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Abstract

Objective—Effective prevention and management strategies of intraplaque hemorrhage (IPH) 

remain elusive due to our limited knowledge regarding its etiology and contributing factors. This 

hypothesis-generating study aimed to investigate associations between cardiovascular risk factors 

and IPH for improved understanding of the pathogenesis of IPH.

Approach and Results—Asymptomatic subjects with 16–79% stenosis on ultrasound 

underwent carotid magnetic resonance imaging (MRI) using a large-coverage, three-dimensional 

MRI protocol. Individual plaques (maximum thickness>1.5 mm) in bilateral carotid arteries were 

identified and presence of IPH was determined. From 80 subjects, 176 de novo plaques were 

measured, of which 38 (21.6%) contained IPH. Blood pressure (BP), primarily low diastolic BP, 

was associated with IPH in multivariate analysis adjusted for age, sex, and plaque size (odds ratio 

[OR with 95% confidence interval] per 10 mmHg ↑: 0.51 [0.30–0.88]), which was little changed 

after adjusting for antihypertensive use and systemic atherosclerosis. Antiplatelet use was 

associated with IPH in age and sex-adjusted models (p=0.018), for which a trend remained after 

considering plaque size and past medical history (OR for aspirin alone vs. none: 3.1 [0.66–14.8]; 

OR for clopidogrel or dual therapy vs. none: 5.3 [0.80–35.0]; p=0.083).

Conclusions—Low diastolic BP was independently associated with IPH, which was unlikely 

due to treatment difference or BP changes from systemic atherosclerosis. Hemodynamic changes 

from lowering diastolic BP may be the pathophysiological link. Prospective serial studies are 

needed to assess whether BP and antiplatelet use are associated with the development of new or 

repeated IPH.
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Introduction

Intraplaque hemorrhage (IPH) is a common finding in histological examination of advanced 

atherosclerotic plaques. It was largely neglected for decades, while research focus of 

vascular biology has been on lipid metabolism and plaque inflammation. However, the role 

of IPH in atherothrombosis is becoming increasingly recognized through mechanistic 

prospective studies that are recently made possible by in vivo imaging. It has been 

recognized that IPH promotes plaque progression,1–5 of which the pathways may involve 

iron-driven lipid oxidation,6 cholesterol deposition from erythrocyte membrane,7,8 blood-

borne proteolytic activity,9,10 and more. In accord with such an effect, IPH was shown in 

various clinical settings to predict subsequent clinical outcomes.11,12

IPH-induced plaque progression may account for a substantial portion of the residual 

cardiovascular risk in the post-statin era, as indicated in prospective studies examining 

plaque progression patterns in contemporary cohorts.2,4 Effective prevention and 

management strategies targeting IPH are needed, which are currently lacking because of our 

limited knowledge regarding its pathogenesis and contributing factors. Both histopathology 

and imaging studies have observed associations between IPH and cardiovascular risk 

factors, of which most commonly noticed were with age, sex, and hypertension (Table I in 

the online-only Data Supplement).13–29 It remains unclear whether these observations have 

implications for the pathogenesis of IPH, as potential confounding factors may have played 

a role. Specifically, IPH is associated with larger plaques21,29 and more extensive systemic 

atherosclerosis,24,30 both of which have known relationships with traditional risk factors. 

Furthermore, prevalent medication use in subjects with atherosclerotic cardiovascular 

disease (ASCVD) may influence the relationships between IPH and modifiable risk factors.

This hypothesis-generating study aimed to investigate: 1) the associations of cardiovascular 

risk factors, particularly modifiable ones, with IPH; 2) whether the associations, with 

thorough inspection of potential confounding factors, may shed light on the pathogenesis of 

IPH.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

One subject withdrew from the study after the baseline MRI. Clinical characteristics of the 

remaining 80 subjects are shown in Table 1. This cohort consisted primarily of Caucasians 

(97.5%). The mean age was 70±8 years (range: 51–85). Fifty-three (66.2%) were males. Of 

the 160 carotid arteries, 15 (9.4%) were excluded due to either prior carotid endarterectomy 

or total occlusion while 7 (4.4%) had no plaque, 104 (65.0%) had one plaque, and 34 

(21.3%) had ≥2 plaques (tandem lesions). A total of 176 plaques were measured.

