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Abstract

The condition of collateral pathways is an important predictor of stroke prognoses; however the major determinants of oollateQ
are still unknown. The purpose of this study is to identify potentially determinants for collateral circulation status in patients with
chronic occlusion of cerebral arterial circle.

All patients with chronic occlusion of either unilateral internal carotid artery or middle cerebral artery M1 or M2 segment,
diagnosed by digital subtraction angiography at the neurology department of the First Medical Centre of Chinese PLA General
Hospital from January 2015 to December 2017, were retrospectively collected in our sample. After screening according to inclusion
and exclusion criteria, the patients’ relevant clinical data were collected and analyzed. Collateral circulations were assessed by 2
independent raters using the American society of interventional and therapeutic neuroradiology/society of interventional radiology
flow-grading system.

Baseline characteristics (n = 163): our sample consists of 116 (71.2%) male and 47 (28.8%) female patients with an average
age of 57.5+11.9 years. Cerebral collateral flow was poor in 59 (36.2%) patients. Our univariate analyses showed that poor
collateral circulation was associated with lower high-density lipoproteins cholesterol (HDL), elevated homocysteine levels, aging
and hyperlipidemia. A multivariate analysis identified HDL, homocysteine levels and ageing as major predictors for collateral
circulation status. In the subgroup analysis, the HDL contributed to collateral angiogenesis internal carotid artery occlusion group.
In the middle cerebral artery occlusion group, the homocysteine and ageing were related to the poor collateral status.

Low HDL, high levels of homocysteine and ageing are identified as possible risk factors for a poor collateral vessel blood flow
in patients with chronic anterior circulation occlusion.

Abbreviations: ASITN/SIR = American society of interventional and therapeutic neuroradiology/society of interventional
radiology, DSA = digital subtraction angiography, ECs = endothelial cells, eNOS = endothelial NO synthase, HDL = high density
lipoproteins, HDL-P = HDL particles, LDL = low-density lipoproteins, ROS = reactive oxygen species, SD = standard deviation,

VSMCs = vascular smooth muscle cells.
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1. Introduction

Leptomeningeal collaterals are part of a preexisting!!! net-
work that cross-connect a small number of the most distant
arterioles of the intracerebral system.!»?! These collaterals
are endogenous bypasses capable of maintaining blood flow
in case of a primary blood flow disruption, guarding against
ischemic brain damage.”?! Cerebral collaterals are important
to cerebrovascular reserve, especially for patients with artery
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obstruction. Additionally, collaterals is an important predictor
of clinical outcome and response to acute stroke therapy.l-!
Measures of collateral flow on noninvasive modalities and
angiography might help to define specific regions of brain at
risk of infarction and hemorrhage. Moreover, both ischemia
and reperfusion, determinants of outcome and hemorrhagic
transformation, are influenced by collaterals.!) Good collat-
eral status is associated with higher rates of favorable func-
tional outcome, and lower rates of intracranial hemorrhage
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and mortality, in patients with acute ischemic stroke receiving
endovascular therapies.!”!

However, factors that dictate the collateral vascular distri-
bution and perfusion are still largely unknown. Animal studies
point to genetic polymorphisms in genes that control the forma-
tion and postobstruction remodeling of collateral circulation,®*!
as well as milieu interne factors, such as age!>'®!! and blood
pressure. The Rabep2, a novel gene involved in VEGFA-Flk1
signaling and required for formation of collaterals during devel-
opment, is crucial to the formation of collateral and collateral
formation is abolished in mice lacking Rabep2.!"?! In mice, age-
ing, hypertension, metabolic syndrome, and other cardiovascu-
lar-stroke risk factors cause pruning away of pial collaterals and
a smaller diameter in those that remain.!'*'* Findings for pial
collateral grading in humans are consistent with those for aging
and metabolic syndrome.!""7IHypertension!'$!"! and the use of
statin’ are both associated with thinning of collaterals. Many
factors likely contribute to the observed phenotypic variation in
cerebral collaterals, and the role played by age and various risk
factors for cardiovascular diseases in the primitive formation of
collateral vessels is yet to be investigated.

