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High sdLDL Cholesterol can be Used to Reclassify Individuals with
Low Cardiovascular Risk for Early Intervention: Findings from the
Chinese Multi-Provincial Cohort Study
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Vessel Diseases; The Key Laboratory of Remodeling-related Cardiovascular Diseases, Ministry of Education; Beijing Municipal Key
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Aim: A high-risk strategy has been implemented for lipid-lowering therapy in the primary prevention of cardio-
vascular disease. However, atherosclerosis and cardiovascular events are common among individuals with low car-
diovascular risk. This study aimed to determine whether the small dense low-density lipoprotein cholesterol
(sdLDLC) level can predict carotid atherosclerosis progression and identify high-risk individuals.

Methods: Baseline sdLDLC and low-density lipoprotein cholesterol (LDLC) were measured in 808 participants
from the Chinese Multi-provincial Cohort Study, aged 45-74 years. Adjusted relative risk was calculated using a
modified Poisson regression model to assess the relationship between sdLDLC and 5-year atherosclerosis progres-
sion, as indicated by the progression, incidence, and multi-territorial extent of carotid plaque.

Results: The 5-year atherosclerosis progression increased significantly with increased sdLDLC. Baseline
sdLDLC was significantly associated with the short-term risk of plaque progression after multivariable adjust-
ment, even in participants with low LDLC or a 10-year estimated cardiovascular risk. sdLDLC predicted plaque
progression (relative risk 2.05; 95% confidence interval 1.43-2.93) in participants with LDLC <130 mg/dL.
Furthermore, participants with the highest sdLDLC but intermediate or low cardiovascular risk (accounting for
16% of the cohort) had double the risk of plaque progression, which was comparable to those with the same
sdLDLC and high cardiovascular risk, relative to those with the lowest sdLDLC levels and low cardiovascular
risk.

Conclusions: sdLDLC is independently associated with the progression of carotid atherosclerosis, which may
provide a basis for clinicians to reclassify individuals believed to be at low cardiovascular risk into the high-risk
category, and those with high sdLDLC may benefit from more aggressive cholesterol-lowering treatment.

Key words: Small dense low-density lipoprotein cholesterol, Carotid atherosclerosis,
Community-based cohort study, High-risk strategy, Risk reclassification

Abbreviations and Acronyms: Cl=confidence interval, CVD=cardiovascular disease, Hs-CRP=high-
sensitivity C-reactive protein, LDLC=low-density lipoprotein cholesterol, RR=relative risk, sdLDLC=small
dense low-density lipoprotein cholesterol

through the appropriate management of modifiable

Introduction risk factors. Low-density lipoprotein cholesterol

An important strategy in the primary prevention (LDLC) is considered as one of the most important
of cardiovascular disease (CVD) focuses on reducing modifiable risk factors for CVD and remains the pri-
the incidence of future events in high-risk individuals mary target for current cardiovascular risk reduction
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strategies'”. However, although a majority of CVD-
free asymptomatic individuals maintain low levels of
LDLC?, they have a high prevalence of subclinical
atherosclerosis”. In addition, 2 number of individuals
who have experienced cardiovascular events demon-
strate low levels of LDLC®”. Thus, LDLC, which is
widely measured in routine clinical practice, may not
be considered an appropriate target for prevention
strategies in individuals with low LDLC values, par-
ticularly in those at low cardiovascular risk. Instead,
clarification of the potential biomarkers for the pre-
diction of atherosclerosis should contribute to a more
precise identification of individuals at high cardiovas-
cular risk and enable the early prevention of CVD
events in individuals who have atherosclerosis but low
LDLC.

In addition to other cardiovascular risk factors,
there may be other low-density lipoprotein (LDL)-
related factors that are responsible for the considerable
residual cardiovascular risk. Accumulating evidence
suggests that the development and progression of ath-
erosclerosis are dependent not only and not so much
on the amount as on the specific properties of LDL.
LDL can be classified into multiple distinct particles
of differing size, density, and composition, and their
atherogenicity seems to differ accordingly. However, it
is as yet unclear to what extent LDL subfraction mea-
surements improve the clinical assessment of cardio-
vascular risk over the standard assay of LDLC®. The
findings of experimental studies have suggested that
small dense LDL may accelerate atherosclerosis by
stimulating macrophage foam cell formation®'?. Sev-
eral observational studies have demonstrated that the
high small dense LDL cholesterol (sdLDLC) level is
strongly associated with CVD events''"'¥, even more
so than the LDLC level'" '?. Subclinical atherosclero-
sis underlies most cardiovascular events'> 9, and its
early detection can improve risk stratification among
asymptomatic individuals'”’. However, it remains
unclear whether high levels of sdLDLC can promote
the development of carotid atherosclerosis, irrespective
of the LDLC level, and whether screening for this bio-
marker in individuals with differing degrees of cardio-
vascular risk could identify those with even greater
cardiovascular risk, and assist in the identification of
appropriate targets for therapeutic intervention in
such individuals.

In this study, we measured the LDLC and
sdLDLC levels in a CVD-free population. We tested
the hypotheses that sdLDLC is associated with the
progression of carotid atherosclerosis and that this
association is preserved under low LDLC level or low
cardiovascular risk, using asymptomatic participants
in a community-based prospective cohort study.
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Materials and Methods

Study Participants

Study participants were recruited from the Chi-
nese Multi-provincial Cohort Study Project's ')
Analysis of carotid atherosclerosis was performed in
participants in the Chinese Multi-provincial Cohort
Study—Beijing Project'”?”. Briefly, 1324 participants,
aged 45-74 years, underwent analysis of their demo-
graphic characteristics, measurements of traditional
risk factors, and carotid ultrasonography, in 2002. All
the participants were then followed up to identify any
occurrence of CVD conducted every 1-2 years from
baseline until now, and invited to a repeat examina-
tion to identify risk factors and to undergo a second
carotid ultrasonography in 2007. After excluding par-
ticipants for the following reasons, that is, loss to fol-
low-up (2=62), death (n=15), lack of participation at
the re-examination (7=228), presence of established
CVD (n=68), blood sample for the measurement of
sdLDLC in 2015 not available (z=129), and incom-
plete data at baseline (z=14), 808 (359 men and 449
women) participants for whom complete data had
been obtained from both examinations were eligible
for inclusion in the final analysis.

