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Abstract

Introduction: The impact of low-density lipoprotein cholesterol (LDL-C) on 
the risk of different types of strokes is unclear. Therefore, we systematical-
ly evaluated the impact of LDL-C levels (cohort studies) and lipid-lowering 
agents (LLAs) (randomized controlled trials) on the different types of stroke. 
Material and methods: PubMed, SCOPUS, Web of Science and Google Schol-
ar were searched up to 1st September 2019. The DerSimonian-Laird meth-
od and generic inverse variance methods were used for quantitative data 
synthesis. The leave-one-out method was performed as sensitivity analysis. 
Trial sequential analysis (TSA) was used to evaluate the optimal sample size 
to detect a 35% reduction in outcomes after administration of LLAs.
Results: Participants in the highest category of LDL-C had a  lower risk of 
hemorrhagic stroke (RR = 0.91, 95% CI: 0.85–0.98, I2 = 0%) compared with 
the lowest category of LDL-C. Subjects with the highest category of LDL-C 
had a higher risk of ischemic stroke (RR = 1.11, 95% CI: 1.07–1.14, I2 = 0%) 
compared to the lowest LDL-C category. LLAs decreased the risk of all types 
of strokes for those who achieved LDL-C < 1.8 mmol/l (< 70 mg/dl; RR = 0.88, 
95% CI: 0.80–0.96, absolute risk reduction (ARR): 0.7%, number needed to 
treat (NNT): 143, I2 = 53%, n = 13). Statin therapy decreased the risk of all 
strokes (RR = 0.88, 95% CI: 0.80–0.97, ARR = 0.6%, NNT = 167, I2 = 56%). 
With regard to ischemic stroke only, LLAs decreased the risk of ischemic 
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Introduction

Dyslipidemia is a  leading risk factor for coro-
nary heart disease (CHD) [1, 2], but its effects on 
the pathogenesis of stroke are less clear [3–10]. 
There are some inconsistencies regarding the 
relationship between cholesterol and ischemic 
stroke [3–9]. A meta-analysis of 900,000 individ-
uals from 61 prospective cohort studies did not 
find any significant relationship between total 
cholesterol and fatal stroke risk [10]. However, 
risk of the first stroke was reduced in statin trials 
that included populations at high risk of vascular 
events; this effect was associated with lowering 
low-density lipoprotein cholesterol (LDL-C) levels 
[11–13]. In a  meta-analysis of 65,138 individu-
als with 2282 strokes (204 hemorrhagic, 1565 
ischemic, 513 unknown type), a  significant pro-
portional reduction in the incidence of the first 
stroke of any type was observed among partic-
ipants treated with lipid-lowering agents (LLAs) 
[14]. There are several factors that may account 
for these conflicting results. First, stroke is a het-
erogeneous condition with various etiologies; so 
lipid abnormalities may be related to some sub-
types of stroke but not others [15]. Secondly, lipo- 
protein sub-fractions have different impacts on 
stroke risk [16]. The association between LDL-C 
and different types of strokes, therefore, needs to 
be more carefully evaluated.

The impact of lipid-lowering medications on 
stroke types has not been well established and 
is still a  matter of considerable debate [17]. Al-
though there is some evidence with regard to the 
effectiveness of lipid-lowering agents on the risk 
of stroke (mainly ischemic) [18–21], some trials 
in which individuals were treated with non-statin 
therapy showed no (significant) reduction in the 
risk of stroke [22]. Moreover, a  meta-analysis of 
statin trials reported a non-significant association 
between statin therapy and the risk of hemor-
rhagic stroke [23]. In another systematic review 
and meta-analysis of non-statin clinical trials aim-
ing for further LDL-C lowering, a  non-significant 
positive association between LDL-C lowering and 
increased risk of hemorrhagic stroke was reported 

[24]. Recent randomized controlled trials (RCTs) 
demonstrated that statins significantly decrease 
vascular events in primary and secondary preven-
tion of myocardial infarction [25–31]. A reduction 
in the risk of strokes (ischemic, transient ischemic 
attack (TIA) and brain hemorrhage) was reported 
in only 3 of these trials [25, 26, 29]. Recent tri-
als with PCSK9 inhibitors suggested a significant 
association between combination therapy and 
reduced risk of ischemic stroke, and a lack of sig-
nificant difference in hemorrhagic stroke between 
groups [32, 33]. 

Due to the paucity of studies and conflicting 
findings, we performed the present analysis to ob-
tain more insights into LDL-C in relation to differ-
ent types of stroke events based on observational 
studies. We also performed a  systematic search 
and meta-analysis on the impact of LLAs and risk 
of different types of stroke based on RCTs; finally, 
we applied trial sequential analysis (TSA) to de-
termine whether the pooled trial data provided 
sufficient evidence to reach a reliable conclusion 
regarding the effect of LLAs and risk of different 
types of stroke.

Material and methods

Cohort studies

Literature search 

The meta-analysis was reported according to 
the Meta-analysis Of Observational Studies in Ep-
idemiology (MOOSE) guidelines [34]. The prima-
ry exposure of interest was LDL-C level while the 
primary outcomes were different types of stroke. 
Prospective cohort studies published up to 1 Sep-
tember 2019 without language restriction were 
searched using PubMed, Embase, and Scopus da-
tabases; the query syntax of PubMed is shown in 
Supplementary Table SI. This was complemented 
by additional searches of the reference list of eli-
gible articles, and email correspondence with au-
thors for additional data where relevant. 

After excluding duplicates and based on titles 
and abstracts, we excluded studies in animals, 
and in those < 18 years old. Eligible studies were 

stroke for those who achieved LDL-C < 1.8 mmol/l (< 70 mg/dl; RR = 0.75, 95% CI: 0.67–0.83, ARR = 1.3%, 
NNT = 77, I2 = 0%); the same was observed for statins (RR = 0.76, 95% CI: 0.69–0.84, ARR = 1.3%, NNT = 77, 
I2 = 32%). TSA indicated that both benefit boundaries and optimal sample size were reached. There was no 
significant effect of LLAs regardless of the achieved level of LDL-C on the risk of hemorrhagic stroke; howev-
er, TSA indicated that further studies are needed to settle the question and most of the effects were subject 
to high levels of heterogeneity.
Conclusions: Our study sheds light on the debatable association between low LDL-C and different type of 
strokes. This information can help determine the optimal LDL-C range for stroke prevention, and help plan 
future LLA studies.  

Key words: low-density lipoprotein cholesterol, systematic review, meta-analysis, stroke.
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selected by using predefined inclusion criteria of 
prospective cohort studies, and original articles 
on the association of LDL-C and stroke risk. In ad-
dition, a supplementary search of reference lists 
of previous reviews or meta-analyses was con-
ducted. 