Our study was to determine which factors are good indicators
for the state of collateral vasculature in patients with the chronic
occlusion of cerebral arterial circle. The grade scale of collat-
eral filling is American Society of Intervention and Therapeutic
Neuroradiology/ Society of Interventional Radiology (ASITN/
SIR), which describes collateral filling of the ischemic territory,
measuring arterial vigor and could be used in any territorial
occlusion. By the investigation for the determinants of cerebral
collaterals, we hope to find the method to improve the function
and extend of collaterals.

2. Materials and methods

2.1. Patients

Our sample was taken from the list of patients diagnosed with
the occlusion of cerebral arterial circle who were admitted into
the neurology department of the First Medical Centre of Chinese
People Liberation Army (PLA) General Hospital. This is a retro-
spective observational study carried out from January 2015 to
December 2017. The study was approved by Ethics Committee
of Chinese PLA General Hospital and informed consent was
obtained from all patients. The following criteria need to be ful-
filled for patients to be included in this study: (a) The occlusion of
either unilateral internal carotid artery or middle cerebral artery
M1 or M2 segment was confirmed by digital subtraction angiog-
raphy (DSA); (b) Patient information were completed after admis-
sion; (c) The entire episode of disease lasts for at least 4 weeks
(to be characterized as a chronic illness). Patients were excluded
if: (a) Occlusion was located in the posterior circulation, includ-
ing occlusion of the basilar and vertebral arteries; (b) Patient had
previously experienced subarachnoid hemorrhage or has had
intracranial artery malformation or tumors; (c) Patient was diag-
nosed by Multiple arteritis(diagnosed by the American College of
Rheumatology classification criterial®”); (d) There were bilateral
occlusions of internal carotid artery or middle cerebral artery; (e)
Patient was diagnosed with coexisting Moyamoya disease(diag-
nosed by the Japanese research committee diagnostic criterial!).

2.2. Clinical variables

Age, gender, BMI, the presence or absence of hypertension, diabe-
tes, and hyperlipidemia, whether there is a medical history of cor-
onary heart disease or ischemic stroke, or a history of tobacco or
alcohol abuse were all recorded. Laboratory parameters (includ-
ing hematocrit, blood uric acid, triglyceride, cholesterol, homo-
cysteine, low-density lipoproteins (LDL), high density lipoproteins
(HDL) levels) upon admission were collected as individual baseline
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values. Diagnoses of hypertension, diabetes, hyperlipidemia, coro-
nary heart disease, or ischemic stroke was made either in a tertiary
hospital prior to admission by our hospital or at our own facility.
A smoking history of was at least 10 cigarettes per day for over 5
years. An excessive drinking habit, more than § years, of consum-
ing over 50g of alcohol per day was recorded.

2.3. Imaging variables

A Philips Allure X-per FD20 Biplane DSA machine (Philips
Medical Systems, The Netherlands) was used to perform each
patient’s DSA. The radiographs were taken at 4 inches per sec-
onds. Vascular distributions of the internal carotid artery, mid-
dle cerebral artery, external carotid artery and the vertebral
artery, as well as the structural integrity of the circle of Willis,
were noted in details. Any hypoplasia (vessel diameter <1.0 mm)
or missing of either the posterior cerebral artery or the anterior
cerebral artery was recorded. The anterior circle of Willis path-
way was considered incomplete when the anterior communicat-
ing artery could not be observed or when the A1 segment of any
of the anterior cerebral arteries was hypoplastic, absent or both.
Likewise, its posterior circle was considered incomplete when
the posterior communicating artery was not visible or when
there was any hypoplastic or missing P1 segment of one of pos-
terior cerebral arteries. An external carotid or vertebral stenosis
was considered severe if the degree of obstruction was >70%.

All DSA images were evaluated by American society for inter-
ventional and therapeutic neuroradiology/interventional radiol-
ogy(ASITN/SIR) collateral flow grading system?!;

Grade 0: No collateral to the ischemic site.