All participants gave their written informed con-
sent, and this study was approved by the Ethics Com-
mittee of Beijing An Zhen Hospital, Capital Medical
University, and was performed in accordance with the
Declaration of Helsinki.

Risk Factor Survey

In all the surveys, demographic characteristics
and personal medical history were collected using a
standardized questionnaire. Anthropometric measure-
ments and blood pressure were recorded during the
physical examination. Body mass index was calculated
as weight in kilograms divided by height squared in
meters. The survey method and definitions of risk fac-
tors, including hypertension, diabetes mellitus, obe-

sity, and current smoking, have been previously
described > 2.

Laboratory Assays

Venous blood samples were collected after at least
8 h of fasting. Lipid profile, fasting blood glucose, and
high-sensitivity C-reactive protein (hs-CRP) were
measured in fresh samples on the day of collection, in
2002, according to previously described methods' 2”.
The remaining sample was then aliquoted and stored
at —807C. Total cholesterol, triglyceride, and fasting
blood glucose levels were determined by enzymatic
methods (Human Diagnostics, Wiesbaden, Germany).
LDLC and high-density lipoprotein cholesterol levels
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were assayed by homogeneous methods (Daiichi,
Tokyo, Japan). Non-high-density lipoprotein choles-
terol was calculated by subtracting high-density lipo-
protein cholesterol from total cholesterol. Hs-CRP
was measured using a particle-enhanced immunotur-
bidimetric method (DiaSys, Holzheim, Germany).
The cholesterol content of small dense LDL was mea-
sured using an automated homogeneous assay, as
described previously?” (Denka Seiken Co., Ltd.,
Tokyo, Japan), and analyzed on a Hitachi 7180 auto-
matic analyzer, in 2015. The coefficient of variation
was 3.25% for low-range controls and 4.18% for
high-range controls.

Carotid Atherosclerosis Assessment

Carotid atherosclerosis was assessed using high-
resolution B-mode ultrasonography. The method and
measurement validation have been described previ-
ously'” 2. Briefly, the presence of a plaque was
defined by an intima—media thickness of > 1.5 mm,
or the presence of a focal structure encroaching into
the arterial lumen of > 0.5 mm, or > 50% of the
thickness of the surrounding intima—media. The pres-
ence of carotid plaque was inspected over an area that
included six segments: the far and near walls of the
bilateral common carotid arteries, their bifurcations,
and the internal carotid arteries. Progression of a
carotid plaque was defined by the appearance of at
least one plaque at re-examination in a previously
plaque-free arterial segment. In participants who had
no plaque at baseline (2=649), the incidence of
carotid plaques was defined by the appearance of at
least one new plaque at re-examination in one of the
six segments. The multi-territorial extent of a new
carotid plaque was defined according to the number
of vascular sites with evidence of disease, including a
detectable plaque by the total number of the six seg-
ments for which an ultrasonographic image was avail-
able (with a maximum of six). Participants were classi-
fied as disease-free (no vascular sites affected) or hav-
ing focal (one vascular site) or generalized (> two vas-
cular sites) atherosclerosis. The total plaque area of
maximum plaques was also used to evaluate the sever-
ity of the carotid atherosclerosis. Participants with no
carotid plaque at re-examination were assigned 0 mm?
for the area of new plaque. Participants were classified
into three ordinal groups (0, 0.1-14.9, and > 15.0
mm?), using the medium of new plaque area (15
mm?) in participants with a new plaque at re-exami-
nation for the cut-off point.

Statistical Analysis
Continuous variables, expressed as mean (* stan-
dard deviation) in the case of normally distributed

variables, or as median (interquartile range), were
compared using the unpaired Students z-test, the
Mann—Whitney U-test, or one-way analysis of vari-
ance, where appropriate. Categorical variables,
expressed as number (percentage), were compared
using the chi-square test. Correlations were deter-
mined using the Spearman rank method, after adjust-
ing for age and sex.

An estimate of the proportion of sdLDLC in the
entire mass of LDLC (sdLDLC/LDLC ratio) was
obtained by calculating the ratio of sdLDLC to total
LDLC. sdLDLC-related parameters were analyzed as
quartiles (sdLDLC: <33, 33-47, 47-62, and 2> 63
mg/dL; sdLDLC/LDLC ratio: <27, 27-34, 35-42,
and > 43%). Relative risk (RR) (95% confidence
interval, CI) values for the 5-year progression and
incidence of carotid plaque within subgroups of
sdLDLC-related parameters were calculated using a
modified Poisson regression model, after adjustment
for known CVD risk factors (age, sex, body mass
index, systolic blood pressure, fasting blood glucose,
high-density lipoprotein cholesterol, and current
smoking), lipid-lowering treatment, and large buoyant
LDL cholesterol. The relationships of sdLDLC-related
parameters with the multi-territorial extent and total
area of new plaque were evaluated using multivariable
ordinal logistic regression models. Risk estimates were
calculated for each subgroup, using the lowest quartile
as a reference. The relationships between sdLDLC-
related parameters and progression risk were further
analyzed after dichotomization for LDLC (<130 mg/
dL versus > 130 mg/dL). Risk estimates were then cal-
culated for participants in each combined subgroup of
sdLDLC-related parameters and LDLC, using the
lowest quartile of sdLDLC-related parameters in the
LDLC <130 mg/dL category as the reference group.
The relationships between sdLDLC-related parame-
ters and the risk of plaque progression were also ana-
lyzed after dichotomization for non-high-density lipo-
protein cholesterol (<160 mg/dL versus > 160 mg/
dL). To explore whether heterogeneity existed in the
plaque progression associated with high sdLDLC
between subgroups of known CVD risk factors, a sub-
group x high sdLDLC interaction was determined
using a modified Poisson regression model, including
terms for high sdLDLC (with the lowest quartile as
the reference), subgroups of known CVD risk factors,
and subgroup x high sdLDLC interaction.