Study selection

Titles and abstracts were screened by two re-
viewers (MM and NS). To avoid selection bias, 
the reviewers were blinded to the names, quali-
fications and institutional affiliations of the study 
authors. The agreement between the reviewers 
was excellent (k index: 0.90; p < 0.001). Disagree-
ments were resolved at a  meeting between the 
authors prior to selected articles being retrieved.

We included studies if they met all the follow-
ing criteria: (1) exposure was LDL-C; (2) popula-
tion-based cohort studies and reported stroke risk 
data; (3) relative risk (RR), hazard ratio (HR) or 
odds ratio (OR) estimates with 95% confidence 
interval (CI) adjusted for multivariable factors 
were available or could be calculated. Narrative 
reviews, comments, opinion pieces, methodolog-
ical reports, editorials, letters or any other publica-
tions lacking primary data and/or explicit method 
descriptions were excluded. 

Risk of bias assessment and data 
extraction 

Full texts meeting the inclusion criteria were 
retrieved and screened to determine eligibility by 
two reviewers (MM and NS). The study risk of bias 
assessment was performed according to the New-
castle-Ottawa Scale (NOS, Supplementary Table SII)  
[35]. By evaluation of selection, comparability and 
outcome, the NOS scores studies from 0 (highest 
degree of bias) to 9 (lowest degree of bias). Ad-
ditionally we investigated the funding sources of 
all of the eligible studies. Following assessment of 
methodological quality, two reviewers (MM and 
NS) extracted data using a purpose-designed data 
extraction form and independently summarized 
the most important results from each study. These 
summaries were compared and any differences of 
opinion resolved by discussion and consultation 
with a  third reviewer (MB). Any further calcula-
tions on study data considered necessary were 
conducted by the first reviewer and checked by 
the second reviewer. Information extracted from 
each eligible study included the following items: 
author, year and references, study name, % of 
men, mean age, follow-up time (years), number 
of individuals overall, categories of LDL-C levels, 
number of individuals per LDL-C category, main 
confounders, number of strokes per LDL-C catego-
ry, type of strokes.

Statistical analysis

For studies that reported results from different 
multivariable-adjusted models, the model with the 
most confounding factors was extracted for anal-
yses. The random-effect model with inverse vari-
ance method was applied to calculate pooled RRs,  
95% CI and p-value for heterogeneity. RRs comparing 
the highest category of LDL with the lowest category 
of LDL were combined across studies to generate the 
summary associations. The extent of heterogeneity 
across studies was examined using the I2 test [36–
38] and an I2 > 50% together with two-sided p < 0.05 
indicated significant heterogeneity [36–38].

Publication bias

Potential publication bias was explored using 
visual inspection of Begg’s funnel plot asymme-
try, Begg’s rank correlation and Egger’s weight-
ed regression tests. The Duval and Tweedie trim 
method was used to adjust the analysis for the 
effects of publication bias [39]. Meta-analysis was 
conducted using Comprehensive Meta-Analysis 
(CMA) V3 software (Biostat, NJ) [40].

Randomized controlled trials

Literature search 

We reported this study according to the Pre-
ferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) Guidelines [41, 42]. We 
searched multiple databases, including PubMed/
Medline, Cochrane Central Register of Controlled 
Trials (CCTR), Cochrane Database of Systematic 
Reviews (CDSR), and Web of Science by Clarivate 
and www.clinicaltrials.gov register until 1st Sep-
tember 2019 using a combination of search terms 
(Supplementary Table SIII). This was complement-
ed by a hand search of the reference list of eligible 
articles, and email correspondence with authors 
for additional data where relevant. 

Study selection

We included RCTs evaluating the effect of 
pravastatin, lovastatin, atorvastatin, simvastatin, 
fluvastatin, cerivastatin, rosuvastatin, pitavasta-
tin, HMG-CoA reductase inhibitor, statin, ezeti-
mibe, proprotein convertase subtilisin/kexin type 
9 (PCSK9) inhibitors, alirocumab, evolocumab or 
bococizumab on the outcomes of interest. Eli-
gible studies had to meet the following criteria:  
(1) an RCT with either parallel or crossover design, 
(2) studies of patients treated with mentioned 
agents compared with a  control group (either 
with no lipid-lowering agents or placebo), and,  
(3) containing sufficient information on the pri-
mary outcome at end of follow-up in each group. 
The primary outcome was stroke.
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Exclusion criteria were: (i) non-clinical stud-
ies, (ii) observational studies with case-control, 
cross-sectional or cohort design, (iii) sample size  
< 2000 participants, and (iv) duration of treatment 
< 2 years. Narrative reviews, comments, opinion 
pieces, methodological, editorials, letters or any 
other publications lacking primary data and/or 
explicit method descriptions were also excluded. 
Study selection started with the removal of du-
plicates; then titles and abstracts were screened 
by two reviewers (MM and NS). To avoid selection 
bias, they were blinded to the names, qualifica-
tions and institutional affiliations of the study au-
thors. The agreement between the reviewers was 
excellent (k index: 0.92; p < 0.001). Disagreements 
were resolved at a meeting between reviewers pri-
or to selected articles being retrieved.

Data extraction 

Full texts were retrieved and screened to de-
termine eligibility by two reviewers (MM, NS). 
Following assessment of methodological quality, 
the same two reviewers extracted data into a pur-
pose-designed data extraction form, and inde-
pendently summarized what they considered to 
be the most important results from each study. 
These summaries were compared and any dif-
ferences of opinion were resolved by discussion 
and consultation with the third reviewer (MB). 
Any further calculations on study data considered 
necessary were conducted by the first reviewer 
(MM) and checked by the second reviewer (NS). 
Descriptive data extracted included author(s) and 
references, study name, year of publication, coun-
try of origin, men (%), mean age, mean follow-up 
(years), number of participants, type of interven-
tion, type of control, number of participants per 
drug arm, baseline LDL cholesterol level, achieved 
LDL cholesterol level, strokes per drug arm, types 
of strokes, main confounders.

Risk of bias assessment

A  systematic assessment of bias in the in-
cluded RCTs was performed using the Cochrane 
tool [43]. The evaluated items were: adequacy of 
random sequence generation, allocation conceal-
ment, blinding of participants, personnel and out-
come assessment, handling of drop-outs (incom-
plete outcome data), selective outcome reporting, 
and other potential sources of bias. Each item was 
judged as low risk, high risk or unclear risk (Sup-
plementary Table SIV).

Statistical analysis

A  DerSimonian-Laird random effects model 
and the generic inverse variance method were 
used to evaluate the effect of LLAs on stroke [43]. 