Grade 1: Slow collaterals to the periphery of the ischemic site
with persistence of some of the defect (Fig. 1).

Grade 2: Rapid collaterals to the periphery of ischemic site
with persistence of some of the defect and to only a portion of
the ischemic territory.

Grade 3: Collaterals with slow but complete angiographic
blood flow of the ischemic bed by the late venous phase.

Grade 4: Complete and rapid collateral blood flow to the
vascular bed in the entire ischemic territory by retrograde per-
fusion (Fig. 2).

Figure 1. A 58-year-old man with left internal carotid artery occlusions, the
compensation of collaterals from the right internal carotid artery, external
carotid artery and the left vertebral artery to the left hemisphere is insufficient
and slow. ASITN/SIR collateral flow grading system: 1.
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Figure 2. A 79-year-old man with left internal carotid artery occlusions, the
compensation of collaterals from right hemisphere to left hemisphere is full
and rapid. ASITN/SIR collateral flow grading system: 4.

A score of 0-2 was perceived as a poor grading, and a col-
lateral flow that received a score of 3-4 was considered good,
respectively.

Two physicians (PCH and ZDF) independently grade col-
laterals status to minimize the bias. If there was any disagree-
ment between 2 reviewers that not solved by discussion, a third
reviewer (Wang) decided the final grade.

2.4. Statistical analyses

Statistical analyses were performed with SPSS 24. The outcome
was the collateral grade dichotomized as 0-2 (poor) vs 3-4
(good). Less than 3% of data were missing and the median val-
ues were imputed to fill the gaps.

Univariate analyses were first conducted for all the candi-
dates. Statistically significant variables in univariate analyses
were included in the multivariate logistic regression model. In
addition, whether there is multi-collinearity among the inde-
pendent variables was assessed using Spearman correlation for
multi-comparisons. Potentially correlated variables (R > .5)
were not included in the same model. Our specific model was
built by the means of forward selection until a simple model
incorporating only statistically significant variables (P < .05)
was obtained. A 2-sided P value of <.05 was considered statis-
tically significant.

3. Results

A total of 181 patients were diagnosed with chronic occlu-
sions of anterior circulation. After excluding 15 patients with
acute arterial occlusion and another 3 patients missing their
necessary relevant personal information, we included 163
patients in the final analyses, among whom 116 (71.2%)
patients were male. Their mean age was 57.5 (SD: =11.9).
Majority of the patients had hypertension (66.2%) and most
of them suffered the incomplete Willis (73%). There is no
patient was diagnosed Moyamoya disease or Multiple arteri-
tis according to the diagnostic criteria. There were no patients
with grade 0 and only 7 with gradel. In order to reduce the
bias of the results, they were divided into poor collateral cir-
culation (grade 0-2) and good collateral circulation (grades
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3-4) for comparative analysis. Collateral flow was poor in 59
(36.2%) patients and good in 104 (63.8%) of them. Baseline
characteristics of our sample and research outcomes are sum-
marized in Table 1.

Univariate analyses showed that patients who had relatively
poor collateral circulation were older. Potential medical issues
like hyperlipidemia, elevated homocysteine levels, and low levels
of HDL were also more prevalent in poor collateral population.
The relationships among age, hyperlipidemia, homocysteine,
and HDL levels were also explored by the Spearman correlation
analysis.

The binary logistic regression model with forward selection
demonstrated age as a factor of interest in addition to HDL
and homocysteine levels. In addition, low level of HDL, elevated
homocysteine level in serum, and old age were identified as rel-
evant factors associated with a poor collateral circulation status
(Table 2).

Because internal carotid artery occlusion and middle cerebral
artery occlusion are different case scenarios by which collat-
eral circulation could be affected, subgroup analyses were car-
ried out. Under internal carotid artery occlusion, HDL level in
serum was significant indicators for collateral circulation status
according to a univariate analysis. Only high level of HDL was
proven to be the protective factor (Table 3), as later confirmed

Variables stratified by good vs poor collateral status on DSA.

