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Objective: Elevated low-density lipoprotein cholesterol (LDL-C) is an established risk

factor for ischemic stroke; however, whether LDL-C affects the platelet deformation

function in the peripheral blood circulation in patients with acute ischemic stroke (AIS)

is unknown. The present study aimed to investigate the relationship between LDL-C and

platelet distribution width (PDW) in AIS patients.

Methods: We conducted a cross-sectional hospitalized-based study of consecutive

438 patients with AIS within 24 h. Blood samples were collected upon admission

and prior to drug administration, and LDL-C and PDW (a parameter that reflects

the heterogeneity of platelet volume) were assessed. The relationship between LDL-C

and PDW were analyzed by linear curve fitting analyses. Crude and adjusted beta

coefficients of LDL-C for PDW with 95% confidence intervals were analyzed using

multivariate-adjusted linear regression models.

Results: The PDWwas significantly higher in the high LDL-C group comparedwith those

in the normal LDL-C group (16.28 ± 0.37 fl vs. 16.08 ± 0.37 fl, p < 0.001). Adjusted

smoothed plots suggested that there are linear relationships between LDL-C and PDW,

and the Pearson’s correlation coefficient (95%) was 0.387 (0.304–0.464, p< 0.001). The

beta coefficients (95% CI) between LDL-C and PDW were 0.15 (0.12–0.18, p < 0.001)

and 0.14 (0.11–0.18, p < 0.001), respectively, in AIS patients before and after adjusting

for potential confounders.

Conclusion: Our study suggested that the elevated LDL-C level was related to

increased PDW among AIS patients.

Keywords: acute ischemic stroke, platelet distribution width, low-density lipoprotein, oxidative stress, multivariate

analysis
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INTRODUCTION

Acute ischemic stroke (AIS), a neurological deficit syndrome
caused by necrosis and softening of brain tissue, is a
common cause of morbidity and mortality worldwide, and its
incidence was 60–70% among all strokes (1). Elevated low-
density lipoprotein cholesterol (LDL-C) has been considered an
independent risk factor for AIS. LDL-C is the main cholesterol-
carrying lipoprotein in the body, accounting for ∼70% of
circulating cholesterol (2). Its physiological function is to
transport the endogenous cholesterol synthesized in the liver
to all tissues of the body, while elevated LDL-C will increase
the amount of cholesterol transported to all parts of the body,
leading to atherosclerosis. Studies have revealed that elevated
LDL-C is associated with the development of atherosclerotic
cerebrovascular diseases and related mortality (3–5). Previous
studies on the mechanism of AIS induced by LDL-Cmostly focus
on vascular inflammation and atherosclerosis. Few studies have
reported on the relationship between LDL-C and hemodynamics
and composition in the peripheral blood circulation.

The occurrence of cerebral infarction is closely related
to the vascular wall, blood composition and hemodynamics,
and the blood composition factors include the number and
morphological changes of platelets, red blood cells, and white
blood cells (6). Platelet distribution width (PDW) is a parameter
reflecting the volume heterogeneity of peripheral blood platelet,
which is expressed by the variation coefficient of measured
platelet volume. The increase of PDW indicates the great
difference in platelet size, which is common in hematological
diseases and thrombotic diseases (7). Previous studies have
observed the morphologic changes and reactivity enhancement
of platelets inmyocardial infarction and other peripheral vascular
thrombotic diseases (8, 9). A recent study showed that PDW
was an important risk factor for stroke, and it could be a new
biomarker for predicting stroke (10).

Based on current evidence, whether LDL-C affects the
platelet deformation function in peripheral blood circulation and
thus causes ischemic stroke needs to be further investigated.
Thus, we conducted this cross-sectional study, aiming to
assess the association between LDL-C and PDW in the AIS
population. To our knowledge, no study has previously reported
on the association between LDL-C levels and PDW in the
AIS population.

MATERIALS AND METHODS

Ethics
This study was performed according to the principles of
the Declaration of Helsinki, and was approved by the ethics
committee of Baoshan Branch, Renji Hospital, School of
Medicine, Shanghai Jiaotong University, Shanghai, China. We
obtained informed consent from all patients or their immediate
family members prior to sample collection.

Design
This was a cross-sectional study, designed to explore the
correlation between LDL-C and PDW in the AIS population.

Consecutive patients with AIS were enrolled in our study from
Baoshan Branch of Renji Hospital in China from January 1, 2018,
and September 31, 2019, and patient data were recorded in the
Stroke Registry Database of the hospital.

Study Subjects
Patients were diagnosed with AIS according to the criteria
defined by the World Health Organization (11). The inclusion
criteria were (1) acute onset of ischemic stroke within 24 h;
(2) ischemic stroke symptoms and signs that can be clinically
evaluated; (3) confirmation by computed tomography (CT) or
magnetic resonance imaging (MRI) of the brain within 24 h after
admission, follow-up CT, or MRI was performed within 14 days
of admission or in any case of neurological deterioration; and (4)
aged≥40 years.

Patients were excluded according to the following
exclusion criteria: (1) intracerebral hemorrhage; (2) transient
ischemic attack; (3) malignancies; (4) leukemia, megaloblastic
anemia, post-splenectomy, giant platelet syndrome, primary
thrombocytopenia, and aplastic anemia; (5) acute myocardial
infarction and cardiac valvulopathy; and (6) data were not
available for review, including unintegrated clinical and
laboratory data.