Heterogeneity was quantitatively assessed using 
the I2 index. In order to evaluate the influence of 
each study on the overall effect size, sensitivity 
analysis was conducted using the leave-one-out 
method, i.e. removing one study each time and re-
peating the analysis [43]. The main effect measure 
was the RR and its 95% CI. We also calculated the 
number needed to treat (NNT). NNT is the number 
of individuals required to experience the interven-
tion in order to avoid one stroke. 

We performed the following meta-analyses:  
(1) by levels of achieved LDL-C (achieved LDL-C 
level ≤ 1.3 mmol/l (50 mg/dl), 1.3 mmol/l (50 mg/dl) 
to < 1.8 mmol/l (70 mg/dl), and ≥ 1.8 mmol/l/ 
70 mg/dl); (2) by statin or non-statin group (statin 
trials vs. non-statin trials), (3) by primary vs sec-
ondary prevention, (4) separately by specific type 
of stroke: ischemic and hemorrhagic.

To reduce the risk of type I  error caused by 
pooling data from the same trials or from trials 
with missing data, trial sequential analysis (TSA) 
was applied. Interim analysis of a single random-
ized trial avoids type I error by creating monitoring 
boundaries for an estimated difference between 
groups, so if the estimated difference is reached 
the trial could be terminated. TSA uses a similar 
accurate method to create monitoring bound-
aries and estimate the optimal sample size in 
meta-analyses. TSA performs a  cumulative me-
ta-analysis with the results of the available stud-
ies (represented by the Z-curve): as each new 
study is included, significance is tested and CIs 
are estimated. It also creates adjusted boundar-
ies for benefit, harm, and futility, and estimates 
the optimal sample size for a given difference be-
tween treatment arms, so that a smaller estimat-
ed difference would result in wider boundaries 
and a greater optimal sample size. If one of the 
boundaries (benefit, risk or futility) or if the opti-
mal sample size is reached, firm conclusions might 
be made (for that predefined difference) and fur-
ther studies are deemed unnecessary; instead, 
if no boundaries are reached, further studies are 
needed to settle the question. Random errors 
were accounted for by calculating a diversity-ad-
justed required information size, which represent-
ed monitoring boundaries to determine whether 
the evidence in our cumulative meta-analysis was 
sufficient to reach a conclusion. It is also adjust-
ed for the variability between trials and for the 
amount of available evidence. The required sam-
ple size for the TSA was estimated using two-side 
testing, α = 0.05 (two-sided), β = 0.20 (power of 
80%), the incidence rate in the control group, and 
35% relative risk reduction (RRR) in the LDL-lower-
ing agents intervention group. Sensitivity analysis 
was conducted with 20% relative risk reduction in 
the LDL-lowering agents intervention group. TSA 
was conducted using TSA version 0.9 beta (Copen-
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hagen Trial Unit, Copenhagen, Denmark; available 
at www.ctu.dk/tsa).

Ethics

This investigation uses published or publicly 
available summary data. No original data were 
collected for this manuscript. Ethical approval for 
each of the studies included in the present anal-
ysis can be found in the original publications (in-
cluding informed consent from each participant). 
The study conforms to the ethical guidelines of 
the 1975 Declaration of Helsinki.

Results

Cohort studies

Characteristics of the included studies

Of 36 eligible full articles, 11 cohort studies were 
finally included in the meta-analysis (Figure 1). In 
total 355,591 participants with 11,888 events in-
cluding stroke (3 studies), ischemic stroke (6 stud-
ies), hemorrhagic stroke (6 studies), intracerebral 
hemorrhage (2 studies), intraparenchymal hemor-
rhage (2 studies), cerebral infarction (1 study) and 
cerebral hemorrhage (1 study) were entered in the 
analysis. All studies included both sexes and two 
of them presented sex-specific results. The mean 
follow-up duration was 9.9 years (range: 4.9–19 
years) (Table I). 

We analyzed different types of stroke separate-
ly: any stroke [44–46], hemorrhagic stroke [44–49], 

ischemic stroke [44–49], intracerebral hemorrhage 
[50, 51], deep or infratentorial microbleeds [50], 
cerebral infarction [52] and cerebral hemorrhage 
[52]. 

Risk of bias assessment

Results of risk of bias assessment are shown  
in Supplementary Table SII, with 8 studies scoring 
≥ 8, and three studies with a score of 7.

Association between LDL-C levels and 
stroke

The highest LDL-C quartile was not associat-
ed with stroke events in comparison to the low-
est LDL-C quartile (HR = 1.03, 95% CI: 0.95–1.11,  
p = 0.4, n = 3 studies, Figure 2), with low hetero-
geneity of effects (I2 = 0%, p = 1.0). Subjects in 
the highest LDL-C quartile had a lower risk of the 
hemorrhagic strokes (HR = 0.91, 95% CI: 0.85–0.98,  
p = 0.012, n = 7 studies, Figure 3), with low hetero-
geneity across studies (I2 = 0%, p = 0.9). Subjects 
in the highest LDL-C quartile had a higher risk of 
ischemic stroke (HR = 1.11, 95% CI: 1.07–1.14, p < 
0.001, n = 7 studies, Figure 4), with low heteroge-
neity among studies (I2 = 0%, p = 0.7). No signif-
icant association was found between LDL-C and 
intracerebral hemorrhage events (HR = 0.99, 95% 
CI: 0.77–1.28, p = 1.0, n = 2 studies; I2 = 0%, p = 0.7). 

Sensitivity analysis

In leave-one-out sensitivity analyses, the pooled 
effect estimates were similar for the association 
between LDL-C and hemorrhagic stroke (HR = 
0.91, 95% CI: 0.85–0.98) and for the association 
between LDL-C and ischemic stroke (HR = 1.10, 
95% CI: 1.07–1.14). This stability confirms that the 
significant difference between the studied groups 
is the overall effect of all included studies.

Publication bias

Regarding the association between LDL-C and 
hemorrhagic stroke, Egger’s linear regression in-
dicated absence of publication bias (intercept = 
–0.55, 95% CI: –6.91, 6.00, p = 0.837); also, Begg’s 
rank correlation test (Kendall’s t with continuity 
correction = 1.00, z = 0.244, two tailed p = 0.806) 
did not indicate publication bias. 

