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Abstract

Background and Purpose—Non-invasive imaging identifying a predictive biomarker of the

bleeding risk of unruptured intracranial aneurysms (UIA) is needed. We investigated a potential

biomarker of UIA instability, myeloperoxidase (MPO), in human aneurysm tissue.

Methods—Human brain aneurysms were harvested following clipping, and histologically and

biochemically evaluated for the presence of MPO. Of the tissue collected, 3 were from ruptured

aneurysms and 20 were from UIAs. For each UIA, its 5-year aneurysm rupture risk (ARR) was

determined using the PHASES model.

Results—All ruptured aneurysms were MPO-positive. Of the UIAs, half were MPO-positive.

The median 5-year ARR was higher for MPO-positive UIA (2.28%) than MPO-negative UIA

(0.69%) and the distributions were statistically different (p<0.005, Wilcoxon-Mann-Whitney test).

The likelihood for MPO-positive UIA was significantly associated (p=0.031) with ARR (Odds

Ratio: 4.79; 95% confidence limits: 1.15–19.96).

Conclusion—MPO is associated with PHASES estimated risk of aneurysm rupture and may

potentially be used as an imaging biomarker of aneurysm instability.
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Introduction

Inflammation of the cerebral aneurysm wall has been identified as an important

characteristic predictive of aneurysm progression to rupture (reviewed in 1). Numerous UIA

pathology studies have shown the presence of neutrophil-derived enzymes (e.g. elastase,
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NGAL-matrix metalloproteinases-9 complexes) in aneurysms. These enzymes promote

medial matrix degradation and are associated with vascular instability.2,3

Myeloperoxidase (MPO) is a secretable oxidoreductase of azurophilic granules of

polymorphonuclear cells (primarily neutrophils). In the presence of H2O2, which is

generated by neutrophilic respiratory burst, secreted MPO produces chlorinating bactericidal

species such as hypochlorous acid. In addition to a well-known role in host defense system

against microorganisms, MPO has been recently implicated in the initiation and

destabilization of atherosclerotic plaques (reviewed in 4).

Previously, we demonstrated that the enzymatic activity of MPO can be used as a highly

selective and sensitive target for inflammation imaging using clinical modalities (MRI,

SPECT).5–7 Rabbit model studies validated the use of a gadolinium(III)-chelate MPO

activity-sensing MR imaging agent as a probe for the detection and localization of

inflammation in a saccular aneurysm model.8 The local accumulation of the imaging agent

correlated with the presence of MPO activity at the site of aneurysm inflammation. The

resulting MR signal intensity changes were quantifiable at clinically-relevant MR field-

strength and gadolinium(III) dosages.8

Although these results are promising, there is no direct evidence of the presence of MPO in

human aneurysm tissues. The present study was designed to investigate the association

between MPO in human aneurysms with known risk factors for rupture.

Materials and Methods

MPO Levels in Human Aneurysm Tissue and Histology

Human aneurysm tissue was resected during microsurgical clipping of brain aneurysms

under an Institutional Review Board-approved protocol. Following secure clip placement,

the aneurysm dome was resected, collected in sterile saline, embedded in tissue freezing

medium (Triangle Biomedical Sciences, Durham NC) and snap frozen in liquid nitrogen.

The specimens were stored at −80°C until histological processing (see protocols in on-line

Data Supplement). When the tissue specimen was sufficiently large, approximately 50% of

the tissue was used for MPO activity measurement. Two experienced neuroradiologists

blinded to the pathology results reviewed angiographic data to categorize the aneurysm

morphology and measure the diameter of the aneurysm dome.

Statistical Analysis

The presence or absence of MPO in each aneurysm based on histology score was binary

coded. For each UIA, its 5-year aneurysm rupture risk (ARR) was determined using the

PHASES model.9 This model accounts for six risk factors including population (Finland,

Japan, North American/other European countries), age, hypertension at baseline, prior

history of subarachnoid hemorrhage (SAH), aneurysm size and aneurysm location. The

PHASES model does not account for gender, presence of multiple aneurysms, and smoking

status at baseline since these additional factors did not add value to the model for predicting

rupture.9 The data were statistically analyzed (SAS Version 9.3, SAS Institute Inc., Cary,

NC) to determine if the distribution of ARR differed between the MPO-positive and MPO-
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negative groups. Logistic regression was used to determine the association between ARR

and MPO. We considered family history of SAH, irregular aneurysm shape, and

documented aneurysm growth as additional risk factors for rupture and their association

with MPO was analyzed using Fisher’s exact test. Effects associated with p<0.05 were

considered statistically significant.

