18] proposed a simple equation using
TG and calculated LDL-C by Sampson equation. The
compositions of LDL particles vary in different popu-
lations [19]; however, this novel equation has not been
validated in the Chinese population.

Therefore, we aimed to develop and validate a modified
equation of sdLDL-C using directly measured LDL-C
level among the Chinese population, compare the modi-
fied equation with Sampsons sdLDL-C equation, and
investigate the capacity of estimated sdLDL-C as an
ASCVD risk-enhancer in two large populations.

Materials and methods

Data sources and study population

Two datasets were used in our study. The Health Man-
agement Cohort (HMC) is a large and dynamic cohort
study, aiming to investigate the risk factors and biomark-
ers of cardio-metabolic disorders [20]. There were 25,435
participants with available lipid data enrolled in this
current study from HMC between 2019 and 2021, and
then randomly divided into training set (n=12717) and
validation set (n=12718). The modified equation for cal-
culating sdLDL-C was developed using HMC datasets.
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The capacity of estimated sdLDL-C as an ASCVD risk-
enhancer was assessed in HMC and China Health and
Retirement Longitudinal Study (CHARLS). CHARLS is a
national cohort study initiated from 2011 among Chinese
people aged 45 years or older [21]. A total of 11,628 par-
ticipants of CHARLS at baseline with available lipid data
were enrolled in the final analysis.

Ethics statement

This study was in accordance with the principles of the
Declaration of Helsinki and approved by the Institu-
tional Review Board of Peking University (IRB00001052-
11015). All participants have provided written informed
consents. This study was conducted following the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.

Lipid measurement

Concentrations of TG was directly measured using the
enzymatic colorimetric method (GPO/PAP) and surfac-
tant assay method based on the automatic biochemical
analyzer BECKMAN COULTER AU5800. Total choles-
terol and HDL-C levels were directly measured by enzy-
matic method (Pureauto S CHO-N) and catalase assay.
Apolipoprotein B (ApoB) was directly measured by
immunoturbidimetry method in BHMC. The measure-
ments of TG, HDL-C and TC in CHARLS was previously
described [21]. Given that the direct measurement meth-
ods of LDL-C are influenced by the content of cholesterol
and triglycerides, particularly in hypertriglyceridemia,
LDL-C was calculated by the Sampson equations [22—
24]. The nonHDL-C was calculated as total cholesterol
minus HDL-C. The sdLDL-C=0.14* Ln(TG)* LDL-C
—0.43* LDL-C+8.99 according Sampson sdLDL-C equa-
tion as the original equation.

The sdLDL-C concentration was directly measured
among BHMC participants by the sdLDL-C test kit
(Denka) using catalase method with an intra-assay coef-
ficient of variation (CV)<6.0% and a correlation effi-
cient (r)>0.975. The sdLDL-C test process was a fully
automatic two-step assay. Step 1: lipoprotein particles
except for LDL in serum samples were degraded by
specific surfactants. Then, two subgroups of LDL, that
are IbLDL and intermediate density LDL (idLDL) were
degraded by tool enzymes. Apart from sdLDL-C, the
cholesterol of IbLDL and idLDL were decomposed by
cholesterol esterase and cholesterol oxidase, and the gen-
erated H,O, was removed by catalase. Step 2: The chemi-
cal composition of the reaction solution was changed
to inhibit the activity of catalase. The remaining sdLDL
in the sample was degraded and the cholesterol compo-
nent was then released. The H,0, generated during the
enzymatic decomposition of sdLDL-C in the tinder reac-
tion, thereby completing the quantitative detection of
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sdLDL-C. The 1b-LDL-C was calculated by subtracting
measured sdLDL-C from estimated LDL-C by Sampson
equation.

Covariates

The demographic characteristics, smoking status, physi-
cal activity and history of diseases (hypertension and
diabetes) were collected via a standard questionnaire.
Anthropometric measurements were performed for
height and body weight. Body mass index (BMI) was
calculated as weight (in kilograms)/height squared (in
meters squared). Systolic blood pressure was presented
as the average of two measurements on the right arm
using a sphygmomanometer after resting for at least

10 min.