RCTs

Study selection

A flowchart of study selection is shown in Fig-
ure 5; a total of 6925 unique citations were iden-
tified from searches, of which 2599 records re-
mained after removing duplicates. After screening 
via titles and abstracts, 103 articles remained for 

Figure 1. Flow chart for the selection of cohort 
studies
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Study name                  Statistics for each study  Hazard ratio and 95% CI
 Hazard ratio Lower limit Upper limit P-value

Imamura et al. 2009  1.230  0.838  1.806  0.290 

Glasser et al. 2016  1.060  0.852  1.318  0.600 

Amarenco et al. 2009  1.020  0.939  1.108  0.641

 1.032 0.957 1.114 0.412 

I2 = 0.0% 
 0.5 1 2

 Lowest   Highest 
 LDL-C quartile  LDL-C quartile

 0.5 1 2

 Lowest   Highest 
 LDL-C quartile  LDL-C quartile

 0.5 1 2

 Lowest   Highest 
 LDL-C quartile  LDL-C quartile

Figure 2. Forest plot of impact of LDL-C on stroke events

Figure 3. Forest plot of impact of LDL-C on hemorrhagic stroke events

Figure 4. Forest plot of impact of LDL-C on ischemic stroke events 

Study name                  Statistics for each study  Hazard ratio and 95% CI
 Hazard ratio Lower limit Upper limit P-value
Stoekenbroek et al. 2016  0.720  0.427  1.213  0.217 

Psaty et al. 2004  0.940  0.764  1.156  0.558 

Imamura et al. 2009  1.010  0.499  2.045  0.978 

Holme et al. 2009 male 0.930  0.836  1.035  0.183 

Holme et al. 2009 female 0.870  0.753  1.005  0.058 

Glasser et al. 2016  1.020  0.749  1.389  0.900 

Amarenco et al. 2009  0.890  0.717  1.105  0.291 

 0.913  0.850  0.980  0.012 

I2 = 0.0%

Study name                  Statistics for each study  Hazard ratio and 95% CI
 Hazard ratio Lower limit Upper limit P-value
Stoekenbroek et al. 2016  1.280  0.880  1.861  0.196 

Psaty et al. 2004  1.120  1.007  1.246  0.037 

Imamura et al. 2009  1.350  0.851  2.142  0.203 

Holme et al. 2009 male 1.120  1.071  1.171  < 0.001 

Holme et al. 2009 female 1.100  1.042  1.162  0.001 

Glasser et al. 2016  1.020  0.749  1.389  0.900 

Amarenco et al. 2009  1.040  0.949  1.139  0.399 

 1.105  1.072  1.140  < 0.001 

I2 = 0.0%

further evaluation, of which 18 RCTs with 165,988 
participants were included in the meta-analysis.

Characteristics of included trials

A  summary of trial characteristics is present-
ed in Table II. The included trials were published 
between 2002 [53] and 2018 [32] and were per-
formed in the United States of America (one 
study) [54], the UK (one study) [27] and Italy (one 
study) [55]. The other 15 studies were multicenter 
[29, 30, 32, 33, 53, 56–64]. The number of study 
participants ranged from 2107 [56] to 27,564 [33]. 
The proportion of men in the studies ranged from 
48.3% [29] to 82.2% [54]. The mean age (63.1 
years) of participants ranged from 49.7 [56] to 
75.3 [55] years. The follow-up duration from the 
baseline to endpoint across studies was from  
2.2 year [33] to 6 years [64]) (mean follow-up was 
4.1 years). Baseline and achieved LDL-C level were 

assessed. Baseline LDL-C level ranged from 2.25 
[32] to 4.1 (mmol/l) [56], and the range of achieved 
LDL-C level was from 0.78 [33] to 3.1 (mmol/l) [56].

Risk of bias assessment

There was unclear risk of bias in some of the 
items including allocation concealment, blinding 
of participants and personnel. All of the evalu-
ated studies had a  low risk of bias according to 
selective outcome reporting.  None of the studies 
had an item with high risk of bias. Details of the 
quality of bias assessment are shown in Supple-
mentary Table SIV.

Meta-analysis of the effect of lipid-lowering 
agents on all strokes 

For those who achieved an LDL-C level ≤ 1.3 
mmol/l (50 mg/dl), the RR of the effect of LLAs on 
all strokes was 0.81, 95% CI: 0.73–0.91, p < 0.001, 
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ARR = 0.4%, NNT = 250, heterogeneity p = 0.273; 
I2 = 27%, n = 3 studies; TSA for this group indi-
cates that the optimal sample size was reached, 
so a difference of 35% between groups is firmly 
discarded and no further studies are required. For 
those who achieved LDL-C between 1.3 mmol/l 
(50 mg/dl) and < 1.8 mmol/l (70 mg/dl) the RR of 
the effect of LLAs on all strokes was 0.83, 95% CI: 
0.59–1.17, p = 0.299, ARR = 0.7%, NNT = 143, het-
erogeneity p = 0.025; I2 = 72%, n = 3 studies; TSA 
indicated that no boundaries were reached, im-
plying that further studies are needed. For those 
at ≥ 1.8 mmol/l (70 mg/dl) the RR of the effect of 
LLAs on all strokes was 0.88, 95% CI: 0.80–0.96,  
p = 0.008, ARR = 0.7%, NNT = 143, heterogeneity 
p = 0.013; I2 = 53%, n = 13 studies, Figure 6). TSA 
indicated that both benefit boundaries and opti-
mal sample size were reached and our conclusion 
is robust; the TSA finding was robust even with 
RRR = 20%. 

After grouping the patients according to those 
on statin therapy vs. non-statin therapy, for those 
on statin therapy the RR for all strokes was 0.88, 
95% CI: 0.80–0.97, p = 0.011, ARR = 0.6%, NNT = 
167, n = 15 studies, Figure 7), heterogeneity p = 
0.004; I2 = 56%), TSA indicated that both benefit 
boundaries and optimal sample size were reached 
and our conclusion is robust (the TSA finding 
was robust even with RRR = 20%). For those on 
non-statin therapy the pooled estimate (RR) for 
all strokes was 0.81 (95% CI: 0.74–0.89, p < 0.001, 

ARR = 0.5%, NNT = 200, heterogeneity p = 0.431; 
I2 = 0.0%, n = 4 studies). TSA indicated that both 
benefit boundaries and optimal sample size were 
reached and our conclusion is robust (the TSA 
finding was robust even with RRR = 20%).