Clinical and Laboratory Data
The data for demographic features, medical history
[hypertension, diabetes, coronary heart disease (CHD), and
atrial fibrillation], and medication used before admission
(antihypertensive drugs, lipid lowering drugs, antidiabetic drugs,
anticoagulant drugs, and antiplatelet drugs) were collected upon
admission via in-person interviews with the patients or their
family members.

Fasting venous blood samples were collected upon admission
and prior to drug administration, such as intravenous tissue
plasminogen activator, or any intraarterial revascularization
procedure in the emergency room. Blood specimens were
collected using coagulation-promoting vacuum tubes to detect
the level of LDL-C, which were measured with commercially
available quantitative test kit obtained from Biotechnology Co.,
Ltd (Shanghai, China). Intra- and interassay coefficients of
variation were 5 and 10%, respectively. The detection values
ranged from 0.05 to 11.60 mmol/L for LDL-C. The LDL-C
reference value in our laboratory was <3.1 mmol/L. Another
blood specimen was collected using EDTA vacuum tube to
detect the level of PDW, which was measured by XFA6100
automatic hematology analyzer. Intra- and interassay coefficients
of variation were 4 and 10%, respectively. The normal range of
PDW ranged between 9.8 and 16.1 fl.

Blood samples were also collected to measure routine blood
indicators [red blood cell (RBC) count, red blood cell distribution
width, platelet count, white blood cell (WBC) count, neutrophil
count, and lymphocyte count], blood biochemical indicators
(levels of alanine aminotransferase, total bilirubin, uric acid,
urea, creatinine, fasting blood sugar, glycosylated hemoglobin,
homocysteine, and erythrocyte sedimentation rate), blood lipid
index [levels of high density lipoprotein cholesterol (HDL-
C), LDL-C, triglyceride, apolipoprotein A1, and apolipoprotein
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B], and clotting index (D-Dimer, prothrombin time, partial
thromboplastin time, and thrombin time). All the above
determinations were performed in the hospital’s laboratory by
individuals blinded to the clinical data.

Groups
The patients in our study were grouped according to two
criteria. (1) First, in baseline characteristics analysis, groups were
organized by LDL-C level. The normal range of LDL-C was
<3.1 mmol/L; thus, high LDL-C was identified when its value
was ≥3.1 mmol/L, and included patients were categorized into
a group with normal LDL-C level (0–3.1 mmol/L) and a group
with high LDL-C level (≥3.1 mmol/L).When levels of PDWwere
compared, patients were also categorized into the T1, T2, and T3
groups according to the LDL-C tertile levels. (2) Second, groups
were organized based on the clinical normal reference value of
indicators in the hierarchical analysis. The normal range of total
bilirubin was <22.25 µmol/L, and those of uric acid, fasting
glucose, and triglyceride were<426µmol/L, 6.1 mmol/L, and 1.7
mmol/L, respectively.

Statistical Analysis
Baseline characteristics of participants are presented by LDL-
C level. Categorical variables were presented as counts and
percentages and were analyzed by Fisher’s exact tests or
Chi-square tests. Continuous variables were reported as the
means and standard deviations for data of normal distribution,
which were analyzed by t-tests, and they were reported
as medians and interquartile ranges for data of abnormal
distribution, which were analyzed by Mann–Whitney U-tests.
The association between LDL-C and PDW was assessed by
linear curve fitting analyses and multiple linear regression
analysis. Both non-adjusted and multivariate adjusted models
were applied, and interaction and stratified analyses were
conducted. Statistical analyses were performed using Statistical
Package of the Social Sciences Software version 24.0 (SPSS,
Chicago, IL, USA), and statistical graphics were generated using
GraphPad PRISM 6 (Graph Pad Software Inc., San Diego, CA,
USA). The level of significance was set with a two-tailed p-
value of <0.05.

RESULTS

Baseline Characteristics
A total of 568 consecutive candidates were recruited for the study
at the time of the final survey on July 31, 2019. Among these
candidates, those who had missing data related to PDW, LDL-
C, sex, and age were excluded from the eligible candidates for
this study (n = 93). Those with unreliable values of PDW (<10
fl) (n = 15) and those with implausible values of LDL-C (<1.0
mmol/L) (n = 22) were also excluded from the pool of eligible
candidates for this study. As a result, a total of 438 subjects were
included in the final analyses. A flowchart of the study is shown
in Figure 1.

Among 438 study subjects, women accounted for 46.12%
(n = 202) and men accounted for 53.88% (n = 236). The age
of the enrolled subjects ranged from 40 to 99 years (women,

FIGURE 1 | A flowchart of the study.