Table 1 Characteristics of participants

Overall population

Participants, No.
Sex, No. (%)
Female
Male
Age, years
Mean (SD)
Median (IQR)
Min - Max
Triglycerides, mg/dL
Median (IQR)
Min - Max
Total cholesterol, mg/dL
Median (IQR)
Min - Max
LDL cholesterol, mg/dL
Median (IQR)
Min - Max
Measured sd-LDL cholesterol, mg/dL
Median (IQR)
Min - Max
NonHDL cholesterol, mg/dL
Median (IQR)
Min - Max
HDL cholesterol, mg/dL
Median (IQR)
Min - Max
ApoB, mg/dL
Median (IQR)
Min - Max

25435

12,311 (484)
13,124 (51.6)

44 (13)
42 [34, 53]
18-96

97.46 [66.45, 145.30]
26.58-2245.12

191.75[168.56, 217.27]
71.13-532.73

119.32[98.13,142.18]
7.54-459.27

35.18[25.52,47.17]
8.12-123.71

140.72 [116.37,166.62]
24.36-497.94

4948 [41.75, 58.38]
16.24-128.35

45.50[38.00, 53.00]
12.50-110.00

Data are presented as mean (SD), median [IQR], min-max or number (%), as
appropriate

Abbreviation: BHMC: Beijing Health Management Cohort; SD, standard
derivation; IQR, interquartile range; LDL, low-density lipoprotein; sdLDL,
small-dense low-density lipoprotein; HDL, high-density lipoprotein; ApoB,
apolipoprotein B

To convert triglycerides from mg/dL to mmol/L, divided by 88.6; to convert
cholesterol from mg/dL to mmol/L, divided by 38.66; ApoB from mg/dL to
umol/L, multiply by 0.02
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Statistical analysis

An equation for estimating sdLDL-C was developed by
partial least-square regression analysis. The estimated
sdLDL-C depended on the estimated LDL-C and an
interaction term between LDL-C and the natural log
of TG based on the training set of BHMC. The residual
errors, slope, coefficient of determination (R [2]), mean
absolute deviation (MAD) and root mean square error
(RMSE) between the measured and estimated sdLDL-
C were calculated to assess the equation accuracy both
among the training and validation datasets. The accu-
racy of sdLDL-C equation was evaluated stratified by TG
and LDL-C intervals. In addition, we used the 80th per-
centile (50 mg/dL) as cutoff value of high sdLDL-C. We
calculated the classification accuracy, false negative rate
and false positive rate correspondingly. Furthermore,
we compared the performance of the modified sdLDL-
C equation in our study with a previous sdLDL-C esti-
mation tool based on the calculated LDL-C. Given the
potential impact of lipid-lowering medication on sdLDL-
C concentration, we re-assessed the accuracy of the
sdLDL-C equation among people using lipid-lowering
medication.

Population characteristics were shown as median
(interquartile ranges), mean (standard deviation), or
number (percentage). The differences of the characteris-
tics were compared by Student’s t-test or Mann-Whitney
U test for continuous variables and Chi-square test for
categorical variables according to training and validation
datasets. In addition, we evaluated the capacity of esti-
mated sdLDL-C (>50 mg/dL) as an extra risk-enhancer
rule using BHMC and CHARLS datasets. Traditional
ASCVD risk rules were set as TG>175 mg/dL or
LDL-C>160 mg/dL or nonHDL-C>190 mg/dL by the
2018 Multi-society guideline of lipid management [25].
All statistical analyses were performed using R software
(version 4.1.3). Two-sided P value<0.05 was considered
statistically significant.

Results

Population characteristics

A total of 25,435 participants were enrolled from BHMC.
The characteristics of BHMC population were shown
in Table 1. The mean age was 44 years (ranging from 18
to 96 years), and 13,124 (51.6%) were male. The median
(interquartile range, IQR) of TG, estimated LDL-C
and sdLDL-C were 97.46 (66.45, 145.30) mg/dL, 119.32
(98.13, 142.18) mg/dL and 35.18 (25.52, 47.17) mg/dL,
respectively. Table S1 compared the characteristics of
participants between training and validation set, and
no significant differences were observed for sex, age,
TG, total cholesterol, LDL-C, sdLDL-C, HDL-C and
nonHDL-C. We used the lipid profile data of 11,628
participants from CHARLS. The mean age was 59 years
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(ranging from 22 to 99 years), including 5399 (46.5) males
as shown in Table S2.

Relationship of sdLDL-C with TG and LDL-C

The proportions of IbLDL-C and sdLDL-C along with
TG and LDL-C intervals were shown in Figure S1. In
general, the proportion of sdLDL-C gradually increased
with higher TG levels, but dependent of LDL-C intervals.
Figure S2 presents the correlation of measured sdLDL-C
with LDL-C and TG. The measured sdLDL-C concentra-
tion was positively correlated with LDL-C, in which TG
amplified this association (Figure S2, A). The higher per-
centiles of TG increased the slope of sdLDL-C concentra-
tion with LDL-C. Similarly, we detected an approximate
linear relationship between measured sdLDL-C concen-
tration and the natural log of TG (Figure S2, B).

Evaluation of sdLDL-C equation
The modified equation for estimating sdLDL-C was as
follows:

sdLDL-C=0.14*In(TG)*LDL-C —0.45*LDL-C+10.88.