For those at primary prevention, the pooled 
estimate (RR) of the effect of lipid-lowering 
agents on all strokes was 0.85 (95% CI: 0.78–0.93,  
p < 0.001, ARR = 0.6%, NNT = 167, heterogeneity  
p = 0.006; I2 = 52.7%, n = 17 studies, Figure 8). TSA 
indicated that both benefit boundaries and opti-
mal sample size were reached and our conclusion 
is robust (the TSA finding was robust even with  
RRR = 20%). For those at secondary prevention the 
pooled estimate (RR) of the effect of lipid-lowering 
agents on all strokes was 0.90 (95% CI: 0.79–1.01, 
p = 0.092, ARR = 1.2%, NNT = 83, heterogeneity 
p = 0.250; I2 = 24.5%, n = 2 studies). TSA for this 
group indicates that the optimal sample size was 
reached, so a difference of 35% between groups 
is firmly discarded and no further studies are re-
quired

Meta-analysis of the effect of lipid-lowering 
agents on ischemic strokes 

For those who achieved LDL-C level ≤ 1.3 mmol/l, 
the pooled estimate (RR) of the effect of lip-
id-lowering agents on ischemic stroke was 0.78 
(95% CI: 0.69–0.88, ARR = 0.5%, NNT = 200, het-
erogeneity p = 0.589; I2 = 0.0%, n = 3 studies), 
TSA indicated that the optimal sample size was 
reached and our conclusion is robust (the TSA 
finding was robust even with RRR = 20%). For 
those at 1.3 mmol/l (50 mg/dl) to 1.8 mmol/l  
(70 mg/dl) the pooled estimate (RR) of the effect 
of lipid-lowering agents on ischemic stroke was 
0.76 (95% CI: 0.54–1.05, p = 0.104, ARR = 0.8%, 
NNT = 125, heterogeneity p = 0.099; I2 = 56.7%,  
n = 3 studies), TSA indicated that benefit bound-
aries were reached and our conclusion is robust. 
For those at ≥ 1.8 mmol/l (70 mg/dl), the pooled 
estimate (RR) of the effect of lipid-lowering agents 
on ischemic stroke was 0.75 (95% CI: 0.67–0.83,  
p < 0.001, ARR = 1.3%, NNT = 77, heterogeneity  
p = 0.423; I2 = 0.0%, n = 4 studies). TSA indicated 
that both benefit boundaries and optimal sample 
size were reached and our conclusion is robust 
(the TSA finding was robust even with RRR = 20%).

We divided people into statin therapy vs. 
non-statin therapy; for those on statin therapy 
the pooled estimate (RR) of ischemic stroke was 
0.76 (95% CI: 0.69–0.84, p < 0.001, ARR = 1.3%, 
NNT = 77, heterogeneity p = 0.201; I2 = 32%, n = 6  
studies). TSA indicated that both benefit bound-
aries and optimal sample size were reached and 
our conclusion is robust (the TSA finding was ro-
bust even with RRR = 20%). For those on non-sta-
tin therapy the pooled estimate (RR) of ischemic 

Figure 5. PRISMA flow chart for the selection of 
RCTs
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stroke was 0.77 (95% CI: 0.69–0.85, p < 0.001,  
ARR = 0.5%, NNT = 200, heterogeneity p = 0.694; 
I2 = 0.0%, n = 4 studies). TSA indicated that both 
benefit boundaries and optimal sample size were 
reached and our conclusion is robust (the TSA 
finding was robust even with RRR = 20%).

Meta-analysis of the effect of lipid-lowering 
agents on hemorrhagic strokes 

For those who achieved LDL-C level ≤ 1.3 mmol/l 
(50 mg/dl), the pooled estimate (RR) of the ef-
fect of lipid-lowering agents on hemorrhagic 
stroke was 1.14 (95% CI: 0.84–1.54, heteroge-

Table II. Characteristics of included trials on lipid-lowering agents and stroke

Author and  
references

Study name, year of 
publication, country 

of origin

Men 
(%)

Mean 
age

Mean 
follow-up 

[years]

Number of 
participants

Baseline 
LDL choles-
terol level 
[mmol/l]

Achieved 
LDL choles-
terol level  
[mmol/l]

Furberg C 
et al. [53]

ALLHAT-LLT, 2002, 
multicenter

51.1 66.3 4.8 10355 3.77 2.87

HPS 
(Cohort 1) 
[27]

HPS(p), 2002, UK – – 5 17256 – 2.3

HPS 
(Cohort 2) 
[27]

HPS(s), 2002, UK – – 4.8 3280 – 2.4

Shepherd J 
et al. [29]

PROSPER, 2002, 
multicenter

48.3 75.3 3.2 5804 3.8 2.5

Holdaas H 
et al. [56] 

ALERT, 2003, 
multicenter

66 49.7 5.1 2107 4.1 3.1

Sever PS  
et al. [30]

ASCOT-LLA, 2003, 
multicenter

81.1 63.1 3.3 10305 3.4 2.21

Koren MJ 
et al. [54]

ALLIANCE, 2004, 
centers in US

82.2 61.1 4.3 2442 3.81 2.46

Colhoun 
HM et al. 
[103]

CARDS, 2004, Ireland, 
UK

68 61.6 3.9 2838 3.04 1.75

Pedersen 
TR et al. 
[57]

IDEAL, 2005, 
multicenter

80.8 61.6 4.8 8888 3.15 2.01

LaRosa JC 
et al. [58]

TNT, 2005, 
multicenter

81 61 4.9 10001 2.51 1.99

Knopp RH 
et al. [59]

ASPEN, 2006, 
multicenter

66.3 61 4 2410 2.93 2.04

Amarenco 
P et al. [60]

SPARCL(s), 2006, 
multicenter

59.6 62.7 4.9 4731 3.44 1.89

Ridker PM 
et al. [61]

CORONA, 2007, 
multicenter

76.4 73 2.7 5011 3.54 1.97

Tavazzi L  
et al. [55]

GISSI-HF, 2008, 
centers in Italy

77.4 68 3.9 4574 3.16 2.15

Fellström 
BC et al. 
[62]

AURORA, 2009, 
multicenter

62.1 64.1 3.2 2773 2.59 1.5

Baigent C 
et al. [63]

SHARP, 2011, 
multicenter

62.5 62 4.9 9270 2.77 1.69

Cannon CP 
et al. [64]

IMPROVE-IT(p), 2015, 
multicenter

– – 6 17455 2.46 1.30

Sabatine 
MS et al. 
[33]

FOURIER, 2017, 
multicenter

75.4 62.5 2.2 27564 2.4 0.78

Schwartz 
GG et al. 
[32]

ODYSSEY OUTCOMES, 
2018, multicenter

74.8 58 2.8 18924 2.25 0.97



M. Banach, N. Shekoohi, D.P. Mikhailidis, G.Y.H. Lip, A.V. Hernandez, M. Mazidi, on behalf of the Lipid and Blood Pressure Meta-analysis 
Collaboration (LBPMC) Group and the International Lipid Expert Panel (ILEP)

922 Arch Med Sci 4, 1st July / 2022
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 Active   Control
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Figure 6. Forest plot of impact of lipid-lowering agents on all strokes (those at ≥ 1.8 mmol/l)

Figure 7. Forest plot of impact of statin therapy on all strokes 

Figure 8. Forest plot of impact of lipid-lowering agents on all strokes (those at primary prevention)