Cardiovascular risk was also calculated according
to the 2016 Chinese guidelines for the management
of dyslipidemia in adults”. A multivariable model was
fitted to include both sdLDLC quartile and differing
cardiovascular risk. Each combined subgroup of
sdLDLC and cardiovascular risk was compared with
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Table 1. Baseline Characteristics of the Study Participants Who Were Eligible and Unavailable for Re-examination

. Eligible participants Participants unavailable for
Ven ek ° (n E 808)P re—ex:)mination (2=516) PRI
Age, year 59.0£7.8 61.5%7.8 0.001
Men, 7 (%) 359 (44.4) 262 (50.8) 0.024
Lipids and lipoproteins
Total cholesterol, mg/dL 215.47+39.93 214.42+38.93 0.662
LDL cholesterol, mg/dL 135.88 £36.05 135.73+35.45 0.739
HDL cholesterol, mg/dL 58.61=13.31 57.82%=12.89 0.103
Triglycerides, mg/dL 114.0 (83.0, 166.0) 122.0 (86.5, 176.0) 0.330
Lipid-lowering treatment, 7 (%) 94 (11.6) 72 (14.0) 0.214
Blood pressure
Systolic blood pressure, mmHg 128.9+18.3 130.9+19.6 0.057
Diastolic blood pressure, mmHg 80.6+9.4 81.1+10.7 0.350
Hypertension, 7 (%) 367 (45.4) 282 (54.7) 0.001
Fasting blood glucose, mmol/L 4.87%1.00 5.08+1.43 0.001
Diabetes, 7 (%) 42 (5.2) 49 (9.4) 0.001
Body mass index, kg/m? 25.0+3.2 24.9%3.2 0.665
Obesity, 7 (%) 140 (17.3) 79 (15.3) 0.335
High-sensitivity CRP, mg/L 0.82 (0.37, 1.76) 1.02 (0.47, 2.05) 0.002
Current smoking, 7 (%) 82 (10.1) 44 (8.5) 0.327

CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Data are expressed as number (percent) for categorical variables or mean # standard deviation for continuous variables, except for hs-
CRP and triglycerides, which are presented as median (interquartile range). Current smoking was defined as > 1 cigarettes per day.
Hypertension was defined as blood pressure > 140 mm Hg systolic, > 90 mm Hg diastolic, and/or current antihypertensive treat-
ment. Diabetes was defined as fasting blood glucose = 7.0 mmol/L or previously diagnosed diabetes. Obesity was defined as body

mass index > 28 kg/cm?.

the lowest sdLDLC quartile and low risk as a reference.
Sensitivity analyses were performed after addi-
tional adjustment for baseline hs-CRP, and 5-year
changes in systolic blood pressure, total cholesterol,
and fasting blood glucose, and reanalyzed after the
exclusion of participants with diabetes mellitus. Fur-
thermore, to test whether missing data would intro-
duce potential bias, comparisons were performed
between participants who were eligible for the final
analyses and those who were unavailable for re-exami-
nation, and no significant differences were observed
with respect to lipid-related biomarkers (Table 1).
Statistical analyses were performed using SAS
software (v9.3, SAS Institute Inc., Cary, NC, USA). P
<0.05 was considered to represent statistical signifi-
cance. Sample size was estimated using PASS software

(v8.0, NCSS, Kaysville, UT, USA).

Results

Baseline Characteristics

The baseline median sdLDLC was 47.9 (32.7,
63.2) (range, 8.0-134.0) mg/dL, and thus a mean of
33.9% of total LDLC was sdLDLC. The distribution
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of sdLDLC was approximately normal (Supplemen-
tary Fig.1). Although sdLDLC displays a strong posi-
tive correlation with LDLC (partial-r: 0.738) (Supple-
mentary Table 1), there were substantial variations in
sdLDLC among the participants when they were
stratified according to their circulating LDLC level
(Supplementary Fig.2). The baseline median
sdLDLC values were 24.7 (19.3, 32.2) (range, 8.0—
86.0) mg/dL, 35.5 (29.0, 48.6) (range, 15.0-84.0)
mg/dL, 51.3 (42.3, 62.2) (range, 25.0-103.0) mg/dL,
and 71.1 (59.0, 85.7) (range, 35.0-134.0) mg/dL in
participants with LDLC levels of <100 mg/dL, 100—
129 mg/dL, 130-159 mg/dL, and > 160 mg/dL,
respectively. The baseline characteristics of the partici-
pants, when stratified into the sdLDLC quartile, are
shown in Table 2. Statistically significant trends were
present for all the known CVD risk factors, except for
current smoking, with increasing sdLDLC quartile

(Table 2).

Relationships of Carotid Atherosclerosis Progression
With Sdldlc and Ldlc Levels

Of the 808 participants, 44.1% developed new
plaque during the 5-year period of follow-up (Table
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Table 2. Baseline Characteristics of the Participants when Divided into Quartiles of Small Dense LDL Cholesterol Level