Poor collateral Good collateral ~ Pvalue

n 59 104

Age [mean (sd)] 61.07 (9.74) 55.46 (12.52)  0.003*
Smoking (%) 31 (52.5) 42 (40.4) 0.181
Alcohol (%) 18 (30.5) 26 (25.0) 0.563
Hypertension (%) 40 (67.8) 68 (65.4) 0.754
Hyperlipidemia (%) 15 (25.4) 12 (11.5) 0.038"
Coronary heart disease (%) 17 (28.8) 23 (22.1) 0.444
diabetes (%) 18 (30.5) 36 (34.6) 0.717
Stroke (%) 23(39.0) 30 (28.8) 0.249
BMI (median [IQR]) 27.45 27 0.253
ECA=1 (%) 3(6.1) 12 (11.5) 0.277
Willis =1 (%) 46 (78.0) 73(70.2) 0.373
ACA =1 (%) 7(11.9 15 (14.4) 0.825
PCA=1 (%) 5(8.5) 13 (12.5) 0.598
Vertebral = 1 (%) 13 (22.0) 34 (32.7) 0.206
Gender = 2 (%) 12 (20.3) 35(33.7) 0.104
SP (mean (sd)) 133.64 (18.31) 130.34 (15.27)  0.219
DP (mean (sd)) 78.31 (9.45) 78.46 (10.86)  0.926
homocysteine (mean (sd)) 18.46 (9.86) 14.72 (6.52) 0.004*
uric acid (mean (sd)) 306.69 (95.93) 304.90 (77.21)  0.897
Triglyceride (mean (sd)) 1.45(0.78) 1.38 (0.56) 0.536
Cholesterol (mean (sd)) 3.47 (0.93) 3.66 (0.85)  0.203
LDL (mean (sd)) 2.09 (0.80) 219(0.75  0.424
HDL (mean (sd)) 0.94(0.23) 1.08(0.34)  0.009*
Platelet (mean (sd)) 218.04 (60.93) 220.82 (55.98)  0.768

Abbreviations: ACA = 1: the A1 segment of one of anterior cerebral arteries was hypoplasia,
absent, DP: diastolic pressure, ECA = 1: stenosis of external carotid artery was >70%, HDL: high
density lipoprotein, LDL: low density lipoprotein, PCA = 1: the P1 segment of one of posterior
cerebral arteries was hypoplasia, absent, SP: systolic pressure, Vertebral = 1: stenosis of vertebral
artery were considered was >70%, Willis = 1: the circle of Willis was incomplete. *P < .05.

Final model predicting poor collateral status using binary
logistic regression.

variable OR 95% of Cl Pvalue
Age 1.046 (1.012,1.081) 0.007
Homocysteine 1.055 (1.006, 1.106) 0.027
HDL 0.273 (0.075, 0.996) 0.049

Abbreviation: HDL = high density lipoprotein.
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Internal carotid artery occlusion group final model predicting
poor collateral status using logistic regression.

95% of Cl
(0.038, 0.951)

Pvalue
0.043

variable OR
HDL 0.189
Abbreviation: HDL: high density lipoprotein.

by a binary regression. As for the middle cerebral artery occlu-
sion group, age, HDL, homocysteine levels, blood pressure, his-
tory of stroke, and tobacco use were all predictors of collateral
flow in univariate analysis. Based on additional binary regres-
sion analysis, high levels of homocysteine and ageing were asso-
ciated with a poor collateral flow (Table 4).

4. Discussion

In this study, elevated homocysteine levels and ageing were inde-
pendently associated with an inadequate collateral flow, and
high HDL levels were correlated with a relatively better collat-
eral blood flow among patients with the occlusion of cerebral
arterial circle. Furthermore, in the internal carotid artery occlu-
sion group, the HDL contributed to collateral angiogenesis.
While in the middle cerebral artery occlusion group, the homo-
cysteine and ageing were related to the poor collateral status.