Study name                  Statistics for each study  Risk ratio and 95% CI
 Risk ratio Lower limit Upper limit P-value
Holdaas et al. 2003  1.024  0.777  1.349  0.867 
Furberg et al. 2002  0.907  0.756  1.090  0.298 
Koren et al. 2004  0.903  0.576  1.416  0.657 
Sever et al. 2003 0.731  0.558  0.959  0.023 
Knopp et al. 2006  0.886  0.562  1.397  0.602 
Ridker et al. 2007  0.907  0.717  1.147  0.415 
Tavazzi et al. 2008  1.245  0.905  1.712  0.179 
HPSC 1 2002  0.665  0.573  0.773  < 0.001 
HPSC 2 2002  0.989  0.809  1.210  0.917 
Pedersen et al. 2005  0.870  0.702  1.077  0.201 
Shepherd et al.  1.038  0.821  1.313  0.753 
Amarenco et al. 2006  0.852  0.731  0.994  0.042 
LaRosa et al. 2005 0.757  0.597  0.959  0.021 
 0.880  0.800  0.967  0.008 
I2 = 53.0% 

Study name                  Statistics for each study  Risk ratio and 95% CI
 Risk ratio Lower limit Upper limit P-value
Holdaas et al. 2003  1.002  0.761  1.318  0.989 
Furberg et al. 2002  0.907  0.756  1.090  0.298 
Koren et al. 2004  0.903  0.576  1.416  0.657 
Sever et al. 2003 0.731  0.558  0.959  0.023 
Knopp et al. 2006  0.886  0.562  1.397  0.602 
Fellstrom et al. 2009  1.144  0.857  1.526  0.361 
Colhoun et al. 2004  0.532  0.314  0.899  0.018 
Ridker et al. 2007  0.906  0.716  1.146  0.409 
Tavazzi et al. 2008  1.245  0.905  1.712  0.179 
HPSC 1 2002  0.665  0.573  0.773  < 0.001 
HPSC 2 2002  0.989  0.809  1.210  0.917 
Pedersen et al. 2005  0.870  0.702  1.077  0.201 
Shepherd et al.  1.038  0.821  1.313  0.753 
Amarenco et al. 2006  0.852  0.731  0.994  0.042 
LaRosa et al. 2005 0.757  0.597  0.959  0.021 
 0.882  0.801  0.971  0.011 
I2 = 56.0%

Study name                  Statistics for each study  Risk ratio and 95% CI
 Risk ratio Lower limit Upper limit P-value
Holdaas et al. 2003  1.024  0.777  1.349  0.867 
Furberg et al. 2002  0.907  0.756  1.090  0.298 
Koren et al. 2004  0.903  0.576  1.416  0.657 
Sever et al. 2003 0.731  0.558  0.959  0.023 
Knopp et al. 2006  0.886  0.562  1.397  0.602 
Fellstrom et al. 2009  1.144  0.857  1.526  0.361 
Colhoun et al. 2004  0.532  0.314  0.899  0.018 
Ridker et al. 2007  0.907  0.717  1.147  0.415 
Sabatine et al. 2017  0.790 0.659 0.946 0.011 
Tavazzi et al. 2008  1.245  0.905  1.712  0.179 
HPSC 2002  0.665  0.573  0.773  < 0.001 
Pedersen et al. 2005  0.870  0.702  1.077  0.201 
Cannon et al. 2015  0.899  0.764  1.058  0.200 
Schwartz et al. 2018  0.714  0.566  0.901  0.005 
Shepherd et al.  1.038  0.821  1.313  0.753 
Baigent et al. 2011  0.809  0.664  0.986  0.036 
LaRosa et al. 2005 0.757  0.597  0.959  0.021 
 0.854  0.785  0.930  < 0.001 

I2 = 52.7%

neity p = 0.170; I2 = 43.6%, n = 3 studies), and 
TSA indicated that no boundaries were reached; 
thus further studies are needed. For those at  
1.3 mmol/l (50 mg/dl) to 1.8 mmol/l (70 mg/dl) the 
pooled estimate (RR) of the effect of lipid-lowering 
agents on hemorrhagic stroke was 1.20 (95% CI: 
0.84–1.69, p = 0.301, n = 2 studies), heterogeneity 
p = 0.960; I2 = 0.0%), and TSA indicated that no 

boundaries were reached; thus further studies are 
needed. For those at ≥ 1.8 mmol/l (70 mg/dl), the 
pooled estimate (RR) of the effect of lipid-lower-
ing agents on hemorrhagic stroke was 1.25 (95% 
CI: 0.82–1.88 (p = 0.289), heterogeneity p = 0.050; 
I2 = 57.9%, n = 5 studies). TSA indicated that no 
boundaries were reached, so further studies are 
needed. 



Relationship between low-density lipoprotein cholesterol, lipid-lowering agents and risk of stroke: a meta-analysis of observational studies 
(n = 355,591) and randomized controlled trials (n = 165,988)

Arch Med Sci 4, 1st July / 2022 923

For those on statin therapy the pooled esti-
mate (RR) of the effect of lipid-lowering agents on 
hemorrhagic stroke was 1.23 (95% CI: 0.88–1.71,  
p = 0.219, n = 6 studies), heterogeneity p = 0.090; 
I2 = 47.4%); TSA for this group indicates that the 
futility boundary was reached, so a difference of 
35% between groups is firmly discarded and no 
further studies are required. For those on com-
bination therapy the pooled estimate (RR) of the 
effect of lipid-lowering agents on hemorrhagic 
stroke 1.16 (95% CI: 0.90–1.48 (p = 0.232), hetero-
geneity p = 0.309; I2 = 16.5%, n = 4 studies). TSA 
for this group indicates that the futility boundary 
was reached, so a  difference of 35% between 
groups is firmly discarded and no further studies 
are required. 

Discussion

Our study sheds light on the debatable asso-
ciation between low LDL-C and different type of 
strokes. According to our results regarding the 
effect of LDL on the risk of stroke, there was 
a  non-significant trend towards higher risk of 
hemorrhagic stroke for all investigated LDL-C lev-
els (besides the highest LDL levels in cohort stud-
ies analyses), and higher LDL-C level (> 70 mg/dl)  
was associated with significantly higher risk of 
ischemic stroke. The analysis also confirmed 
a  large effect of statin and non-statin lipid-low-
ering therapy on all strokes and ischemic strokes 
but without a  significant effect on hemorrhagic 
strokes. This information can help to determine 
the optimal LDL-C range for stroke prevention and 
help to plan future studies with LLAs and differ-
ent LDL-C targets. Further, well-designed studies 
are still needed to assess the effects of LLAs on 
hemorrhagic stroke. However, our data do not in-
dicate any significant association between LDL-C 
thresholds and different lipid-lowering therapies 
and the risk of hemorrhagic stroke (only a numer-
ical increase). 

