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Abstract Intracranial atherosclerotic disease (ICAD) is
one of the most common causes of stroke worldwide and the
one with the worst prognosis. In this study, we assessed the
hypothesis that the balance of circulating pro- and antian-
giogenic factors plays a role in the evolution of the disease
and can be used as a potential marker for the disease course
and a target for treatment. Seventy-four patients with severe
ICAD were enrolled in this prospective observational study,
medically optimized, and followed for 6 months. Thirteen
pro- and eight antiangiogenic factors were measured in the
participants’ serum using a sandwich multiplex ELISA.
Angiogenic profiles were calculated using principal compo-
nent analysis. We tested the association between angiogenic
profiles and recurring cerebrovascular events despite inten-
sive medical therapy, disability at 6 months after enrollment,
and angiographic neovascularization in patients who failed
medical treatment and underwent indirect revascularization
surgery. There is a strong association between a functionally
antiangiogenic profile and recurrent stroke or TIA in patients
with ICAD (OR = 7.2, CI 2.4-34.4). Multivariable regres-
sion analysis showed that this antiangiogenic profile was

Electronic supplementary material The online version of this
article (doi:10.1007/s10456-017-9578-1) contains supplementary
material, which is available to authorized users.

< Nestor R. Gonzalez
nestor.gonzalez@cshs.org

Department of Neurosurgery, Cedars Sinai Medical Center,
127 S San Vicente Blvd., Suite A6600, Los Angeles,
CA 90048, USA

2 School of Medicine, Stanford University, Stanford, CA, USA
School of Medicine, Zhejiang University, Hangzhou, China

Department of Neurology, UCLA School of Medicine,
Los Angeles, CA, USA

also associated with poor functional status after 6 months
(p = 0.002), independent from other clinical features such
as history of previous stroke, diabetes, and age. In patients
who failed medical management and underwent indirect
revascularization surgery, high endostatin and angiostatin
levels were also associated with low angiographic neovas-
cularization (p = 0.02). The results of this study point to the
striking importance of antiangiogenesis as a determinant of
ICAD patient prognosis and suggest a possible new target
for therapy.
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Introduction

Intracranial atherosclerotic disease (ICAD) is one of the
most widespread causes of stroke worldwide [1-3]. It
accounts for at least 10% of all strokes in the USA [4] and
as much as 67% in countries with predominantly Asian, His-
panic, and Black inhabitants, which constitute the majority
of the world population [1]. ICAD carries a worse prognosis
than other stroke etiologies, with an annual rate of recurrent
stroke and death of 15-35% despite intensive medical man-
agement [5—7]. Recent randomized controlled clinical trials
have shown that stenting and bypass surgery fail to improve
outcomes in ICAD cases [8—10]. The high prevalence, poor
prognosis, and lack of treatment options for ICAD neces-
sitate the identification of meaningful markers of the dis-
ease evolution and new targets for development of improved
therapeutic strategies.

Preliminary work by Arenillas and Navarro-Sobrino
has explored angiogenesis as a potential contributor to
the pathophysiology of ICAD and acute ischemic stroke
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[11-13]. Arenillas et al. evaluated the proangiogenic vas-
cular endothelial growth factor (VEGF) and the antiangio-
genic endostatin in 40 patients with ICAD. They found that
a higher ratio of endostatin/VEGF was associated with a
higher number of intracranial atherosclerotic lesions and that
elevated endostatin increased the risk for recurrent stroke at
13 months. However, this study was restricted to only two of
the numerous known angiogenic factors and was conducted
before the application of the current standards of intensive
medical management. Navarro-Sobrino et al. evaluated 8
proangiogenic and 5 antiangiogenic factors in patients with
acute ischemic stroke, showing that an acute antiangiogenic
status determined by high endostatin plasma levels was
associated with a worse long-term functional outcome. In
this study, only 20% (n = 22) of the population included
were cases of atherothrombosis, and no conclusions could
be defined for that subpopulation.

Despite these important findings, the role of angiogenesis
in ICAD has not been established. Determining the role and
therapeutic potential of angiogenesis in ICAD requires an
investigation of angiogenic molecules beyond VEGF and
endostatin, and an evaluation of their relevance and interac-
tions under intensive medical management and novel surgi-
cal treatments.

The investigation of numerous angiogenic factors as bio-
markers poses several statistical challenges. The inclusion of
multiple molecules and pathways generates data with high
dimensionality that limits the meaningfulness of traditional
inferential analysis. The absence of a full understanding
of their correlations and interactions constrains the use of
regression models to establish their association with clinical
outcomes.

The study we are presenting aimed to determine the
association between a broad spectrum of circulating factors
and recurrent cerebrovascular events as well as functional
outcomes in patients with ICAD. We conducted a pro-
spective cohort study to evaluate the role of 21 circulating

Table 1 Inclusion and exclusion criteria

angiogenic factors, employing advanced statistical modeling
to overcome the challenges mentioned above. Specifically,
we tested the hypothesis that angiogenic phenotypes are
associated with (1) the response to medical management
in terms of stroke and transient ischemic attack (TTA), (2)
functional clinical status at 6 months, and (3) angiographic
neovascularization after encephaloduroarteriosynangiosis
(EDAS) surgery.