IPH was identified in 38 (21.6%) plaques, and was more likely found in males and subjects 

with lower diastolic blood pressure (BP) (Figure 1). Antiplatelet therapy was more potent on 
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average in the IPH+ group (Table 2). Total cholesterol level tended to be lower in the IPH+ 

group, with borderline statistical significance. However, potential confounding factors were 

also different between the IPH+ and IPH− group. IPH+ plaques were significantly larger 

than IPH− plaques in terms of both wall thickness and plaque length. Furthermore, IPH was 

positively associated with markers of the extent of atherosclerosis, and medication use was 

numerically more prevalence in the IPH+ group.

In age- and sex-adjusted models, male sex (odds ratio [OR with 95% confidence interval]: 

3.5 [1.4–9.2]; p=0.010); diastolic BP (OR per 10 mmHg ↑: 0.49 [0.33–0.72]; p<0.001), and 

antiplatelet use (OR for aspirin alone vs. none: 2.4 [0.75–7.9]; OR for clopidogrel or dual 

therapy: 5.8 [1.3–24.6]; p=0.018) were significantly associated with IPH, while there was a 

trend for pulse pressure (OR per 10 mmHg ↑: 1.3 [0.97–1.8]; p=0.073) (Table 3). Adjusting 

for plaque morphology (mean wall thickness and plaque length) attenuated the associations 

with male sex and pulse pressure (Table 3). Both the strength and statistical significance of 

the association between IPH and diastolic BP remained after adjustments. A trend could still 

be seen for the association with antiplatelet use (p=0.07).

The association between diastolic BP and IPH was little changed after further adjustment for 

antihypertensive use and available markers indicating the extent of atherosclerosis (Table 4). 

Subgroup analysis was performed and limited to only plaques in subjects treated with 

antihypertensive medications, which comprised the majority of study sample (n=137). IPH 

remained associated with lower diastolic BP (75.3 ± 7.6 mmHg vs 81.1 ± 10.7 mmHg in 

IPH+ and IPH− groups, respectively; adjusted OR per 10mmHg ↑: 0.43 [0.23–0.80]; 

p=0.008) whereas there was little difference in treatment intensity (monotherapy vs. 

combination therapy: 32.4 vs. 67.6% in IPH+ plaques, 32.0 vs. 68.0% in IPH− plaques; 

p=0.97). Systolic and diastolic BP are correlated and pulse pressure is simply their 

difference. Therefore, we built a model including both systolic and diastolic BP (adjusting 

for age, sex and plaque morphology) to account for their correlation. In this model, diastolic 

BP showed an even stronger association with IPH (OR per 10 mmHg ↑: 0.34 [0.16–0.73]; 

p=0.005) while systolic BP was still not significantly associated with IPH (OR per 10 

mmHg ↑: 1.3 [0.92–1.9]; p=0.13).

For antiplatelet use, the question was whether the association was confounded by past 

medical history (i.e. clinical indications for antiplatelet agents). However, the trend 

remained after further adjusting for the presence of history of myocardial infarction, 

coronary artery bypass graft surgery, percutaneous coronary intervention, ischemic stroke, 

carotid endarterectomy, and peripheral artery disease (OR for aspirin alone vs. none: 3.1 

[0.66–14.8]; OR for clopidogrel or dual therapy vs. none: 5.3 [0.80–35.0]; p=0.083).

Discussion

Several attempts have been made to explore associations between cardiovascular risk factors 

and IPH for various purposes. This study is one of the first to examine the associations 

specifically for understanding the pathogenesis of IPH. Accordingly, we sought to 

thoroughly inspect potential confounders that may influence the dependence and cause-

effect direction of associations between cardiovascular risk factors and IPH in multivariate 
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analysis. In an asymptomatic cohort with contemporary medical treatment, we noticed that 

IPH was more likely present in subjects with lower diastolic BP, of which the association 

remained statistically significant after several biologically motivated multivariate 

adjustments including antihypertensive use and markers for extent of systemic 

atherosclerosis. There was also an intriguing trend for the association between antiplatelet 

therapy and IPH, which was not explained by prior clinically established ASCVD. 