The primitive conformation of collateral vessels is contingent
on genetic and environmental determinants. Animal experi-
ments demonstrated that variants in different genes may gov-
ern collateral formation and its remodeling.!®! Previous studies
have shown that VEGE?¥! CLIC4,*! along with the Rabep2!?*!
gene were the critical determinants. Despite the aforementioned
progress, studies in search for corresponding factors in human
were rather retarded and had been suffered from problems,
such as small sample sizes.!"”! Although clinical studies in the
coronary vascular have demonstrated that cardiovascular risk
factors (including dyslipidemia, hyperglycemia, hypertension,
and ageing) may contribute to vulnerability in collateral vas-
cular, the causal mechanisms remain unknown.?¢?”l Menon et
al found that metabolic syndrome, hyperuricemia, and age are
associated with poor collaterals in patients with acute occlusion
of anterior circulation.!'! Besides, Faber et al showed that age
and hypertension is related to poor posterior communicating
collaterals, but hyperlipidemia and metabolic syndrome had no
effect.!?s Those studies indicated age was a common factor that
related with poor collaterals, but other vascular risk factors and
collateral vasculature were not consisted.

4.1. HDL

Low HDL levels remains a powerful independent predictor of
elevated cardiovascular risks in patients with ischemic heart dis-
ease,”” even though several clinical trials have demonstrated that
substantially raising HDL levels could not lead to an effective
reduction in cardiovascular event rates.’3') The HDL number
may partly represent the function of HDL, but it probably does
not represent other protein and lipid in HDL that play important
roles in cardio-protect.’?’ Thus, the HDL number may be not
precise enough to estimate its effectiveness on vessels.

Middle cerebral artery occlusion group final model predicting
poor collateral status using logistic regression.

variable OR 95% of Cl Pvalue
Age 1.063 (1.010,1.118) 0.019
Homocysteine 1.087 (1.020, 1.159) 0.010
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Besides lipid transportation, HDL has clear antiinflamma-
tory traits and antioxidative properties. Furthermore, HDL
can be found in myeloid cells, which leads to a suppression
of cytokine and chemokine productions, a down-regulation
of costimulatory molecules and an inhibition of antigen pre-
sentation.%* It also has been documented to dampen endo-
thelial inflammatory activation and to induce the repair by
increasing nitric oxide(NO) generation.’s! Moreover, HDL-
associated enzymes that have been reported to hydrolyze
oxidized phospholipids into lysophosphatidylcholine played
a pivotal role in its antioxidative properties.** HDL has been
shown to prevent the oxidative modification of LDL, thus
inhabiting of the macrophage foam-cell generation in the
vessels.37!

The results of a series of preclinical experiments show that
the antiinflammatory and antioxidant effects of HDL on endo-
thelial cells ensure the integrity of endothelial cells and then pro-
tect blood vessels. The vascular protective effect of HDL may be
more obvious in patients with internal carotid artery occlusion.
However, in the future, the vascular protective effect of HDL
needs to be verified by different HDL proteins.

4.2. Hyperhomocysteine

Homocysteinemia was an independent risk factor for stroke
associated with atherosclerotic vascular diseases.*®3"! Previous
study found that a decline in serum homocysteine was strongly
linked to a reduction in stroke risks in Chinese adults with
hypertension.”!

High plasma concentration of homocysteine leaves patients
more susceptible to small and large vessel disease.[*”! Moreover,
homocysteine can result in an accumulation of endothelial NO
synthase (eNOS) inhibitor asymmetric dimethylarginine,?*®!
which reduces the amount of eNOS. Endothelial dysfunc-
tion is considered the first step of atherogenesis, an underly-
ing mechanism for which could be the attenuation of eNOS.
The eNOS destruction leads to a reduced-bioavailability of
NO and increased inflammation. Not only can homocysteine
reduce the bioavailability of NO, it can also directly give rise
to endothelial incompleteness. Thiolactone generated by homo-
cysteine attracts lysine-rich proteins and potentially triggers
an endoplasmic reticulum stress-related endothelial apoptotic
response.*! In addition, homocysteine was a potent excitatory
neurotransmitter that promotes oxidative stress and facilitates
calcium influx at the cellular level,"*?'which could directly lead
to endothelial apoptotic.