49–99 years; men, 40–91 years) with a mean age of 73.07 ±

10.83 years (women, 76.47 ± 10.24 years; men, 70.17 ± 10.49
years). The disease duration before admission ranged from
0.5 to 24 h, and the value was abnormally distributed with a
median and interquartile range of 6.5 (3.5–9.5) h. The LDL-
C ranged from 1.01 to 6.15 mmol/L, and the PDW ranged
from 15.2 to 17.5 fl. The mean PDW was significantly higher
in the high LDL-C group than that it was in the normal LDL-
C group (16.15 ± 0.38 vs. 16.08 ± 0.37 fl, p < 0.001), and
hierarchical analysis by sex showed a significant difference in
women (p < 0.001) and men (p = 0.003). Higher LDL-C
levels were associated with increased levels of PDW, triglyceride,
apolipoprotein B, and uric acid at baseline. The baseline
characteristics of the included patients are shown in Table 1.
The mean serum PDW levels were 16.03 ± 0.40, 16.14 ± 0.32,
and 16.29 ± 0.37 fl in the first (T1), second (T2), and third
(T3) RDW-SD tertiles for all patients, respectively, and there
was a significant difference among the three groups (p < 0.001).
Hierarchical analysis by sex also showed that PDW was
significantly elevated with the increased tertiles of LDL-C levels
(Supplementary Table 1, Figure 2).

Linear Curve Fitting of the Relationship
Between LDL-C and PDW
Smoothed plots suggested that there are linear relationships
between LDL-C and PDW after adjusting for sex, age, total
bilirubin, uric acid, fasting glucose, triglyceride, lipid lowering
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TABLE 1 | Baseline characteristics of participants by LDL-C level.

Index Total patients (N = 438) Normal LDL-C group (N = 276) High LDL-C group (N = 162) p-value

Basic information

Sex (men) (%) 236 (53.88) 145 (52.54) 91 (56.17) 0.461

Age (years) 73.07 ± 10.83 73.21 ± 10.65 72.83 ± 11.16 0.719

Disease duration (h) 6.50 (3.50–9.50) 6.25 (3.50–9.12) 6.75 (3.50–11.00) 0.694

OCSP classification

TACI (%) 49 (11.19) 30 (10.87) 19 (11.73) 0.920

PACI (%) 133 (30.36) 81 (29.35) 52 (32.10) 0.617

POCI (%) 82 (18.72) 55 (19.93) 27 (16.67) 0.471

LACI (%) 174 (39.73) 110 (39.85) 64 (39.50) 1.000

Medical history

Hypertension (%) 368 (84.02) 226 (81.88) 142 (87.65) 0.112

Diabetes (%) 153 (34.93) 96 (34.78) 57 (35.19) 0.932

CHD (%) 123 (28.08) 72 (26.09) 51 (31.48) 0.225

Atrial fibrillation (%) 14 (3.20) 10 (3.62) 4 (2.47) 0.586

Blood biochemical indicators

ALT (U/L) 17.05 (12.12–24.20) 16.30 (12.00–23.90) 17.85 (12.22–24.37) 0.337

Total bilirubin (µmol/L) 11.85 (8.60–15.97) 11.50 (8.57–15.60) 12.10 (8.83–16.43) 0.492