' sdLDL cholesterol, mg/dL P value
Variables
<33 33-47 48-62 > 63 for trend
Number 195 201 204 208
Age, year 57.2%7.9 59.3£7.7 59.5+7.7 59.8%7.6 0.001
Men, 7 (%) 74 (37.9) 90 (44.8) 94 (46.1) 101 (48.6) 0.036
Lipids and lipoproteins
Total cholesterol, mg/dL 180.33+27.94 208.51%27.46 220.42 +29.42 250.28 =38.13 <0.001
LDL cholesterol, mg/dL 98.45 +20.45 130.20£20.36 143.68 £26.31 168.83£33.05 <0.001
HDL cholesterol, mg/dL 63.12+15.48 60.74+13.30 55.98 +12.47 54.92+9.91 <0.001
Triglycerides, mg/dL 73.0 (59.0, 97.0) 97.0 (78.5,118.0)  140.5 (108.0, 177.8) 188.0 (138.0,247.8) <0.001
Non-HDL cholesterol, mg/dL 120.88+21.93 152.38+21.37 169.08 £22.96 201.23 +36.65 <0.001
sdLDL cholesterol, mg/dL 25.5(20.7, 29.3) 39.2 (35.6, 43.8) 54.8 (51.1, 59.1) 77.4 (66.2, 86.1) <0.001
IbLDL cholesterol, mg/dL 75.2(63.0,85.1)  90.7 (78.9,103.2)  89.1 (72.8,107.5)  89.7 (69.6, 107.6)  <0.001
sdLDLC/LDLC ratio, % 24.5(22.1,27.2) 29.8 (27.3, 33.7) 37.6 (33.7, 43.5) 47.1 (41.5, 52.9) <0.001
Lipid-lowering treatment, n (%) 8 (4.1) 20 (10.0) 26 (12.7) 40 (19.2) <0.001
Fasting blood glucose, mmol/L 4.67%0.84 4.77+0.72 4.93+0.79 5.13+1.42 <0.001
Diabetes, 7 (%) 6(3.1) 7 (3.5) 14 (6.9) 15 (7.2) 0.024
Blood pressure
Systolic blood pressure, mmHg 123.1%17.5 127.5%17.1 132.8+18.8 131.7+18.2 <0.001
Diastolic blood pressure, nmHg 77.4+9.5 79.3+£9.6 82.4%+9.3 83.1+10.3 <0.001
Hypertension, 7 (%) 68 (34.9) 93 (46.3) 104 (51.0) 102 (49.0) 0.003
Body mass index, kg/m? 24.1+3.4 24.6%2.9 25.2%3.1 259+3.2 <0.001
Obesity, 7 (%) 24 (12.3) 28 (13.9) 36 (17.6) 52 (25.0) <0.001
Hs-CRP, mg/L 0.59 (0.31, 1.28) 0.72 (0.27, 1.57) 0.90 (0.40, 1.88) 1.03 (0.52, 2.13) <0.001
Current smoking, 7 (%) 18 (9.2) 20 (10.0) 19 (9.3) 25 (12.0) 0.412
High cardiovascular risk, 7 (%) 11 (5.6) 18 (9.0) 34 (16.7) 79 (38.0) <0.001

HDL, high-density lipoprotein; Hs-CRP, high-sensitivity C-reactive protein; IbLDL, large buoyant low-density lipoprotein; LDL, low-density lipo-
protein; sdLDL, small dense low-density lipoprotein; sdLDLC/LDLC ratio, ratio of small dense LDL cholesterol to LDL cholesterol.

Data are expressed as number (percent) for categorical variables, as mean (standard deviation) for normally distributed continuous variables, and as
median (interquartile range) otherwise.

Table 3. Characteristics of Carotid Atherosclerotic Plaque when Divided into Quartiles of Small Dense LDL Cholesterol Level

sdLDL cholesterol, mg/dL

P value
Variables Total <33 33-47 48-62 > 63 for trend
Number 808 195 201 204 208
Prevalence of carotid plaque, 7 (%) 159 (19.7) 25 (12.8) 39 (19.4) 42 (20.6) 53 (25.5) 0.002
Progression of carotid plaque, 7 (%) 356 (44.1) 54 (27.7) 84 (41.8) 96 (47.1) 122 (58.7) <0.001
Incidence of new plaque, 7 (%) 274 (42.2) 44 (25.9) 67 (41.4) 76 (46.9) 87 (56.1) <0.001
1 Vascular site, 7 (%) 133 (20.5) 23 (13.5) 38 (23.5) 32 (19.8) 40 (25.8) O
> 2 Vascular sites, 7 (%) 141 (21.7) 21 (12.4) 29 (17.9) 44 (27.2) 47 (30.3) ’
Area <15 mm?, 7 (%) 152 (23.4) 33 (19.4) 42 (25.9) 40 (24.7) 37 (23.9)
Area > 15 mm?, 7 (%) 158 243) 23 (135) 36 (22.2) 48 (29.6) 51329 <0001

sdLDL, small dense low-density lipoprotein.
Data are expressed as number (percent) for categorical variables, as mean (standard deviation) for normally distributed continuous variables, and as
median (interquartile range) otherwise.

3). As baseline sdLDLC increased, a significant
increase was found in the rate of plaque progression,
from 29% in the 10-19 mg/dL subgroup to 71% in

the 2 90 mg/dL subgroup (£<0.001) (Supplemen-
tary Fig.3). A progressive increase was also identified
for the number of vascular sites affected by new
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Fig.1. Plaque Progression Stratified According to Small Dense LDL Cholesterol Quartile in
Participants with LDL Cholesterol Levels = 160 mg/dL or <100 mg/dL

LDLC, low-density lipoprotein cholesterol; sdLDLC, small dense low-density lipoprotein cholesterol.
Data are shown as the percentage (number of participants with plaque progression/total number of par-
ticipants in the subgroup) demonstrating plaque progression among participants with LDLC levels >

160 mg/dL or <100 mg/dL.

Table 4. Relative Risk (95% Confidence Interval) of Carotid Atherosclerosis Progression According to Small Dense LDL Choles-

terol Quartile and Dichotomized LDL Cholesterol

. No of . Plaque Multi-territorial ~ Total area of new

Variables .. Plaque progression .
participants incidence  extent of new plaque plaque

LDLC <130 mg/dL +sdLDLC <33 mg/dL 184 Reference Reference Reference Reference
LDLC <130 mg/dL +sdLDLC 33-47 mg/dL 97 1.24 (0.91-1.68) 1.28 (0.91-1.81) 1.28 (0.78-2.08)  1.26 (0.77-2.05)
LDLC <130 mg/dL +sdLDLC 48-62 mg/dL 52 1.54 (0.76-1.71) 1.30 (0.82-2.06)  2.00 (1.10-3.62) 1.95 (1.07-3.54)
LDLC <130 mg/dL +sdLDLC > 63 mg/dL 24 2.05 (1.43-2.93) 1.99 (1.26-3.14) 3.83 (1.79-5.69) 4.39 (2.03-5.52)
LDLC > 130 mg/dL +sdLDLC <33 mg/dL 11 0.89 (0.28-3.62) 0.60 (0.08-4.52) 0.89 (0.15-5.20)  0.86 (0.15-5.15)
LDLC 2 130 mg/dL +sdLDLC 33-47 mg/dL 104 1.40 (0.99-1.97) 1.32(0.90-1.95) 1.64 (0.90-2.98) 1.56 (0.86-2.84)
LDLC > 130 mg/dL +sdLDLC 48-62 mg/dL 152 1.49 (1.11-2.00) 1.45 (1.05-2.01) 2.06 (1.24-3.42) 1.69 (1.02-2.82)
LDLC > 130 mg/dL +sdLDLC > 63 mg/dL 184 1.65(1.26-2.17) 1.62 (1.19-2.21)  2.01 (1.24-3.26) 2.09 (1.29-3.39)