Collectively, our findings suggest a role of decreasing diastolic BP and neovessel rupture in 

the pathogenesis of IPH, which may extend our understanding of the complex relationship 

between BP and atherosclerosis.

As increasing evidence suggests that IPH is an undesirable pathologic event in the natural 

history of atherosclerosis,1–5,11,12 understanding the pathogenesis and contributing factors of 

IPH becomes of pivotal importance. Approaches to detect and measure IPH are limited. Due 

to the lack of established animal models of IPH, most studies have to be performed on 

human subjects, relying on either histopathological or MRI approaches. There are potential 

confounding factors in human studies which need to be considered to properly interpret 

associations between cardiovascular risk factors and IPH.

First, it is important to consider whether associations between risk factors and IPH are 

independent of plaque size. As a plaque feature that has been shown to promote plaque 

progression,1–3 IPH is expected to be seen more frequently in larger plaques. Most 

traditional risk factors have known associations with plaque burden. Indeed, the association 

of IPH with age was more often seen in studies that included a wider spectrum of plaque 

size, particularly if smaller plaques or normal arteries were included (Table I in the online-

only Data Supplement). Our data, owing to the use of large-coverage 3D sequences, for the 

first time demonstrated that IPH is associated with longer and thicker plaques, highlighting 

the necessity of adjusting for plaque morphology in revealing pathophysiological 

relationships between cardiovascular risk factors and IPH. Second, the most suitable study 

populations for understanding associations between cardiovascular risk factors and IPH are 

those with distinct plaques on imaging, in which medication use is highly prevalent. 

Indications for certain medications can confound their associations with IPH, and 

associations between biomarkers and IPH need to be interpreted in the context of influential 

medications. For instance, both positive and negative associations between statin use and 

IPH have been observed in previous studies (Table I in the online-only Data Supplement). 

The former could be due to more clinical manifestations in the IPH+ group. Lastly, for BP in 

particular, it is necessary to examine whether the association with IPH is mediated by 

systemic atherosclerosis. Presence of IPH may indicate more extensive systemic 

atherosclerosis,20,24 to which our data have provided new supporting evidence. It is known 

that systemic atherosclerosis, particularly of central arteries, can cause increase in systolic 

BP and pulse pressure.31

To our knowledge, this is the first study to have thoroughly inspected all the above factors in 

multivariate analysis. The results support an independent association between diastolic BP 

and IPH. It is unlikely explained by systemic atherosclerosis, as adjusting for markers of the 

extent of atherosclerosis, including prior clinically established ASCVD in other vascular 

beds, low ankle-branchial index, and extent of atherosclerosis shown on large-coverage 
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carotid MRI, had little effect on the observed association. Therefore, diastolic BP may be an 

unrecognized risk factor for IPH. The observation was made in a population of which the 

majority received antihypertensive treatment. Lower on-treatment diastolic BP but 

comparable treatment intensity between the IPH+ and IPH− group suggest two non-

mutually exclusive possibilities: 1) pretreatment diastolic BP is lower in patients with IPH+ 

plaques; 2) patients whose diastolic BP has a larger decrease on antihypertensive therapy are 

more likely to develop IPH. The latter may be more likely in light of recent findings from 

the Rotterdam Study. In the Rotterdam Study, Selwaness et al26 also examined association 

between BP and IPH and noted that pulse pressure was the major component associated with 