Among the validation set, the slope between esti-
mated and directly measured sdLDL-C was 0.783, the
R [2] was 0.786, and the MAD was 5.228 for our modi-
fied equation (Fig. 1, A), which performed better than
the original equation (Fig. 1, B). Individual points are
colored according to the TG intervals, and the residual
error indicated no systematic bias between estimated
and directly measured sdLDL-C (Fig. 1, C-H). For the
training set, the MAD was 5.327 and 5.498 for our modi-
fied and original equations as shown in Figure S3. Fig-
ure 2 presents the deviation of the modified and original
sdLDL-C equations according to TG and LDL-C levels
among the validation set. There demonstrated an overall
higher accuracy of our modified equation than the origi-
nal equation. The MAD and RMSE increased with high
levels of TG (Fig. 2, A-B) and LDL-C (Fig. 2, C-D), espe-
cially when TG>600 mg/dL. Results were consistent in
the training set (Figure S4).

Using the 80th percentile (50 mg/dL) as cutoff value
of high sdLDL-C level, we calculated the classification
accuracy, false negative rate and false positive rate of the
modified and original equations according to TG and
LDL-C levels in the validation set (Fig. 3). Overall, the
accuracy of sdLDL-C equations decreased with increased
TG or LDL-C levels, and the modified equation had a
better accuracy than original equation in regardless of
TG and LDL-C intervals. Of note, the false negative rates
were lower, and the false positive rates were higher for
our modified equation compared with the original equa-
tion. The results on the validation set and exact numbers
according to TG and LDL-C intervals are given in Table
S3 to Table S6 Among 701 participants using lipid-lower-
ing medication, the modified equation was more accurate
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than the original equation (accuracy: 94.86% vs. 94.44%)
as shown in Figure S5. Our modified equation had a
lower false negative rate (31.6% vs. 35.0%), and higher
false positive rate (2.65% vs. 1.25%) compared with the
original equation.

Estimated sdLDL-C as an additional cardiovascular risk-
enhancer

We evaluated the capacity of estimated sdLDL-C as a
novel ASCVD risk-enhancer using the 80th percentile
(50 mg/dL) as cutoff value of high sdLDL-C based on
BHMC and CHARLS datasets. In BHMC, the estimated
sdLDL-C identified the greatest number of high-risk
individuals (20.36%), followed by TG (16.64%), LDL-C
(12.09%), and nonHDL-C (10.75%). In CHARLS, TG
identified the largest number of high-risk individu-
als (19.64%), followed by estimated sdLDL-C (17.03%),
LDL-C (10.61%), and nonHDL-C (10.41%) and of note,
the estimated sdLDL-C independently recognized 1255
(4.93%) and 214 (1.84%) individuals of high ASCVD risk
in BHMC and CHARLS.

Discussion

The main findings of our study are as follows: (1) we
developed a modified equation for calculating sdLDL-C
level using the directly measured LDL-C and TG con-
centrations without extra cost; (2) the modified equa-
tion improved the accuracy for calculating sdLDL-C
among the Chinese population, especially reducing the
false negative rate; and (3) the estimated sdLDL-C could
be a novel risk-enhancer for ASCVD stratification and
management.

There exist linear relationships of sdLDL-C with
LDL-C and the natural log of TG as indicated in our
study. And the proportion of sdLDL-C against IbLDL-
C increases along with higher TG intervals. A previous
study established an equation for calculating sdLDL-C
using the calculated LDL-C [18]. Given the situation
that LDL-C concentrations are directly measured by the
automatic biochemical analyzer in current standard lipid
profile, we developed a modified equation for sdLDL-C
using directly measured LDL-C and TG concentrations
among the Chinese population. Compared with the
original equation, the new equation had a lower error
and better accuracy for calculating sdLDL-C both on
the training and validation sets. Of note, the modified
equation lowered the false negative rate, although with
a higher false positive rate. As a sdLDL-C calculation
tool, the improved false negative rate is more important
for the ASCVD risk stratification and screening appli-
cation. For the first time, the newly developed equation
provided a validated tool for sdLDL-C calculating for the
Chinese population. The modified sdLDL-C equation
enabled the application of sdLDL-C as potential markers
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Fig. 1 Linear regression between estimated and measured small-dense low-density lipoprotein (sd-LDL) cholesterol levels in the validation set. Linear
regression formulas using modified equation (A) and original equation (B). Solid line is the linear fitting for the indicated equation. Dotted line is the line
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of cardio-metabolic disorders, which warranted further
population-based studies and real-world evidence using
standard lipid test without extra cost.