LDLC, low-density lipoprotein cholesterol; No, number; sdLDLC, small dense low-density lipoprotein cholesterol.
Relative risk was calculated using a modified Poisson regression model after adjustment for known cardiovascular disease risk factors, lipid-lowering

treatment, and large buoyant LDL cholesterol.

plaque in participants who had no baseline plaque. A
subgroup analysis was performed to explore the distri-
bution of plaque progression, stratified according to
sdLDLC quartile, among participants with an LDLC
level of > 160 mg/dL or <100 mg/dL (Fig.1). For
those in the highest quartile of sdLDLC, the progres-
sion rate among participants with LDLC <100 mg/
dL was similar to those with LDLC > 160 mg/dL.
The risk of plaque progression was significantly
associated with the quartiles of sdLDLC-related bio-
markers (Supplementary Table 2) and LDLC (RR
[per 10 mg/dL] 1.12; 95% CI 1.08-1.17; P=0.001)
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after multivariable adjustment. However, for partici-
pants with LDLC <130 mg/dL (Table 4 and Sup-
plementary Table 3), sdLDLC showed significant
associations with plaque progression. Participants with
the highest sdLDLC quartile had a 2.05-fold (95% CI
1.43-2.93; P<0.001) higher risk of plaque progres-
sion than those with the lowest sdLDLC quartile
(Table 4). In the multivariable model, high LDLC
was not associated with the risk of plaque progression
(RR [per 10 mg/dL] 1.11; 95% CI 0.97-1.27;
P=0.127). Participants with the lowest sdLDLC but
LDLC = 130 mg/dL had a comparable risk of plaque
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RR for Plaque Progression

Low Intermediate

High cardiovascular

Fig.2. Relative Risk of Plaque Progression According to Subgroup of Small Dense LDL Cho-
lesterol Quartile and Differing Cardiovascular Risk

RR, relative risk; sdLDLC, small dense low-density lipoprotein cholesterol.

Cardiovascular risk was calculated according to the 2016 Chinese guidelines for the management of
dyslipidemia in adults. Relative risk was calculated using a modified Poisson regression model after
adjustment for lipid-lowering treatment and large buoyant LDL cholesterol. *p<0.050; **»<0.010;

%, 20.001.

progression to those with the same sdLDLC and
LDLC <130 mg/dL (RR 0.89; 95% CI 0.28-3.62;
P=0.688). The significantly higher risk of plaque pro-
gression associated with the highest sdLDLC quartile
was also found in participants with a non-high-density
lipoprotein cholesterol level of <160 mg/dL (RR
2.08; 95% CI 1.38-3.14; P=0.001). Similar results
were obtained after multivariable adjustment with
respect to the risk of plaque incidence, multi-territo-
rial extent, and total area of new plaque (Table 4 and
Supplementary Table 3). Further adjustment for
baseline hs-CRP, and 5-year changes in other risk fac-
tors, and reanalysis after the exclusion of participants
with diabetes mellitus did not appreciably change
these relationships (data not shown). An interaction
model involving the sdLDLC quartile and subgroup
was also fitted, but no significant interaction was

found (Supplementary Fig. 4).

Relationships of Carotid Atherosclerosis Progression
With Sdldlc and Differing Cardiovascular Risk

Briefly, 51.6% and 38.4% of participants at
intermediate and low cardiovascular risk developed
new plaque during the 5-year follow-up period,
respectively. Baseline sdLDLC was significantly associ-
ated with the risk of atherosclerosis progression among
participants with differing cardiovascular risk (Fig.2

and Supplementary Fig.5). The risk of plaque pro-

gression was twice as high among participants with
the highest sdLDLC compared with those with the
lowest sdLDLC, irrespective of cardiovascular risk
(Fig.2). However, participants with the lowest
sdLDLC but high cardiovascular risk had only a non-
significant RR of 1.43 (P=0.371) when compared
with those who had the same sdLDLC but low cardio-
vascular risk, possibly because of the limited number
of participants involved. Furthermore, participants
with the highest sdLDLC but intermediate or low car-
diovascular risk (accounting for 16% of all the partici-
pants) had comparable risks to those with the same
sdLDLC and high cardiovascular risk (»>0.1). Simi-
lar results were also obtained for the risk of plaque
incidence (Supplementary Fig.5). Even for those
participants with intermediate or low risk and an
LDLC of <130 mg/dL, sdLDLC was significantly
associated with the risk of plaque progression (Sup-
plementary Table 4). Further adjustment for baseline
hs-CRP, and 5-year changes in other risk factors, and
reanalysis after the exclusion of participants with dia-
betes mellitus did not appreciably change these rela-
tionships (data not shown).

Discussion

In this prospective study of asymptomatic partic-
ipants, we investigated whether measurement of

sdLDLC would quantify the risk of subclinical athero-

701



Qi et al.

sclerosis more effectively than standard lipid measures.
The key findings are that high circulating sdLDLC
was indicative of an approximately two-fold higher
risk of progression of carotid atherosclerosis. This
greater risk remained significant in individuals with
low LDLC or non-high-density lipoprotein choles-
terol levels, even in those with intermediate or low
cardiovascular risk.