Uric acid (µmol/L) 291.31 ± 109.11 283.34 ± 106.70 304.88 ± 112.13 0.046

Urea (mmol/L) 5.50 (4.50–6.70) 5.50 (4.40–6.53) 5.55 (4.62–6.88) 0.261

Creatinine (µmol/L) 80.05 ± 39.04 77.84 ± 38.62 83.83 ± 39.58 0.121

Fasting glucose (mmol/L) 6.16 ± 2.20 6.06 ± 2.03 6.33 ± 2.47 0.219

Homocysteine (µmol/L) 16.96 ± 12.28 16.75 ± 11.81 17.34 ± 13.07 0.626

ESR (mm/h) 22.00 (11.00–30.00) 23.00 (12.00–30.25) 20.00 (10.00–28.75) 0.208

Blood lipid index

HDL-C (mmol/L) 1.25 ± 0.35 1.25 ± 0.37 1.27 ± 0.30 0.489

LDL-C (mmol/L) 2.84 ± 0.98 2.24 ± 0.53 3.87 ± 0.67 <0.001

Triglyceride (mmol/L) 1.16 (0.83–1.56) 1.05 (0.80–1.45) 1.31 (1.00–1.78) <0.001

Apolipoprotein A1 (g/L) 1.08 ± 0.24 1.06 ± 0.27 1.10 ± 0.18 0.107

Apolipoprotein B (g/L) 0.92 ± 0.33 0.81 ± 0.35 1.12 ± 0.17 <0.001

Blood routine indicators

RBC (1012/L) 4.39 ± 0.63 4.36 ± 0.62 4.44 ± 0.64 0.234

RDW (fl) 42.02 ± 2.84 42.06 ± 2.93 41.95 ± 2.67 0.693

Platelet (%) 219.50 ± 68.84 226.26 ± 70.73 207.99 ± 64.08 0.007

PDW (fl) 16.15 ± 0.38 16.08 ± 0.37 16.28 ± 0.37 <0.001

Women PDW (fl) 16.08 ± 0.37 16.01 ± 0.35 16.24 ± 0.32 <0.001

Men PDW (fl) 16.28 ± 0.37 16.14 ± 0.37 16.31 ± 0.40 0.003

MPV (fl) 9.94 ± 1.21 9.81 ± 1.17 10.15 ± 1.25 0.005

WBC (1012/L) 7.09 ± 2.36 7.14 ± 2.36 7.01 ± 2.37 0.600

Neutrophil (1012/L) 4.62 ± 2.00 4.68 ± 2.08 4.52 ± 1.86 0.431

Lymphocyte (1012/L) 1.73 (1.35–2.29) 1.73 (1.39–2.29) 1.72 (1.33–2.33) 0.675

Clotting index

D-Dimer (µg/ml) 0.41 (0.23–0.87) 0.40 (0.23–1.06) 0.41 (0.27–0.68) 0.998

Prothrombin time (s) 11.00 ± 0.88 11.02 ± 0.88 10.95 ± 0.89 0.413

Medication use before admission

Antihypertensive drugs (%) 342 (78.08) 209 (75.72) 133 (82.10) 0.120

Lipid lowering drugs (%) 187 (42.69) 80 (28.99) 107 (66.05) <0.001

Antidiabetic drugs (%) 143 (32.65) 89 (32.25) 54 (33.33) 0.815

Anticoagulant drugs (%) 7 (1.60) 5 (1.81) 2 (1.23) 1.000

Antiplatelet drugs (%) 370 (84.47) 227 (82.25) 143 (88.27) 0.093

ALT, alanine aminotransferase; CHD, coronary heart disease; ESR, erythrocyte sedimentation rate; HDL-C, high-density lipoprotein cholesterol; LACI, lacunar infarction; LDL-C, low-

density lipoprotein; MPV, mean platelet volume; OCSP, oxfordshire community stroke project; PACI, partial anterior circulation infarction; PDW, platelet distribution width; POCI, posterior

circulation infarction; RBC, red blood cell; RDW, red blood cell distribution width-standard deviation; TACI, total anterior circulation infarction; WBC, white blood cell.

Frontiers in Neurology | www.frontiersin.org 4 March 2021 | Volume 12 | Article 631227

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yuan et al. LDL-C Is Associated With PDW

FIGURE 2 | Comparison of PDW by the tertiles of LDL-C levels and sex. PDW

was significantly elevated with the increased tertiles of LDL-C levels in women

(p < 0.001) and men (p = 0.003).

FIGURE 3 | Linear curve fitting of the relationship between LDL-C and PDW. A

linear relationship between LDL-C and PDW was detected after adjusting for

sex, age, total bilirubin, uric acid, fasting glucose, triglyceride, lipid-lowering

drugs, antidiabetic drugs, and antiplatelet drugs. Solid lines represent the

fitting curve and dotted lines represent the corresponding 95% CI.

drugs, antidiabetic drugs, and antiplatelet drugs (Figure 3).
Hierarchical analysis by sex also showed there are linear
relationships between LDL-C and PDW in women and men
(Supplementary Figure 1). The Pearson’s correlation coefficients
(95%) for the relationship between LDL-C and PDW were
0.438 (0.319–0.543, p < 0.001) in women, 0.351 (0.234–0.459,
p < 0.001) in men, and 0.387 (0.304–0.464, p < 0.001) in
all patients.

Multiple Linear Regression Analyses of the
Relationship Between LDL-C and PDW
Univariate analysis showed that sex, age, total bilirubin, uric
acid, fasting glucose, triglyceride, LDL-C, lipid-lowering
drugs, antidiabetic drugs, and antiplatelet drugs were
regarded as confounding factors related to PDW (p < 0.2,
Supplementary Table 2). In multiple linear regression analysis,
the beta coefficient (95%) for the relationship between LDL-C
and PDW was 0.15 (0.12–0.18, p < 0.001) in all patients. When
LDL-C levels were divided into normal and high groups, the beta
coefficient (95%) for the relationship between LDL-C and PDW
was 0.20 (0.13–0.27, p < 0.001) reference to normal LDL-C in
all patients. When the multivariate analysis was performed after
adjusting for sex, age, total bilirubin, uric acid, fasting glucose,
triglyceride, lipid-lowering drugs, antidiabetic drugs, and
antiplatelet drugs, the beta coefficients (95%) for the relationship
between LDL-C and PDW were 0.14 (0.11–0.18, p < 0.001) in
all patients and 0.18 (0.10–0.25, p < 0.001) in the high LDL-C
group (Table 2), respectively, which showed that the statistical
significance was maintained. Hierarchical analysis, according to
sex, age, total bilirubin, uric acid, fasting glucose, triglyceride,
lipid-lowering drugs, antidiabetic drugs, and antiplatelet drugs,
also showed that the association between LDL-C and PDW was
statistically significant (Supplementary Table 3).

DISCUSSION

In the current study, we found that elevated LDL-C levels
were independently associated with increased PDW in the AIS
patients, and this positive effect was evident in all subgroups
considered and after careful adjustments. Therefore, these
results demonstrated that LDL-C was associated with PDW in
AIS patients.

In this study, we observed that higher LDL-C levels were
associated with increased levels of PDW, triglyceride, and
apolipoprotein B. Dyslipidemia usually includes both elevated
LDL-C and triglycerides and reduced HDL-C. Apolipoprotein
B is the principal structural apolipoprotein in the LDL-
C, and a high LDL-C level is a risk factor for aspirin
resistance and cerebrovascular disease (12, 13). Therefore, in
our study, we selected LDL-C as the main research object
to investigate the interaction between LDL-C and PDW.
Oxidized LDL-C and platelet adhesion play an important
role in endothelium-mediated vasodilation and hemodynamic
changes in the peripheral circulation (14, 15). In 2007, Hsiai
and colleagues showed that apolipoprotein B-100 nitration is
involved in hemodynamic changes, modulating the focal nature
of atherogenesis (16). The treatment of LDL-C apheresis could
produce potentially useful hemodynamic effects by significantly
reducing the whole blood viscosity at all shear rates (17).