IPH. Sample size difference between the two studies can explain the findings related to 

pulse pressure, but not those regarding diastolic BP. Differences in study population may 

have played a role. Although embedded in a population study, the Rotterdam study sample 

was enriched with plaques by applying a minimum wall thickness requirement (2 mm), and 

therefore was similar to the present study in most clinical characteristics. However, one 

notable difference is the lower rate of antihypertensive use in the Rotterdam sample (54% 

vs. 79%). No subgroup analysis in subjects with or without antihypertensive treatment was 

available in the study by Selwaness et al.26 Nonetheless, if patients whose diastolic BP has a 

larger decrease on antihypertensive treatment are more likely to develop IPH, increased 

antihypertensive use could contribute to a more distinct relationship. On the other hand, 

antihypertensives are expected to lower pulse pressure and may weaken the association of 

IPH with pulse pressure. Increase in systolic BP and decrease in diastolic BP can both lead 

to an increase in pulse pressure. When systolic and diastolic BP were both included in the 

multivariate model, it was seen that lower diastolic BP (at a fixed systolic BP) had a stronger 

association with IPH than higher systolic BP (at a fixed diastolic BP).

Our finding is in line with the notion that neovessel rupture is the primary source for 

IPH.32,33 Physiologically, hydrostatic pressure in capillaries such as vasa vasorum is 

controlled by arterioles according to local oxygen tension and therefore minimally 

influenced by systemic BP fluctuation.34 With an acute decrease in BP in the lumen, 

intraplaque hydrostatic pressure is suddenly decreased, resulting in increased pressure 

gradient across capillary walls of vasa vasorum. Before a new steady state is established 

gradually under the new BP level, the increased hydrostatic pressure gradient across 

capillary walls of vasa vasorum is expected to compromise microvascular integrity and 

increase the risk for IPH. Diastolic BP should be more relevant than systolic BP, as the 

highest hydrostatic pressure gradient is reached during diastole and the perfusion of vasa 

vasorum also mainly occur during diastole.35 The magnitude of acute decrease in diastolic 

BP is expected to be more critical than the absolute level it reaches. Some arterioles during 

neoangiogenesis may have weaker muscular wall (thus limited capability to control blood 

flow), in which high pulse pressure may exert some similar effect to cause IPH.

High BP, particularly systolic BP, is doubtlessly one important risk factor for ischemic 

stroke, which can be attributed to its role in the initiation and progression of atherosclerosis. 

However, the interplay between BP and atherosclerosis may be complex and vary at 

different stages of the disease process. In the early stage of atherosclerosis, the relationship 

appears to be monotonic and higher systolic BP promotes the progression of 

atherosclerosis.36,37 In the later stage of atherosclerosis when some distinct plaques have 
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been well-vascularized by the proliferative vasa vasorum, an acute decrease in diastolic BP 

may adversely affect prognosis by causing IPH. Our findings highlight the need to 

understand the pathophysiology in managing cardiovascular risk factors, as the effects of 

risk factors may be multifold and what is seen in the general population may not be 

applicable to specific patient populations. Notably, when systolic and diastolic BP were both 

included into the model, higher systolic BP tended to increase the risk for IPH rather than 

being protective (OR per 10 mmHg ↑: 1.3 [0.92–1.9]; p=0.13) at the same level of diastolic 

BP. The detrimental effect of increasing systolic BP may still be there, but not as strong as 

decreasing diastolic BP.

Diabetes is associated with broad microvascular and macrovascular complications. Its exact 

effect on vasa vasorum and how such effect is related to atherosclerotic plaque progression 

remain to be studied. In an autopsy study on aortic atherosclerosis, Purushothaman et al38 

found that plaques in diabetic patients had a higher density of neovessels and also more 

severe IPH. In our study, the multivariate adjusted association between diabetes and IPH 

showed a consistent signal but was not statistically significant (OR: 2.0 [0.67, 6.1]; p=0.21). 

Among all traditional risk factors, diabetes had the lowest prevalence in this study 

population, which could have led to wide confidence intervals and limited our ability to 

study the potential effect of diabetes. Moreover, diabetes duration is unknown in previous 

studies as well as in this one. From increased angiogenesis to IPH, it may require a longer 

period of exposure compared to the more straightforward relationship between BP and IPH. 