A high-risk strategy was implemented for lipid-
lowering therapy in the primary prevention of CVD
recommended by all guidelines'?. Although the evi-
dence obtained from major observational studies of
general populations demonstrates a strong positive
correlation between LDLC level and CVD risk, the
Cooper Center Longitudinal Study found that only
LDLC > 160 mg/dL was independently associated
with a higher RR of CVD or coronary heart disease
mortality in a population at low estimated 10-year
atherosclerotic CVD risk??. In addition, most CVD-
free asymptomatic individuals maintain LDLC values
of <130 mg/dL. Therefore, clarifying the optimal
biomarkers for use in cardiovascular prognosis should
contribute to the precise identification of individuals
with high cardiovascular risk and early prevention of
CVD in those with intermediate or even low risk.

There are several observational studies that have
identified associations between sdLDLC, and coro-
nary heart disease incidence'" '?, or the presence of
subclinical atherosclerosis? *¥. Our analyses have
shown that sdLDLC was independently associated
with atherosclerosis progression and carotid plaque
progression, even when individuals had an sdLDLC >
10 mg/dL. Furthermore, even in participants with
LDLC levels <130 mg/dL, high sdLDLC is associ-
ated with a significantly higher risk of plaque progres-
sion. Previous studies reported similar findings, where
high sdLDLC is significantly associated with incident
coronary heart disease in individuals with LDLC <
100 mg/dL in the Atherosclerosis Risk in Communi-
ties study'? and in normoglycemic, non-diabetic indi-
viduals in the Multi-Ethnic Study of Atherosclero-
sis'V. Wilkins et al. also found that individuals with
high apolipoprotein B and low LDLC, representing
small dense LDL, had a 55% higher risk of the
25-year coronary artery calcium score in the Coronary
Artery Risk Development in Young Adults study®.
The present study extends these findings, making
them more applicable to contemporary clinical prac-
tice by further investigating the association between
sdLDLC and atherosclerosis progression in partici-
pants with differing cardiovascular risk, as defined in
the 2016 Chinese guidelines for the management of
dyslipidemia in adults. The highest sdLDLC doubled

the risks of plaque development or progression com-
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pared with the lowest level in participants at interme-
diate or low cardiovascular risk, with a comparable
impact in high-risk individuals; this association was
also present in individuals with an intermediate or low
risk and an LDLC level of <130 mg/dL. Recently,
Fernandez-Friera ez al. showed that LDLC is indepen-
dently associated with the presence and extent of ath-
erosclerosis in both the cardiovascular risk factor-free
and optimal groups in the Progression of Early Sub-
clinical Atherosclerosis study®. We also identified the
same trend in the association between baseline LDLC
and the prevalence of carotid plaque in individuals
with LDLC <130 mg/dL and low cardiovascular risk
(odds ratio [per 10 mg/dL] 1.19; P=0.047). However,
baseline sdLDLC, but not LDLC, was associated with
the progression of carotid atherosclerosis in individu-
als with low LDLC and also in those with intermedi-
ate or low cardiovascular risk in our study. Tsai ez a/.'V
reported the consistent finding that, among normo-
glycemic and CVD-free participants, LDLC > 100
mg/dL is not associated with the risk of future coro-
nary heart disease (hazard ratio 1.02; P=0.93) in indi-
viduals with sdLDLC <25.5 mg/dL. Therefore, it is
apparent that the measurement of LDLC quantifies
the cholesterol content of LDL particles but does not
take into account the vast heterogeneity of LDL parti-
cles among individuals, and the use of LDLC to eval-
uate cholesterol-related cardiovascular risk may actu-
ally underestimate future risk in individuals who have
a high level of circulating sdLDLC. Except for the
atherogenic role of sdLDLC, it was also found that
sdLDLC levels were strongly associated with athero-
sclerotic risk markers such as inflammation, thrombo-
sis, hematologic markers?”, and prediabetes?”, which
was further demonstrated in our study where sdLDLC
levels were significantly correlated with hs-CRP and
fasting blood glucose in the general population. Tak-
ing all these findings into account, the measurement
of sdLDLC may therefore help clinicians to reclassify
individuals thought to be at low risk into the high-risk
category, for early intervention.

Although the modulation of LDL particle size
has failed to show benefits in patients in terms of
fewer CVD events and slower progression of athero-
sclerosis®®, data from several clinical trials have sup-
ported the use of statin therapy for primary preven-
tion in higher risk individuals. Previous studies have
shown that high-intensity statin therapy significantly
lowers not only total LDLC, but also sdLDLC, by
about 50%%. Proteomic analysis has identified signif-
icant differences in the proteome of LDL from that of
lower density of apoB-containing lipoproteins'® 3.
These differences suggest that LDL particles acquire
some proteins directly from the plasma, high-density
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lipoprotein particles, or peripheral cells, and not just
from the lipolysis of triglyceride-rich lipoproteins. It is
possible that some of these proteins have LDL-specific
functions that might alter the metabolism of LDL
subfractions, and this might provide an explanation
for the higher atherogenicity of sdLDL relative to
large buoyant LDL, which may involve lower binding
affinity for the LDL receptor, longer plasma half-life,
and weaker resistance to oxidative stress® *" 3. Oxi-
dized LDL, rather than native LDL, could directly
accelerate atherosclerosis by stimulating macrophage
foam cell formation®” and increasing the risk of CVD
events and subclinical atherosclerosis®?. However,
sdLDL may be prone to being oxidized and more
effective at promoting macrophage lipid accumulation
than the same quantity of mixed LDL.

The present report is the first large-scale study
conducted in a general Chinese population to assess
the importance of sdLDLC. In this study, we investi-
gated the relationship between sdLDLC and athero-
sclerotic plaque progression: we found that baseline
sdLDLC was positively associated with the progres-
sion of carotid atherosclerosis and that the atherogenic
impact of sdLDLC was found in individuals with low
LDLC or non-high-density lipoprotein cholesterol,
even in those with intermediate or low cardiovascular
risk.