Platelet is the main component of white thrombus, and the
elevated PDW increases the risk of platelet adhesion. PDW
has been used to distinguish between reactive thrombocytosis
and thrombocytosis associated with amyeloproliferative disorder
(18). In recent years, PDW is used as a potentially useful marker
for the early diagnosis of thromboembolic diseases since it is
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TABLE 2 | Multivariate linear regression for effects of LDL-C on PDW.

Variable Model 1 (unadjusted) Model 2 (adjusted)

N β (95% CI) p N β (95% CI) p

LDL-C (continuous) 438 0.15 (0.12, 0.18) <0.001 438 0.14 (0.11, 0.18) <0.001

LDL-C (categorical) 438 438

Normal (<3.1 mmol/L) 276 Ref 276 Ref

High (≥3.1 mmol/L) 162 0.20 (0.13, 0.27) <0.001 162 0.18 (0.10, 0.25) <0.001

Model 1: unadjusted.

Model 2: adjusted for sex, age, total bilirubin, uric acid, fasting glucose, triglyceride, lipid-lowering drugs, antidiabetic drugs, and antiplatelet drugs.

a specific marker of platelet activation. In 2017, Cetin and
colleagues revealed that PDW levels seem to be independent
markers of vascular infarction in young patients and may reflect
a prothrombotic state (19). Additionally, PDW was applied to
evaluate aspirin resistance and coagulation activation efficiently.
In 2018, Akturk and colleagues demonstrated that PDW is the
determinant of platelet activation and considered it as a marker
in inflammatory diseases (20). Asmentioned in the above studies,
both LDL-C and PDW are involved in platelet adhesion, aspirin
resistance, and hemodynamic disorders.

Our study revealed that LDL-C was associated with PDW
in AIS patients. While the mechanism of interaction between
LDL-C and PDW in AIS is still unclear, it may be related to
the oxidative stress response. Increased levels of LDL-C are
associated with elevation of oxidized LDL, which promotes
the response of oxidative stress and release of inflammatory
cytokines (such as functional tissue factor, monocyte chemotactic
protein 1, interleukin 10, interleukin 6, and tumor necrosis
factor α) in the peripheral circulation (21–24). Oxidized LDL
promotes the expression of platelet membrane glycoprotein
(CD62P, CD63) and causes the inhibition of the plasma
membrane Ca2+-ATPase. Its mechanism may be through the
pathway of nuclear factor-κB (NF-κB) and signal transducer
and activator of transcription 3 (STAT3) (25, 26). In our
study, we showed that higher LDL-C levels were associated
with increased levels of PDW and uric acid. Previous studies
revealed that uric acid is associated with oxidized LDL, and
both higher LDL-C and uric acid promote oxidative stress
response to produce excessive oxygen free radicals, resulting
in the injury of platelet membrane (25, 27, 28). Subsequently,
oxidative stress increases the adhesion of platelet, and reduced
the deformability of platelet, resulting in elevated PDW (29). In
2012, Badrnya and colleagues showed that platelets accelerate
neutrophil transmigration in response to oxidized LDL-C and
amplify the inflammatory processes within the vessel wall (30).
In 2015, Adam and colleagues demonstrated that LDL-C and
PDW were independent predictors of artery stenosis (31). We
also observed that patients with anterior circulation cerebral
infarction were more than those with posterior circulation in the
high-LDL group, which may be related to atherosclerosis and
platelet aggregation. Therefore, oxidative stress may be a critical
factor for high LDL-C and PDW leading to AIS. In addition,
the inflammatory reaction might participate in the reaction
between LDL-C and PDW (32). In recent years, biological

activity andmetabolic pathway of ethanoic acid, prostaenoic acid,
phosphocholine, and integrin in the interaction between LDL-C
and PDW are being investigated (33–36).

Several limitations should be considered in the interpretation
of our results. First, this was a cross-sectional study, and
although we did multiple linear regression analysis, establishing
a causal link needs further prospective study with a large
sample. Second, the study analyzed Chinese AIS patients, the
majority of whom were elderly patients with a mean age of
about 73 years, and most of the patients were hypertensive.
Third, the evidence of interaction between LDL-C and PDW
was from relevant literature and needs to be demonstrated by
an animal or human experiment. These warrants investigation in
other populations to confirm the generalizability of our results.
Despite these limitations, in our study, all included patients
excluded malignancies and hematological system diseases that
may affect the values of PDW, which ensures the reliability of
the conclusion.

In conclusion, the present study suggests that LDL-C was
associated with PDW in the AIS patients, Therefore, there may
be a potential mechanism of LDL-C result in ischemic stroke by
changing the homogeneity of platelet volume. Future studies are
required to explore the mechanism underlying the association
between LDL-C and PDW.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Baoshan Branch, Renji Hospital, School
of Medicine, Shanghai Jiaotong University, Shanghai. The
patients/participants provided their written informed consent to
participate in this study. Written informed consent was obtained
from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

D-SZ, JYu, and Z-ZL analyzed data and wrote the manuscript.
PZ, R-HH, JD, JYa, NZ, and X-JZ performed the data curation.