Results

From January 2008 to July 2013, 23 aneurysms from 19 patients (13 female; median age 54

years, age-range 29–75 years) were collected (Table I, on-line Data Supplement). The

average aneurysm diameter was 8.0±1.0mm. Three were identified as ruptured, all of which

were positive for MPO. Of the 20 UIAs, half were positive for MPO (Figure 1). MPO

activity measurements in a small subset of aneurysms corroborated histological findings: In

aneurysms stained negative for MPO, there was 55.2±4.6 U-MPO/mg-tissue (background

level, n=2) that was approximately 4-fold lower than the MPO activity (200.5±17.8 U-

MPO/mg-tissue, n=4) in aneurysms found to stain positive.

The ARR distribution did not satisfy the normality assumption (p<0.001, Shapiro-Wilks

test). The median ARR (Figure 2) for all UIAs was 1.4% and was higher for the MPO-

positive group (2.28%) than the MPO-negative group (0.69%). Wilcoxon-Mann-Whitney

test indicated that the distributions of 5-year ARR were statistically different between MPO

positive and negative groups (p<0.005). Logistic regression modeling ARR as a predictor of

MPO was statistically significant (Likelihood Ratio χ2: 8.44, p=0.004) and satisfied the

goodness-of-fit Hosmer-Lemeshow test (p=0.506). The likelihood for MPO-positive UIA

was significantly associated (Wald χ2: 4.64, p=0.031) with ARR (Odds Ratio: 4.79; 95%

confidence limits: 1.15–19.96). The receiver operating characteristic curve (Figure 3) had an

area (AUC) of 0.86.

Positive MPO staining also exhibited a statistically significant association with irregular

aneurysm shape (Fisher’s exact test, p=0.033, 2-sided) but not with the other risk factors

considered (p>0.068). Addition of irregular aneurysm shape to the logistic regression model

(with Firth’s bias correction) resulted in a statistically significant model (Likelihood Ratio

χ2: 8.78, p=0.012) and improved the AUC (Figure 3).

Since clinically acceptable thresholds for PHASES estimated ARR have not been

established, an ordered logistic regression model was used to determine if MPO was

predictive of higher ARR by grouping the ARR in terms of the distribution quartiles

(ARR<0.62%:0; 0.62% ≤ ARR<1.4%:1; 1.4% ≤ ARR≥2.49%:2; ARR 2.49%:3). The overall

model was statistically significant (Likelihood Ratio χ2: 10.62, p=0.001) and the

proportional odds assumption could not be rejected (χ2: 1.615, p=0.446). MPO was a

significant predictor (p=0.004) of 5-year ARR ordered in terms of the distribution quartiles

(proportional odds: 23.32, 95% CI: 2.69–202.43).

Discussion

The role of neutrophilic MPO as a potential contributing factor to UIA rupture has not been

extensively studied, but a confluence of evidence from studies aimed at determining risk
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factors for atherosclerosis and other cardiovascular diseases identified MPO as a key player

in the progression of these diseases (reviewed in 10). More importantly, MPO levels have

been shown to be correlated with the severity and outcome of vascular disease, making it a

highly promising biomarker for diagnosis and staging.10,11 In addition to its role in

inflammation, MPO mediates oxidative cell stress due to the production of reactive oxygen

species. Chlorination of lipoproteins and nitrosylation of matrix proteins by MPO are

thought to contribute to vessel wall damage.4,12

Inflammation is also a key element in the final stage of aneurysm development, i.e., rupture,

and the infiltration of neutrophils has been found to be greater in ruptured versus unruptured

aneurysms.13–15 The emerging picture suggests that both aberrant vascular remodeling and

inflammation contribute to aneurysm formation and progression, but that a key factor which

may predispose the wall to rupture is on-going inflammation mediated by an accumulation

of neutrophils and monocytes/macrophages.13–15 Therefore, MPO could play a critical role

in aneurysm progression to rupture. Our analysis of MPO in human UIAs indicates an

association with risk of aneurysm rupture as predicted by the PHASES model, suggesting a

potential role as a biomarker. It should be noted that our study design was limited by the

requirement to obtain an aneurysm specimen at the time of surgery. We anticipate that with

the future development of clinically acceptable non-invasive MPO imaging probes, the

patient selection bias of the current report will be overcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Incidentally-found 10mm, left MCA aneurysm in a 46 year-old female (patient 17) is

irregular with multiple blebs (A) and stains positive for MPO (B, 20×). A 29 year-old female

(patient 16) with incidentally found right MCA and PComm artery aneurysms on CT-

angiography (C). The 14mm MCA-aneurysm stains negative for MPO (D).
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Figure 2.
Box-plot of the PHASES estimated 5-year aneurysm rupture risk for MPO-positive and

MPO-negative groups. Diamonds represent the distribution mean. Asterisk (*) indicates

statistically significant difference between the groups (p<0.005).
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Figure 3.
ROC curves obtained by logistic regression modeling 5-year ARR and irregular aneurysm

shape as predictors of MPO. The legend shows the predictors, AUC±standard error, and

95% Wald confidence limits.
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