STUDY LIMITATIONS. Firstly, we measured
sdLDLC using automated homogeneous assay, not the
method most frequently used in previous studies, such
as ultracentrifugation, gradient gel electrophoresis,
and nuclear magnetic resonance imaging, which might
limit between-study comparisons due to measurement
divergence. The results using the previous methods
lack particle standardization and reproducibility, dem-
onstrate a wide range of variation (6%-93%)3> 3.
The assay used in the present study, which was devel-
oped by Ito et al.*", can be used to quantify sdLDLC
with high precision, selectivity, reliability, simplicity,
throughput, and speed. It might be widely applicable
in clinical laboratories and should be useful for the
evaluation of the significance of sdLDL in the devel-
opment of CVD and atherosclerosis in future clinical
and epidemiologic studies. Secondly, our study was
observational in design, which precluded causality
inference. Although we adjusted for several confound-
ing factors, we cannot exclude the impact of some
unaccounted-for residual confounding factors that
were imperfectly measured or unmeasured, such as the
type of lipid-lowering medication being used. This is a
common limitation of a non-randomized study, but it
nevertheless highlights the need for further studies.
Thirdly, our sample size was large, but only repre-
sented a proportion of the original cohort. To ascer-

tain whether the missing data created potential bias,
we compared the baseline characteristics of study par-
ticipants who were eligible with those who were
unavailable for re-examination, and found no signifi-
cant lipid-related differences. Nevertheless, attempts
should be made to replicate our findings and to vali-
date them clinically in larger studies. Finally, the fact
that our study participants were all Chinese may limit
the generalizability of our findings, and therefore fur-
ther investigations should be conducted in popula-
tions of other ethnicities.

Conclusions
Our findings indicate that sdLDLC level is inde-

pendently associated with the progression of carotid
atherosclerosis. The atherogenic impact of sdLDLC is
substantial in individuals with low LDLC and in those
with low cardiovascular risk. Our findings may have
important ramifications for the prognosis and treat-
ment of atherosclerosis, by reinforcing the potential
importance of not all LDL particles being equally ath-
erogenic and by showing that sdLDL is an important
factor defining LDL particle functionality. Thus,
sdLDLC has the potential to serve as a marker for the
atherogenic function of LDL. Clinically, sdLDLC
could be measured in individuals with intermediate or
low risk, and those with higher sdLDLC may benefit
from more aggressive cholesterol-lowering therapy.
This possibility requires further investigations in large,
prospective epidemiologic studies and clinical trials.
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Supplementary Fig. 1. Distribution of Small Dense Low-
density Lipoprotein Cholesterol

LDL, low-density lipoprotein.
Data are shown as number for the distribution of small dense LDL
cholesterol among total study participants.

Supplementary Table 1. Correlations between Small Dense LDL Cholesterol and Other Car-
diovascular Risk Factors

Variables sdLDL cholesterol ~ sdLDLC/LDLC ratio
sdLDLC/LDLC ratio 0.830™**

Large buoyant LDL cholesterol 0.219*** -0.296***
Total cholesterol 0.691%** 0.222%**
Triglycerides 0.716"** 0.829***
LDL cholesterol 0.738*** 0.276***
High-density lipoprotein cholesterol -0.336*** -0.496***
Non high-density lipoprotein cholesterol 0.792*** 0.426***
Systolic blood pressure 0.178*** 0.210™**
Diastolic blood pressure 0.200™** 0.251%**
Fasting blood glucose 0.218"** 0.205™**
Body mass index 0.219*** 0.245™**
High-sensitivity C-reactive protein 0.180*** 0.157***

LDL, low-density lipoprotein; sdLDL, small dense low-density lipoprotein; sdLDLC/LDLC ratio, ratio of
small dense low-density lipoprotein cholesterol to total low-density lipoprotein cholesterol.

Correlation coefficients were estimated after adjustment for age and sex. *P<0.050; **P<0.010; ***P<
0.001.
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LDL, low-density lipoprotein.
Data are shown as number for the distribution of small dense LDL cholesterol among the subgroup of LDL cholesterol level >
160 mg/dL (A), 130-159 mg/dL (B), 100-129 mg/dL (C), and <100 mg/dL (D).
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Supplementary Fig. 3. Progression of Carotid Atherosclerosis in Participants Stratified According to Small Dense LDL Cholesterol
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LDL, low-density lipoprotein. Data are shown as progression and incidence of carotid plaque in participants stratified according to small
dense LDL cholesterol (A and B), or LDL cholesterol (C and D), respectively.

Supplementary Table 2. Relative Risk (95% Confidence Interval) of Carotid Atherosclerosis Progression According to Small
Dense LDL Related Biomarkers Quartiles

. No of . . Multi-territorial Total area of new

Variables .. Plaque progression  Plaque incidence
participants extent of new plaque plaque

sdLDLC quartile

<33 mg/dL 195 Reference Reference Reference Reference

33-47 mg/dL 201 1.29 (0.98-1.70) 1.33 (0.97-1.81) 1.45 (0.95-2.23) 1.43 (0.93-2.21)

48-62 mg/dL 204 1.38 (1.06-1.80) 1.45 (1.07-1.96) 2.08 (1.36-3.20) 1.83 (1.19-2.82)

> 63 mg/dL 208 1.68 (1.31-2.17) 1.70 (1.27-2.28) 2.26 (1.46-3.49) 2.42 (1.57-3.75)
sdLDLC/LDLC ratio quartile

<27% 176 Reference Reference Reference Reference

27-34% 236 136 (1.05-1.76)  1.30 (0.98-1.73)  1.44 (0.95-2.18)  1.36 (0.90-2.07)

35-42% 180 1.43 (1.09-1.87)  1.43(1.07-1.92)  1.73 (1.11-2.68)  1.62 (1.04-2.51)

> 43% 216 1.69 (1.29-2.21) 1.77 (1.31-2.38) 2.59 (1.65-4.06) 2.85 (1.81-4.48)

LDL, low-density lipoprotein; No, number; sdLDLC, small dense low-density lipoprotein cholesterol; sdLDLC/LDLC ratio, ratio of small dense
LDL cholesterol to LDL cholesterol. Relative risk was calculated using a modified Poisson regression model after adjustment for known cardiovas-
cular disease risk factors, lipid-lowering treatment, and large buoyant LDL cholesterol.
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Supplementary Table 3. Relative Risk (95% Confidence Interval) of Carotid Atherosclerosis Progression According to Small
Dense LDL Cholesterol / LDL cholesterol Ratio Quartile and Dichotomized LDL Cholesterol