Hypercholesterolemia is associated with ath-
erosclerosis due to the elevated concentration of 
oxidized or modified LDL-C leading to endotheli-
al dysfunction [65]. Most of the epidemiological 
studies have reported an association between 
higher cholesterol level and an increased risk of 
ischemic stroke [8, 66–69]. On the other hand, 
given that cholesterol plays an important role in 
the structure formation of cell membranes, low 
cholesterol can be a potential risk factor for intra-
cranial hemorrhage (ICH) [70]. It was found that 
a  low level of cholesterol can lead to weakened 
endothelium, which results in arterial fragility 
and hemorrhage [70, 71]. It should be noted that 
weakened endothelium may be more susceptible 
to microaneurysms, which are one of the major 
pathological results of cerebral hemorrhage [71]. 

Some epidemiological studies demonstrated an 
inverse relationship between LDL-C levels and risk 
of ICH [72, 73], which was not definitely confirmed 
in our analysis. There might be other plausible 
mechanisms with regard to the potential associ-
ation between low LDL-C level and increased risk 
of hemorrhagic stroke. Erythrocyte fragility can 
result from low cholesterol in erythrocyte mem-
brane [74], LDL-related platelet activation and 
tissue factor expression [75] and impaired coagu-
lation function [76]. Furthermore, microbleeds, as 
a risk factor for ICH, can be increased by low LDL-C 
concentration [77].

It is widely known that stroke is one of the ma-
jor complications of cardiovascular disease (CVD). 
The association between LDL-C and each of these 
different types is likely to differ, as well as the link 
between different lipid-lowering therapies (sta-
tin vs. non-statin) and different types of stroke. 
Several prospective studies have evaluated the 
relationship between LDL-C and stroke, but the 
results are inconsistent. In a meta-analysis of data 
from 170,000 participants in 26 randomized trials, 
risk of hemorrhagic stroke was not increased by 
reduction in the LDL-C level with statins [78]; how-
ever, a non-significant increase in the incidence of 
hemorrhagic stroke by statins was reported [79]. 
Statin therapy for the secondary stroke preven-
tion population was associated with higher risk of 
hemorrhagic stroke [79]. In addition, a meta-anal-
ysis of 23 randomized trials reported that each  
1 mmol/l decrease in the achieved LDL-C level was 
associated with a 23.5% significant reduction in 
total stroke risk, whereas the risk of hemorrhagic 
stroke was not significantly increased by a lower 
achieved LDL-C level [80] – similar results are in 
fact observed also in our analyses. 

The Stroke Prevention by Aggressive Reduction 
in Cholesterol Levels (SPARCL) trial with 4731 par-
ticipants after 4.9 years of follow-up showed that 
baseline LDL-C was not predictive for stroke. Only 
baseline HDL-C and LDL/HDL ratio were attributed 
with an outcome of ischemic stroke [81]. In accor-
dance with this study, the Perindopril Protection 
Against Recurrent Stroke (PROGRESS) trial found 
no association between baseline LDL-C and risk of 
recurrent stroke [82]. In a cohort study of 23,367 
participants with a  mean follow-up of 7.5 ±2.9 
years and 1031 strokes (814 ischemic, 77 hem-
orrhagic), LDL-C was significantly associated with 
increased risk of ischemic stroke by 8% [83]. In 
a meta-regression analysis from 49 trials including 
312,175 participants (mean age: 62 years, 24% 
women) with approximately 4000 major vascular 
events during a mean of 4.3 years, lower achieved 
LDL-C level was significantly associated with lower 
rate of major coronary events (including coronary 
death and MI) for primary and secondary preven-
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tion trials [84]. Moreover, no significant associa-
tion was reported between LDL-C and ischemic 
stroke in the Atherosclerosis Risk in Communities 
Study (ARIC) [7] and Framingham Study [85], and 
between LDL-C and hemorrhagic stroke [86, 87]. 
However, some limitations of these studies should 
be borne in mind, such as the relatively short fol-
low-up (1–6 years) and small number of cases of 
hemorrhagic stroke. Moreover, in the Hisayama 
population-based study, with 2351 participants 
(271 strokes) followed up for 19 years, the au-
thors reported no significant association between 
LDL-C concentration and stroke risk [15]. Most of 
the available clinical trials – including Pravastatin 
or Atorvastatin Evaluation and Infection Therapy 
(PROVE-IT), Reversal of Atherosclerosis with Ag-
gressive Lipid Lowering (REVERSAL), a  Study to 
Evaluate the Effect of Rosuvastatin on Intravas-
cular Ultrasound Derived Coronary Atheroma Bur-
den (ASTEROID), and Justification for the Use of 
Statins in Prevention: An Intervention Trial Evalu-
ating Rosuvastatin (JUPITER) – reported that LDL-C 
lower than 70 mg/dl reversed the development of 
atherosclerotic plaque and reduced heart attack 
and all stroke rates [88–91]. In a meta-analysis of 
non-statin clinical trials, no significant positive as-
sociation between LDL-C lowering and increased 
risk of hemorrhagic stroke was reported [24]. 
Finally, a  nationwide cohort study of 52,421 hy-
percholesterolemic patients treated with open-la-
beled simvastatin for 6 years also reported no 
association between cerebral hemorrhage and 
serum lipid concentrations [92]. Our results are 
in line with the above-mentioned results, finding 
no significant association between LDL-C levels 
and the risk of stroke, although a non-significant 
positive trend was observed for this association, 
interestingly numerically the lowest for the LDL-C 
< 50 mg/dl (RR = 1.14) and the largest for LDL-C  
≥ 70 mg/dl (RR = 1.25). 