Frontiers in Neurology | www.frontiersin.org 6 March 2021 | Volume 12 | Article 631227

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yuan et al. LDL-C Is Associated With PDW

JC and Q-LF supervised the data curation. JZ conducted formal
analysis. Y-TG and D-SZ supervised this research. All authors
read and approved the final manuscript.

FUNDING

This work was supported by the Natural Science Foundation
of China (Grant No. 81771295), the Translational Medicine
Collaborative Innovation Cooperation Research Project
(No. TM201706), the Municipal Commission of Health and
Family Planning Foundation of Shanghai Pudong New Area
(No. PW2018D-02), the Combined Traditional Chinese and
Western Medicine of Shanghai (No. ZHYY-ZXJHZX-1-201701),
the Municipal Commission of Health and Family Planning

Foundation of Shanghai (No. 202040371), the Natural Science
Foundation of Shanghai (No. 20ZR1441700), and the Key
Medical Specialty Construction Projects of Baoshan Hospital
(No. RBZDZK-2019-001).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.631227/full#supplementary-material

Supplementary Figure 1 | Linear curve fitting of the relationship between LDL-C

and PDW by sex. Hierarchical analysis by sex also showed there are linear

relationships between LDL-C and PDW in women and men after adjusting for

confounder factors.

REFERENCES

1. Damani RH, Anand S, Asgarisabet P, Bissell C, Savitz S, Suarez JI. Regional

intervention of stroke care to increase thrombolytic therapy for acute ischemic

stroke. Stroke. (2018) 49:2008–10. doi: 10.1161/STROKEAHA.118.021109

2. Nixon DE, Bosch RJ, Chan ES, Funderburg NT, Hodder S, Lake JE, et al.

Effects of atorvastatin on biomarkers of immune activation, inflammation,

and lipids in virologically suppressed, human immunodeficiency virus-1-

infected individuals with low-density lipoprotein cholesterol <130 mg/dL

(AIDS Clinical Trials Group Study A5275). J. Clin. Lipidol. (2017) 11:61–9.

doi: 10.1016/j.jacl.2016.09.017

3. Zhang Q, Liu S, Liu Y, Hua Y, Song H, Ren Y, et al. Achieving low density

lipoprotein-cholesterol <70mg/dL may be associated with a trend of reduced

progression of carotid artery atherosclerosis in ischemic stroke patients. J.

Neurol. Sci. (2017) 378:26–9. doi: 10.1016/j.jns.2017.04.024

4. Al RM, Martin SS, McEvoy JW, Nasir K, Blankstein R, Yeboah J, et al.

The prevalence and correlates of subclinical atherosclerosis among

adults with low-density lipoprotein cholesterol <70mg/dL: the multi-

ethnic study of atherosclerosis (MESA) and Brazilian longitudinal

study of adult health (ELSA-Brasil). Atherosclerosis. (2018) 274:61–6.

doi: 10.1016/j.atherosclerosis.2018.04.021

5. Ma C, Na M, Neumann S, Gao X. Low-density lipoprotein cholesterol

and risk of hemorrhagic stroke: a systematic review and dose-response

meta-analysis of prospective studies. Curr. Atheroscler. Rep. (2019) 21:52.

doi: 10.1007/s11883-019-0815-5

6. Safar ME, Blacher J, Mourad JJ, London GM. Stiffness of carotid

artery wall material and blood pressure in humans: application to

antihypertensive therapy and stroke prevention. Stroke. (2000) 31:782–90.

doi: 10.1161/01.STR.31.3.782

7. Karnad A, Poskitt TR. The automated complete blood cell count. Use of

the red blood cell volume distribution width and mean platelet volume

in evaluating anemia and thrombocytopenia. Arch. Intern. Med. (1985)

145:1270–2. doi: 10.1001/archinte.1985.00360070150025

8. Schmoeller D, Picarelli MM, Paz MT, Poli DFC, Staub HL. Mean platelet

volume and immature platelet fraction in autoimmune disorders. Front. Med.

(2017) 4:146. doi: 10.3389/fmed.2017.00146

9. Redfors B, Chen S, Ben-Yehuda O, Huang X, Witzenbichler B, Weisz G, et al.

Association between hypertension, platelet reactivity, and the risk of adverse

events after percutaneous coronary intervention (From the ADAPT-DES

study). Am. J. Cardiol. (2019) 124:1380–8. doi: 10.1016/j.amjcard.2019.07.044

10. Gao F, Chen C, Lyu J, Zheng J, Ma XC, Yuan XY, et al. Association

between platelet distribution width and poor outcome of acute ischemic stroke

after intravenous thrombolysis. Neuropsychiatr. Dis. Treat. (2018) 14:2233–9.

doi: 10.2147/NDT.S170823

11. Pierot L, Jayaraman MV, Szikora I, Hirsch JA, Baxter B, Miyachi

S, et al. Standards of practice in acute ischemic stroke intervention:

international recommendations. AJNR Am. J. Neuroradiol. (2018) 39:E112–7.

doi: 10.3174/ajnr.A5853

12. Shen H, Herzog W, Drolet M, Pakyz R, Newcomer S, Sack P, et al. Aspirin

resistance in healthy drug-naive men versus women (from the heredity and

phenotype intervention heart study). Am. J. Cardiol. (2009) 104:606–12.