. No of Plaque Plaque Multi-territorial ~ Total area of new

Variables . . .
participants progression incidence extent of new plaque plaque

LDLC <130 mg/dL +sdLDLC/LDLC ratio <27% 127 Reference Reference Reference Reference
LDLC <130 mg/dL +sdLDLC/LDLC ratio 27-34% 105 1.21 (0.87-1.69)  1.17 (0.80-1.70) ~ 0.98 (0.57-1.67)  1.02 (0.59-1.74)
LDLC <130 mg/dL + sdLDLC/LDLC ratio 35-42% 44 1.12(0.69-1.81) 125(0.76-2.08) 139 (0.71-2.75)  1.42 (0.72-2.82)
LDLC <130 mg/dL +sdLDLC/LDLC ratio > 43% 81 1.45(0.95-2.11)  1.60 (0.97-2.47) ~ 2.82(1.53-5.20)  3.11 (1.67-5.77)
LDLC > 130 mg/dL +sdLDLC/LDLC ratio <27% 49 0.87 (0.51-1.51) ~ 0.75 (0.41-1.38)  0.68 (0.30-1.54)  0.61 (0.27-1.40)
LDLC > 130 mg/dL +sdLDLC/LDLC ratio 27-34% 131 1.43 (1.02-2.01)  1.22(0.84-1.77)  1.71(0.94-3.14)  1.37 (0.74-2.52)
LDLC > 130 mg/dL +sdLDLC/LDLC ratio 35-42% 136 1.48 (1.08-2.02)  1.35(0.96-1.90)  1.64(0.95-2.82)  1.43 (0.83-2.46)
LDLC 2 130 mg/dL +sdLDLC/LDLC ratio > 43% 135 1.65(1.22-2.23)  1.66(1.19-2.30)  2.03 (1.20-3.43)  2.25(1.33-3.81)

LDL, low-density lipoprotein; LDLC, low-density lipoprotein cholesterol; No, number; sdLDLC/LDLC ratio, ratio of small dense LDLC to total
LDLC. Relative risk was calculated using a modified Poisson regression model after adjustment for known cardiovascular disease risk factors, lipid-

lowering treatment, and large buoyant LDLC.

Subgroup variables Sample size
Age (years) <760 215
=60 188
Sex Men 175
Women 228
Obesity No 327
Yes 76
LDLC <130 mg/dL 208

=130 mg/dL 195

Triglycerides <150 mg/dL 249
=150 mg/dL 154

Hypertension No 233
Yes 170
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Supplementary Fig. 4. Relative Risk (95% Confidence Interval) of Plaque Progression Associated with the
Highest Quartile of Small Dense LDL Cholesterol Compared with the Lowest Quar-
tile in Subgroups of Known Cardiovascular Risk Factors

CI, confidence interval; LDL, low-density lipoprotein; LDLC, low-density lipoprotein cholesterol; RR, relative risk;

sdLDL, small dense low-density lipoprotein.

Relative risk was calculated using a modified Poisson regression model after adjustment for known cardiovascular dis-
ease risk factors, lipid-lowering treatment, large buoyant LDL cholesterol. ' P value for interaction analysis.
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2.69%**

RR for Plaque Incidence

1.01 0.92
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cardiovascular cardiovascular cardiovascular
risk risk risk

Supplementary Fig.5. Relative Risk of Plaque Incidence According to Subgroup of Small Dense
LDL Cholesterol Quartile and Differing Cardiovascular Risk

LDL, low-density lipoprotein; RR, relative risk; sdLDLC, small dense low-density lipoprotein cholesterol.
Cardiovascular risk was calculated according to the 2016 Chinese guideline for the management of dyslip-
idemia in adults. Relative risk was calculated using a modified Poisson regression model after adjustment
for lipid-lowering treatment, and large buoyant LDL cholesterol in participants who had no plaque at base-
line (=649). *P<0.050; **P<0.010; ***P<0.001.

Supplementary Table 4. Relative Risk (95% Confidence Interval) of Carotid Atherosclerosis Progression According to Small
Dense LDL Cholesterol Quartile and Dichotomized LDL Cholesterol in Participants with Intermediate
or Low Cardiovascular Risk

. No of . Plaque Multi-territorial ~ Total area of new

Variables .. Plaque progression .
participants incidence extent of new plaque plaque

LDLC<130 mg/dL+sdLDLC <33 mg/dL 175 Reference Reference Reference Reference
LDLC< 130 mg/dL +sdLDLC 33-47 mg/dL 88 1.28(0.93-1.77) 1.27(0.89-1.82)  1.31(0.79-220)  1.31 (0.79-2.20)
LDLC< 130 mg/dL +sdLDLC 48-62 mg/dL 44 1.25(0.81-1.93)  1.44(0.90-2.31)  2.22(1.17-4.18)  2.12 (1.12-4.00)
LDLC< 130 mg/dL+sdLDLC > 63 mg/dL 20 2.05(1.36-3.07) 196 (1.15-3.34)  3.46(1.53-5.82)  4.17 (1.83-5.52)
LDLC > 130 mg/dL+sdLDLC <33 mg/dL 9 0.95(0.26-3.48)  0.57 (0.07-4.51)  0.99 (0.17-5.93)  1.01 (0.17-5.13)
LDLC > 130 mg/dL +sdLDLC 33-47 mg/dL 95 1.33(0.89-2.00)  1.34(0.87-2.09)  1.66 (0.84-3.25)  1.74(0.89-3.42)
LDLC > 130 mg/dL+sdLDLC 48-62 mg/dL 126 145(1.04202)  146(1.022.09)  2.16(1.22-3.81)  1.87 (1.05-3.30)
LDLC > 130 mg/dL+sdLDLC > 63 mg/dL 109 1.57(1.15-2.14) 140 (0.98-2.00) 172 (1.01-2.95)  1.76 (1.03-3.02)

LDL, low-density lipoprotein; LDLC, low-density lipoprotein cholesterol; No, number; sdLDLC, small dense low-density lipoprotein cholesterol.
Relative risk was calculated using a modified Poisson regression model after adjustment for known cardiovascular disease risk factors, lipid-lowering

treatment, and large buoyant LDLC.
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