The decrease of eNOS and the injury of endothelial cells
caused by homocysteine led to vasodilation dysfunction and
atherogenesis, resulting in the decrease of collateral vessel den-
sity and diameter. Therefore, for patients with chronic vascular
occlusion, it is especially necessary to control homocysteine to
a lower level.

5. Ageing

Ageing was associated with increased ischemic mortality and
atherosclerotic incidence.*! Focal narrowing of the arteries,
one of the most important characteristics of arterial athero-
sclerosis, makes carotid artery stenosis highly likely to evolve
into an ischemic event. The incidence of carotid artery steno-
sis increased from 1% in the population that falls into the age
range from 50 to 59 to as high as 10% in the population aged
70 and above.* With the increasing age, accelerated cellular
degeneration, brought about by ageing, may exacerbate the sole
aging of vessel walls in atherosclerosis. Previous studies have
proven senior as an established risk factor in progressing ath-
erosclerosis,*>*#! which has been classified as a type of geriat-
ric diseases. In addition, aging of the vessel walls could reduce
the number of vascular smooth muscle cells (VSMC), increase
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collagen deposition, and render elastin lamellae more vulnera-
ble to fracture, leading to a reduced flow-mediated dilation and
increased stiffness.*!

Aged endothelial cells (ECs) show attenuated eNO produc-
tion and increased susceptibility to apoptosis, and monocyte
migration into the vessel wall is enhanced.*! Moreover, as ECs
under laminar shear stress upregulate antioxidant enzymes,*”!
turbulent flow at the plaque formation sites can in turn reduce
antioxidant capacity. In vitro studies have shown that ageing
VSMCs has more oxidative stress-induced damages, probably
due to increased reactive oxygen species (ROS) generation and
antioxidant defense impairment. =% VSMC senescence leads to
its reduced proliferation and makes the cell more susceptible to
apoptosis, thus promoting atherosclerosis progression and inhib-
iting plaque repair.¥! Increased oxidative phosphorylation and
mitochondrial deoxyribonucleic acid damage can increase ROS
generation. Both vascular ageing and cellular senescence are asso-
ciated with increased expression of pro-inflammatory cytokines
and adhesion molecules, further promoting persistent inflamma-
tion, which can aggravate the whole atherosclerotic crisis.*’!

The ageing of ECs and VSMC will cause the increase of
inflammation and apoptosis, the decrease of antioxidant capac-
ity and vasodilation dysfunction will lead to the increase of
collateral vascular atherosclerosis and vascular wall injury,
resulting in the decrease of collateral density.

Our study has limitations. The “HDL cholesterol hypothesis”
has been substituted by the “HDL function/flux hypothesis”.>"
Samia Mora et al found that the number of HDL particles
(HDL-P) may be a better marker of residual risk than the chem-
ically-measured HDL level,’? thus HDL-P could a better inde-
pendent variable to gauge the function of HDL. Furthermore,
a binary classification of the dependent variable (i.e., collateral
circulation status) was adapted, which may oversimplify the
complex pathophysiology of collateral hemodynamics. Lastly,
there are only Eastern Asian included in our analysis, so the
population bias is inevitable. As such, our finding may only
apply to population we studied. Nevertheless, our study pro-
vides an insight to understanding the factors effected the forma-
tion of collateral vascular and the controllable factors, such as
HDL and homocysteine, could be the appropriate therapeutic
target to enhance collaterals.

6. Conclusions

In conclusion, low HDL level, high level of homocysteine and
ageing were found to retard a sophisticated development of
cerebral collaterals in our study. The clinical physicians need
to take more attention to the level of HDL and homocysteine
for patients with chronic occlusion of internal carotid artery or
middle cerebral artery. The elevated HDL and low homocyste-
ine may be beneficial to the formation of cerebral collaterals.
As stated above, more studies on clinical trials and therapeutic
strategies in enhancing collateral maturation and its functional
augmentation are still needed.
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