Furthermore, our study indicated that the estimated
sdLDL-C could be a potential ASCVD risk-enhancer.
The component proportions of LDL-C should be another
focus of risk prediction or therapeutic strategies. In
addition to the traditional risk rules (TG>175 mg/dL,
LDL-C>160 mg/dL, nonHDL-C>190 mg/dL), high
estimated sdLDL-C (>50 mg/dL) was set as a new risk-
enhancer. We observed that the estimated sdLDL-C
individually identified an additional 4.93% high-risk indi-
viduals in BHMC and 1.84% individuals in CHARLS. Of
note, the LDL-C only recognized 2.58% additional indi-
viduals apart from TG, nonHDL-C and the estimated
sdLDL-C in BHMC. The results indicated that sdLDL-C
is probably the most atherogenic component of LDL-C.
The estimated sdLDL-C could improve the risk stratifica-
tion and management of ASCVD, which needs further
validation.

Currently, the increasing popularity of LDL-C tar-
geted therapy greatly contributes to the prevention of
ASCVD [26]. However, a priori study revealed that the

residual cardiovascular risk persisted, even after LDL-C
controlled to a recommended level [6], becoming a clini-
cal problem with growing importance. Some novel lipid
parameters, such as triglycerides rich lipoprotein (TRL)
and sdLDL-C, may explain the uncovered residual
ASCVD risk [27]. A randomized controlled trial reported
that sdLDL-C was strongly associated with myocardial
infarction (MI) [28]. Mayu et al., found that sdLDL-C
was a relevant biomarker for the development of coro-
nary heart diseases [29]. A study indicated that sdLDL-
C was significantly associated with the progression of
any pre-existing coronary stenosis (RP) of non-culprit
lesions in acute coronary syndrome patients [30]. Ikezaki
et al,, confirmed that sdLDL-C was the most atherogenic
lipoprotein cholesterol parameter [14]. In statin-treated
coronary artery diseases patients, sdLDL-C was asso-
ciated with the recurrence of ASCVD independent of
LDL-C [31]. In summary, the sdLDL-C level is of great
importance for the ASCVD risk prevention and manage-
ment. The fact is that the direct measurement of sdLDL-
C concentration is not included in the standard lipid test
in clinical and health examination practice due to the
cost restriction and non-updated biochemical analyzer.
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In this case, our study provided a simple and practical
tool to calculate the sdLDL-C level. Using this sdLDL-C
equation, the clinical value of sdLDL-C could be further
explored in other metabolic diseases, while not limited to
ASCVD.

Some studies further revealed the predictive ability
of sdLDL-C. In liver transplant recipients, sdLDL-C
independently predicted ASCVD events rather than
LDL-C [32]. Li et al., found that sdLDL-C was asso-
ciated with a higher risk of arterial stiffness [33]. A
study in the urban Japanese population showed that
sdLDL-C was a significant biomarker for predicting
ASCVD [33]. As shown in our study, the estimated
sdLDL-C could identify a larger proportion of indi-
viduals with high ASCVD risk than LDL-C and non-
HDL-C. Recently, some large-scale risk assessment
models including China-PAR Project were established
to predict ASCVD risk [34-36]. However, sdLDL-C
has not been integrated in the risk prediction model

of ASCVD due to the cost of sdLDL-C test. The clini-
cal guideline in China has not consider the residual
risk-enhancers such as sdLDL-C [3]. The newly devel-
oped equation could provide an accurate estimation
of sdLDL-C without extra cost, which has the clinical
potential to improve the predictive capacity of cur-
rent ASCVD risk assessment models among Chinese
population.

There are several possible mechanisms that may
explain the atherogenic effect of sdLDL. The sdLDL
has a higher ability to penetrate vascular endothe-
lium due to the small size [37], and has lower affin-
ity for the LDL receptor. Thus, it tends to circulate in
the bloodstream for a longer period [38]. In addition,
sdLDL decreases receptor-mediated uptake, increases
proteoglycan binding and oxidation susceptibility
[30]. Through the above mechanisms, sdLDL-C could
cause vascular damage, increase endometrial thick-
ness, and further promote atherosclerosis [39]. There
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is an urgent need to develop sdLDL-C targeted therapy
beyond LDL-C lowering medication.

Limitations

Several limitations should be acknowledged in this cur-
rent study. First, the accuracy of the developed sdLDL-C
equation decreased among individuals with high TG or
LDL-C levels. The equation needs further optimization,
possibly by establishing targeted equations according to
TG and LDL-C concentrations. The generalization of the
newly developed equation needs further validation in
other populations. Second, this is a cross-sectional study,
and we were unable to investigate the effect of estimated
sdLDL-C on the occurrence or recurrence of ASCVD.
Our study indicated that the estimated sdLDL-C could
be an independent risk-enhancer of ASCVD in the gen-
eral population, which needs validation in further cohort
studies.

In summary, our study developed an equation for esti-
mating sdLDL-C among the Chinese population. The
estimated sdLDL-C appeared to be a risk-enhancer of
ASCVD beyond the standard lipid profiles, needing fur-
ther research to evaluate the effect of calculated sdLDL-C
on incidence of ASCVD.
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