doi: 10.1016/j.amjcard.2009.04.027

13. Frisbee JC, Goodwill AG, Stapleton PA, Frisbee SJ, D’Audiffret

AC. Aspirin resistance with genetic dyslipidemia: contribution of

vascular thromboxane generation. Physiol. Genomics. (2010) 42:331–41.

doi: 10.1152/physiolgenomics.00090.2010

14. Spaans F, Quon A, Rowe SR, Morton JS, Kirschenman R, Sawamura T, et al.

Alterations in vascular function by syncytiotrophoblast extracellular vesicles

via lectin-like oxidized low-density lipoprotein receptor-1 in mouse uterine

arteries. Clin. Sci. (2018) 132:2369–81. doi: 10.1042/CS20180639

15. Wen Y, Ahmad F, Mohri Z, Weinberg PD, Leake DS. Cysteamine inhibits

lysosomal oxidation of low density lipoprotein in human macrophages

and reduces atherosclerosis in mice. Atherosclerosis. (2019) 291:9–18.

doi: 10.1016/j.atherosclerosis.2019.09.019

16. Hsiai TK, Hwang J, Barr ML, Correa A, Hamilton R, Alavi M, et al.

Hemodynamics influences vascular peroxynitrite formation: implication for

low-density lipoprotein apo-B-100 nitration. Free Radic. Biol. Med. (2007)

42:519–29. doi: 10.1016/j.freeradbiomed.2006.11.017

17. Moriarty PM, Gibson CA, Kensey KR, Hogenauer W. Effect of low-density

lipoprotein cholesterol apheresis on blood viscosity. Am. J. Cardiol. (2004)

93:1044–6. doi: 10.1016/j.amjcard.2003.12.059

18. Farias MG, Schunck EG, Dal Bo S, de Castro SM. Definition of reference

ranges for the platelet distribution width (PDW): a local need. Clin. Chem.

Lab. Med. (2010) 48:255–7. doi: 10.1515/CCLM.2010.035

19. Cetin MS, Ozcan CE, Akdi A, Aras D, Topaloglu S, Temizhan A, et al.

Platelet distribution width and plateletcrit: novel biomarkers of ST elevation

myocardial infarction in young patients. Kardiol. Pol. (2017) 75:1005–12.

doi: 10.5603/KP.a2017.0135

20. Akturk S, Buyukavci R. Evaluation of blood neutrophil-lymphocyte

ratio and platelet distribution width as inflammatory markers in

patients with fibromyalgia. Clin. Rheumatol. (2017) 36:1885–9.

doi: 10.1007/s10067-017-3647-0

21. Estruch M, Sanchez-Quesada JL, Ordonez LJ, Benitez S. Electronegative LDL:

a circulating modified LDL with a role in inflammation. Mediators Inflamm.

(2013) 2013:181324. doi: 10.1155/2013/181324

22. Tekin IO, Orem A, Shiri-Sverdlov R. Oxidized LDL in inflammation:

from bench to bedside. Mediators Inflamm. (2013) 2013:762759.

doi: 10.1155/2013/762759

23. Lara-Guzman OJ, Gil-Izquierdo A, Medina S, Osorio E, Alvarez-Quintero

R, Zuluaga N, et al. Oxidized LDL triggers changes in oxidative stress and

inflammatory biomarkers in human macrophages. Redox. Biol. (2018) 15:1–

11. doi: 10.1016/j.redox.2017.11.017

24. Cimmino G, Cirillo P, Conte S, Pellegrino G, Barra G, Maresca L, et al.

Oxidized low-density lipoproteins induce tissue factor expression in T-

Lymphocytes via activation of lectin-like oxidized low-density lipoprotein

receptor-1. Cardiovasc. Res. (2020) 116:1125–35. doi: 10.1093/cvr/cvz230

Frontiers in Neurology | www.frontiersin.org 7 March 2021 | Volume 12 | Article 631227

https://www.frontiersin.org/articles/10.3389/fneur.2021.631227/full#supplementary-material
https://doi.org/10.1161/STROKEAHA.118.021109
https://doi.org/10.1016/j.jacl.2016.09.017
https://doi.org/10.1016/j.jns.2017.04.024
https://doi.org/10.1016/j.atherosclerosis.2018.04.021
https://doi.org/10.1007/s11883-019-0815-5
https://doi.org/10.1161/01.STR.31.3.782
https://doi.org/10.1001/archinte.1985.00360070150025
https://doi.org/10.3389/fmed.2017.00146
https://doi.org/10.1016/j.amjcard.2019.07.044
https://doi.org/10.2147/NDT.S170823
https://doi.org/10.3174/ajnr.A5853
https://doi.org/10.1016/j.amjcard.2009.04.027
https://doi.org/10.1152/physiolgenomics.00090.2010
https://doi.org/10.1042/CS20180639
https://doi.org/10.1016/j.atherosclerosis.2019.09.019
https://doi.org/10.1016/j.freeradbiomed.2006.11.017
https://doi.org/10.1016/j.amjcard.2003.12.059
https://doi.org/10.1515/CCLM.2010.035
https://doi.org/10.5603/KP.a2017.0135
https://doi.org/10.1007/s10067-017-3647-0
https://doi.org/10.1155/2013/181324
https://doi.org/10.1155/2013/762759
https://doi.org/10.1016/j.redox.2017.11.017
https://doi.org/10.1093/cvr/cvz230
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yuan et al. LDL-C Is Associated With PDW