However, it is notable that a spectrum of structural changes, both promoting and damaging 

microvascular integrity, have been observed in diabetes in previous studies on diabetic 

retinopathy, such as basement membrane thickening, pericyte demise, and capillary 

occlusion.39 Whether similar changes occur in vasa vasorum and what the aggregate effect 

is on IPH remain to be examined.

The association between antiplatelet use and IPH showed an intriguing trend, which was not 

confounded by prior clinical conditions that could lead to antiplatelet use. Four other studies 

have reported an association of IPH with antiplatelet or anticoagulant use (Table I in the 

online-only Data Supplement), in two of which the data were adjusted for age and sex. 

Derksen et al14 found that coumarin derivative use was associated with IPH in carotid 

endarterectomy specimens (OR: 1.99 [1.05, 3.74]; p=0.03). Note that 93% of the subjects 

were on antiplatelet therapy as the study population were surgery patients. Liem et al28 

recently reported in recently symptomatic patients that prior antiplatelet use was associated 

with IPH on carotid MRI (OR: 2.71 [1.12, 6.61]; p=0.03). Our finding, by examining the 

potency of antiplatelet therapy and adjusting for plaque size and clinical conditions in 

asymptomatic subjects, extends previous observations and reveals unrecognized potential 

risk of antiplatelet agents. Individualized anti-clotting therapy may be needed as risks may 

outweigh benefits in patients with IPH+ or well-vascularized plaques.

Limitations

To date, all studies examining the associations between risk factors and IPH, including the 

present study, are cross-sectional. These findings are intriguing and may have implications 

for BP control and antiplatelet therapy. However, prospective serial studies are needed to 
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determine whether these factors are associated with the development of new or repeated 

IPH. Carotid MRI has the capability to characterize change in IPH and is thus compatible 

with prospective studies. Another limitation is the relatively small sample size. Although the 

statistical signal is strong, particularly regarding the relationship between BP and IPH, our 

findings should be considered hypothesis-generating and need to be tested in larger cohorts. 

A larger study would also be helpful in determining whether pulse pressure increase 

resulting from an increase in systolic BP poses additional risk for IPH at a given level of 

diastolic BP. Furthermore, various markers for the extent of atherosclerosis that were 

available were used to test if the observed low diastolic BP and high pulse pressure in IPH+ 

plaques were simply the result of more extensive systemic atherosclerosis. Although our 

data rejected this hypothesis, future studies should consider assessment of more direct 

measures of aortic atherosclerosis, such as plaque burden or pulse wave velocity. Lastly, as 

our data have pointed to plaque neovessels as the source of IPH, future mechanistic studies 

may incorporate techniques to directly image the extent of vasa vasorum and plaque 

neovasculature.

Conclusions

In a study population with high prevalence of antihypertensive use, IPH was found to be 

independently associated with low diastolic BP that was unlikely due to treatment difference 

or systemic atherosclerosis. BP appears to be a major modifiable risk factor implicated in the 

pathogenesis of IPH. If the time sequence of this relationship is confirmed in prospective 

studies, BP control may need to target for a more precise and stable level of diastolic BP to 

prevent new or repeated IPH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Atherosclerotic plaque progression is the major underlying cause for cardiovascular 

disease. Intraplaque hemorrhage is a common finding in human plaques and has been 

shown to accelerate plaque progression. Effective prevention and management strategies 

targeting intraplaque hemorrhage requires understanding of its pathogenesis. In a cohort 

in which 78.8% were on antihypertensive therapy, we found an independent 

pathophysiological relationship between lower diastolic blood pressure and intraplaque 

hemorrhage. There was also a trend indicating antiplatelet therapy increases the risk for 

intraplaque hemorrhage. Putting the findings into the perspective of hemodynamics, an 

acute decrease in diastolic blood pressure increases hydrostatic pressure gradient across 

capillary walls of plaque neovessels, which may compromise microvascular integrity and 

cause intraplaque hemorrhage. The new hypothesis established in this study, which 

highlights an unrecognized pathophysiological mechanism and has broad implications for 

vascular medicine, awaits to be tested in serial studies.