A  prospective population-based cohort study 
with 9068 participants (age ≥ 55 years) during 
a mean follow-up of 9.7 years reported no associa-
tion between LDL-C and intracerebral hemorrhage 
[93]. However, 36% of strokes were classified as 
unspecific because neuroimaging had not been 
performed, and the presence of residual con-
founding due to unmeasured determinants influ-
enced the results of the study. A large multicenter, 
prospective population-based study with 5201 
participants age 65 and older (mean follow-up: 
7.5 years) reported a marginally significant asso-
ciation between LDL-C and ischemic stroke, and 
no association between LDL-C and hemorrhag-
ic stroke. The authors demonstrated that lipid 
measure could not be important predicators of 
the outcomes of MI, ischemic stroke, hemorrhage 
stroke and total mortality [94]. The analysis of 

21,798 participants of the European Prospec-
tive Investigation into Cancer in Norfolk  (EPIC- 
NORFOLK) population study showed substantial 
heterogeneity in the association between the tra-
ditional atherosclerosis risk factors. The authors 
reported that LDL-C was a particularly strong risk 
factor for CAD, but it was less strongly associated 
with ischemic and hemorrhagic stroke [95]. They 
also reported that different associations between 
LDL and CAD vs. ischemic stroke were due to the 
morphological differences in plaques between 
intra- and extracranial arteries [96]. Interesting-
ly, in a  pooled cohort of the ARIC study (15,792 
men and women, aged 45–64 years) and the Car-
diovascular Heart Study (5888 men and women, 
aged 65 or over) the authors reported an inverse 
association between LDL-C and incident ICH [97]. 
Furthermore, a significant inverse association be-
tween LDL-C and hemorrhagic stroke was found 
in the Framingham Study [85]. Finally, a  cohort 
study that included 96,043 participants (mean 
age: 51.3 years) with 9 years of follow-up reported 
that lower LDL-C concentration (LDL-C < 70 mg/dl)  
was significantly associated with higher risk of 
intracerebral hemorrhage, and this association 
became non-significant with LDL-C ≥ 70 mg/dl  
[51]. Moreover, a  large population-based pro-
spective study that included 91,219 participants  
(40–79 years of age, 30,802 men, 60,417 women) 
for 10.3 years showed a  significant association 
between low LDL-C levels and increased risk of 
death due to intraparenchymal hemorrhage [73]. 
Similar results were observed in a pooled prospec-
tive cohort study that included 21,630 individuals 
with 135 cases of incident ICH, which showed that 
lower LDL-C was associated with higher risk of ICH 
[97]. Our results do not confirm any significant as-
sociation between LDL levels (< and ≥ 70 mg/dl) 
and the risk of hemorrhagic stroke and significant 
reduction of ischemic strokes for all investigated 
achieved LDL-C levels. 

We also found no significant effect of lipid-low-
ering agents regardless of the types (statin and 
non-statin therapy) and achieved level of LDL-C 
on the risk of hemorrhagic stroke. There are sev-
eral studies available with regard to the effect of 
lipid-lowering agents on the risk of stroke. Statin 
therapy was effective in reducing CV events in-
cluding stroke according to the degree of LDL-C 
level lowering [32, 33, 64]. With regard to the 
association between lowering LDL-C and relative 
CV risk reduction in statin and non-statin groups, 
a  meta-regression study that included 312,175 
individuals of 49 trials (mean age: 62 years, 20% 
women) reported that statin and non-statin ther-
apies were associated with lower achieved LDL-C 
levels. Moreover, a  significant linear association 
between achieved LDL-C and the rate of cardio-
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vascular outcomes (including stroke) was found 
[84]. Similar to our findings, a prospective meta- 
analysis that included 90,056 individuals in 14 ran- 
domized trials of statin reported that risk of major 
coronary events, coronary revascularization and 
stroke was reduced by statin therapy by about one 
fifth per mmol/l in LDL cholesterol during 5-year 
follow-up [98]. The SPARCL trial reported that 
a  lipid-lowering agent (atorvastatin 80 mg/day) 
significantly reduced the risk of recurrent stroke 
regardless of baseline LDL-C and other lipid pa-
rameters [99]. Similarly to our results, an insignif-
icant association between statin therapy and the 
risk of hemorrhagic stroke was observed in the 
Cholesterol Treatment Trialists’ (CTT) meta-analy-
sis of statin clinical trials [23]. The effectiveness 
of ezetimibe with simvastatin therapy in order to 
prevent stroke and other adverse cardiovascular 
events was assessed in the Improved Reduction 
of Outcomes: Vytorin Efficacy International Trial 
(IMPROVE-IT), which was a  multinational trial of 
18,144 patients, of whom 641 (3.5%) experienced 
at least 1 stroke, and most were ischemic (n = 527 
(82%)). They found a non-significant reduction in 
the first event of stroke of any type with ezetimibe 
plus simvastatin compared to simvastatin mono-
therapy. Ischemic stroke was significantly reduced 
by adding ezetimibe to simvastatin. However, no 
significant increase in hemorrhagic stroke was 
observed in statin therapy with ezetimibe [100]. 
A meta-analysis involving data from the analysis of 
4405 patients who completed phase 2 or 3 stud-
ies of evolocumab during 1 year, and a  random-
ized trial on alirocumab including 2341 patients 
during 1.5 years follow-up reported no significant 
effect of PCSK9 inhibition on stroke rate. The num-
ber of ischemic strokes was small in both trials, 
and no hemorrhagic stroke was reported in either 
study [101]. Moreover, an animal study showed 
that PCSK9-/- mice had lower LDL-C, high-density 
lipoprotein cholesterol, and total cholesterol levels 
that PCSK9+/+ mice before and after 1 month on 
the high-fat/high-cholesterol diet. They found that 
hemorrhagic complications after acute ischemic 
stroke should not be increased by PCSK9 inhibi-
tion which leads to LDL-C lowering [102, 103]. The 
subject is still debatable, and the most recent re-
sults also give opposite results for extremely and 
very low LDL-C and the risk of hemorrhagic stroke 
and the role of lipid-lowering therapies, mainly 
statins, in this association [104, 105]. Based on 
the available results it seems that we should con-
sider higher LDL-C levels for patients with the risk 
of hemorrhagic stroke (70–100 mg/dl) with the 
consideration of using non-statin drugs for these 
patients (PCSK9 inhibitors) [104–111]. 

Our study has some limitations. We observed 
a relatively high rate of heterogeneity with regard 
to the link between LDL concentration and stroke; 

thus, to obtain more reliable conclusions, more 
studies with higher resolution are needed. We had 
sufficient statistical power and a low level of type 
I and II error for the RCTs with regard to the total 
stroke and ischemic risk, but not for the hemor-
rhagic stroke, to obtain reliable results. Cohort 
studies were adjusted for the varied range of the 
co-variants, which might have led to the high lev-
el of the heterogeneity between studies. We per-
formed TSA to evaluate and decrease the chance 
of type I and II error, which was a strength of the 
study. 

In conclusion, our study sheds light on the de-
batable association between low LDL-C and differ-
ent types of strokes. LDL-C reduction with available 
therapies is in general associated with the reduc-
tion of all strokes and ischemic strokes; such an 
association was not seen for hemorrhagic stroke, 
where no significant results were observed. This 
information can help determine the optimal LDL-C 
range for stroke prevention and help plan future 
LLA studies. Further studies are still needed to de-
termine the effects of low to extremely low LDL-C 
levels on hemorrhagic stroke and the role of LLAs.
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