25. Zhao B, Dierichs R, Miller FN, Dean WL. Oxidized low density lipoprotein

inhibits platelet plasma membrane Ca(2+)-ATPase. Cell Calcium. (1996)

19:453–8. doi: 10.1016/S0143-4160(96)90118-9

26. Takahashi Y, Fuda H, Yanai H, Akita H, Shuping H, Chiba H, et al.

Significance of membrane glycoproteins in platelet interaction with

oxidized low-density lipoprotein. Semin. Thromb. Hemost. (1998) 24:251–3.

doi: 10.1055/s-2007-995850

27. Abdullah AR, Hasan HA, Raigangar VL. Analysis of the relationship of leptin,

high-sensitivity C-reactive protein, adiponectin, insulin, and uric acid to

metabolic syndrome in lean, overweight, and obese young females. Metab

Syndr Relat Disord. (2009) 7:17–22. doi: 10.1089/met.2008.0045

28. Cicero A, Kuwabara M, Johnson R, Bove M, Fogacci F, Rosticci M, et al.

LDL-oxidation, serum uric acid, kidney function and pulse-wave velocity: data

from the Brisighella Heart Study cohort. Int. J. Cardiol. (2018) 261:204–8.

doi: 10.1016/j.ijcard.2018.03.077

29. Marchio P, Guerra-Ojeda S, Vila JM, Aldasoro M, Victor VM, Mauricio MD.

Targeting early atherosclerosis: a focus on oxidative stress and inflammation.

Oxid. Med. Cell Longev. (2019) 2019:8563845. doi: 10.1155/2019/8563845

30. Badrnya S, Butler LM, Soderberg-Naucler C, Volf I, Assinger A.

Platelets directly enhance neutrophil transmigration in response to

oxidised low-density lipoprotein. Thromb. Haemost. (2012) 108:719–29.

doi: 10.1160/TH12-03-0206

31. Adam G, Kocak E, Ozkan A, Resorlu M, Cinar C, Bozkaya H, et al.

Evaluation of platelet distribution width and mean platelet volume

in patients with carotid artery stenosis. Angiology. (2015) 66:375–8.

doi: 10.1177/0003319714548682

32. Gao XM, Moore XL, Liu Y, Wang XY, Han LP, Su Y, et al. Splenic

release of platelets contributes to increased circulating platelet size and

inflammation after myocardial infarction. Clin. Sci. (2016) 130:1089–104.

doi: 10.1042/CS20160234

33. Choi E, Im SM, Yoo HS, Nahm FS, Kim YH, Choe G, et al. The

neurological safety of an epidurally administered Lipo-PGE1 agonist in

rats. Reg. Anesth. Pain Med. (2017) 42:75–81. doi: 10.1097/AAP.0000000000

000520

34. Alexandru N, Constantin A, Nemecz M, Comarita IK, Vilcu A,

Procopciuc A, et al. Hypertension associated with hyperlipidemia

induced different MicroRNA expression profiles in plasma, platelets,

and Platelet-Derived microvesicles; Effects of endothelial progenitor

cell therapy. Front. Med. (2019) 6:280. doi: 10.3389/fmed.2019.

00280

35. Paul M, Hemshekhar M, Kemparaju K, Girish KS. Aggregation is

impaired in starved platelets due to enhanced autophagy and cellular

energy depletion. Platelets. (2019) 30:487–97. doi: 10.1080/09537104.2018.14

75630

36. Tan SK, Fong KP, Polizzi NF, Sternisha A, Slusky J, Yoon K, et al.

Modulating integrin alphaIIbbeta3 activity through mutagenesis of

allosterically regulated intersubunit contacts. Biochemistry. (2019) 58:3251–9.

doi: 10.1021/acs.biochem.9b00430

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Yuan, Cai, Zhao, Zhao, Hong, Ding, Yang, Fan, Zhu, Zhou,

Li, Zhu and Guan. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 8 March 2021 | Volume 12 | Article 631227

https://doi.org/10.1016/S0143-4160(96)90118-9
https://doi.org/10.1055/s-2007-995850
https://doi.org/10.1089/met.2008.0045
https://doi.org/10.1016/j.ijcard.2018.03.077
https://doi.org/10.1155/2019/8563845
https://doi.org/10.1160/TH12-03-0206
https://doi.org/10.1177/0003319714548682
https://doi.org/10.1042/CS20160234
https://doi.org/10.1097/AAP.0000000000000520
https://doi.org/10.3389/fmed.2019.00280
https://doi.org/10.1080/09537104.2018.1475630
https://doi.org/10.1021/acs.biochem.9b00430
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Association Between Low-Density Lipoprotein Cholesterol and Platelet Distribution Width in Acute Ischemic Stroke
	Introduction
	Materials and Methods
	Ethics
	Design
	Study Subjects
	Clinical and Laboratory Data
	Groups
	Statistical Analysis

	Results
	Baseline Characteristics
	Linear Curve Fitting of the Relationship Between LDL-C and PDW
	Multiple Linear Regression Analyses of the Relationship Between LDL-C and PDW

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