Sun et al. Page 11

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Plaques with and without IPH shown on isotropic three-dimensional MRI
Left panel: Curved planar reformation (CPR) images show the left carotid artery of a 66-

year old male (systolic blood pressure: 140 mmHg, diastolic blood pressure: 60 mmHg, 

antiplatelet use: dual therapy). Hyperintense signals on SNAP indicates IPH. Right panel: 

CPR images show right carotid artery of a 69-year old female (systolic blood pressure: 140 

mmHg, diastolic blood pressure: 92.5 mmHg, antiplatelet use: aspirin alone).
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Table 1

Clinical characteristics of study population (n=80)

Clinical variables Mean ± standard deviation or n (%) Range

Race*

 Caucasian 77 (97.5)

 Non-Caucasian 2 (2.5)

Sex

 Male 53 (66.2)

 Female 27 (33.8)

Age, years 70 ± 8 (51 – 85)

Body mass index – kg/m2 28 ± 6 (18 – 58)

Smoker 50 (62.5)

Hypertension 61 (76.2)

Hyperlipidemia 71 (88.8)

Diabetes 9 (11.2)

Coronary artery disease 22 (27.5)

Peripheral artery disease 18 (22.5)

Antihypertensive use 63 (78.8)

Statin use 65 (81.2)

Antiplatelet use 64 (80.0)

Anticoagulant use 1 (1.2)

*
One subject was excluded due to a missing value for race.
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Table 2

Differences in potential risk factors between IPH+ and IPH− plaques

IPH+ (n=38) IPH− (n=138) P value

Potential risk factors

 Male sex 33 (86.8) 90 (65.2) 0.008

 Age, years 72 ± 8 71 ± 8 0.22

 Body mass index, kg/m2 27 ± 7 28 ± 6 0.64

 Smoker 25 (65.8) 87 (63.0) 0.76

 Hypertension 32 (84.2) 101 (73.2) 0.21

 Hyperlipidemia 34 (89.5) 121 (87.7) 0.79

 Diabetes 5 (13.2) 12 (8.7) 0.20

 Blood pressure*

  Systolic blood pressure, mmHg 141 ± 18 141 ± 18 0.88

  Diastolic blood pressure, mmHg 75 ± 7 81 ± 10 0.001

  Pulse pressure, mmHg 66 ± 16 61 ± 15 0.12

 Heart rate,* bpm 63 ± 10 65 ± 12 0.16

 Total cholesterol, mg/dl 146 ± 38 166 ± 37 0.048

 HDL cholesterol, mg/dl 48 ± 12 50 ± 12 0.55

 eGFR, mL/min/1.73m2 79 ± 12 81 ± 11 0.61

 Antiplatelet use 0.007†

  None 3 (7.9) 31 (22.5)

  Aspirin alone 28 (73.7) 96 (69.6)

  Clopidogrel or dual therapy 7 (18.4) 11 (8.0)

Potential confounding factors

 Plaque size

  Plaque length, mm 19.4 ± 8.5 11.1 ± 8.1 <0.001

  Mean wall thickness, mm 1.7 ± 0.0 1.4 ± 0.3 0.001

 Antihypertensive use 0.15†

  None 4 (10.5) 33 (23.9)

  Monotherapy 11 (28.9) 35 (25.3)

  Combination therapy 23 (60.5) 70 (50.7)

 Statin use 34 (89.5) 109 (79.0) 0.22

 Systemic atherosclerosis

  Clinically established ASCVD in other vascular beds 24 (63.2) 68 (49.3) 0.048

  Ankle-brachial index<0.90 6 (15.8) 14 (10.1) 0.37

  Extent of atherosclerosis on MRI, % 40.3 ± 14.7 33.6 ± 15.5 0.013

ASCVD indicates atherosclerotic cardiovascular disease; eGFR, estimated glomerular filtration rate.

*
Two plaques were excluded due to missing values for blood pressure and heart rate.

†
Trend test.
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