Materials and methods
Population and study design

This prospective longitudinal cohort study involved patients
diagnosed with ICAD in four hospitals in the Los Angeles
metropolitan area where those patients initially presented
due to past or current symptoms. Patients aged 25-85 years
with a diagnosis of severe ICAD (> 70% stenosis) of any
intracranial artery as measured by catheter, CT, or MR angi-
ography between 2012 and 2014 were considered for inclu-
sion. Independent vascular neurologists determined patient
eligibility, based on the inclusion and exclusion criteria in
Table 1. The study received approval from the local insti-
tutional review boards, and informed consent was obtained
from each participant.

Upon enrollment, medical management was optimized
for all patients, and they were followed to determine treat-
ment success. A patient’s phenotype was defined as “non-
responder” to medical management if s/he had any signs of
ischemic stroke or transient ischemic attack (TTA) events or
“responder” if the patient was asymptomatic under medical
management. Demographic data, cardiovascular risk-factor
history, smoking history, physical activity status, medica-
tions, detailed neurological examination, and a modified
Rankin score (mRS) score were recorded. Baseline blood
chemistry, lipid panel, and HbA 1c were obtained.

Inclusion criteria

Exclusion criteria

1. 70-99% ICAS of a major intracranial artery diagnosed by angio-
gram, TCD, MRA, or CTA

2. Patient is willing and able to return for all follow-up visits required
by the protocol

3. Patient understands the purpose and requirements of the study, can
make him- or herself understood, and has provided consent

1. Intracranial tumor or vascular malformation

2. Any hemorrhagic infarct within 14 days before enrollment or any
other intracranial hemorrhage (subarachnoid, subdural, or epidural)
within 30 days

3. Intracranial arterial stenosis related to arterial dissection, moyamoya
disease, or any known infectious or vasculitic disease

4. Presence of any unequivocal cardiac sources of embolism

5. Major surgery (including open femoral, aortic, or carotid surgery)
within previous 30 days or planned in the next 180 days after enroll-
ment

6. Severe neurologic deficit that renders the patient not independent
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Patients with recurrent symptoms despite adequate med-
ical management were considered candidates for surgical
revascularization and, if eligible, followed the management
protocols of the EDAS Revascularization for Symptomatic
Intracranial Arterial Stenosis Study (ClinicalTrials.gov iden-
tifier: NCT01819597).

Interventions
Medical management

Immediately upon enrollment, all patients underwent inten-
sive medical treatment for primary risk factors (systolic
blood pressure and low-density lipoprotein [LDL]), sec-
ondary risk factors (diabetes, non-high-density lipoprotein
[non-HDL], smoking, obesity, and inadequate exercise) and
antiplatelet medications. More specifically, patients with
a history of high blood pressure or two or more consecu-
tive measurements of systolic blood pressure > 140 mmHg
were treated with at least one antihypertensive medication.
Patients with hypercholesterolemia were treated with statin
therapy to an LDLc goal of < 70 mg/dl. Patients with dia-
betes were managed medically to a HbAlc goal of < 6%.
Patients were counseled to lose weight, cease smoking, and
maintain physical activity with exercise for at least 30 min
daily. In addition to the regular office visits, patients were
contacted monthly by a research coordinator to promote
compliance in medication and lifestyle changes.

Surgical management

The EDAS technique has previously been described in detail
[14]. In summary, this is a revascularization procedure in
which the superficial temporal artery (STA) is dissected
from the scalp, while maintaining its proximal and terminal
connections to the external carotid artery and the skin tis-
sues, respectively. Then, the STA is placed under the skull
in close proximity to the middle cerebral artery cortical
branches. Over time neovascularization from the STA occurs
providing flow to the intracranial circulation. Patients eli-
gible for surgery continued intensive medical management
with no interruption.

Follow-up

All patients underwent follow-up visits at 2 weeks and 1, 3,
and 6 months after optimization. For patients who had an
event on medical therapy and therefore underwent EDAS,
postoperative visits occurred at 1, 3, and 6 months, with a
follow-up catheter angiogram at 6 months. Additional visits
were arranged for any patient if a potential TIA or ischemic
stroke event was reported between scheduled follow-up
visits. Vascular neurologists not involved in the analytical

evaluation of the angiogenic factors determined whether TIA
or ischemic stroke had occurred and assigned the mRS score
for each patient at every evaluation point. The research coor-
dination center monitored patient adherence to the scheduled
visits, and transport services were provided to encourage
patient adherence to the protocol.

Angiogenic factor measurements

Blood was collected at each visit in EDTA tubes. Serum
was immediately separated by centrifugation at 3500 rpm
for 15 min at 4 °C and stored in 2 cc cryovials at — 80 °C.
Quantitative measurement of human angiogenic factors
was taken using an enzyme-linked immunosorbent assay
(ELISA Quantikine®, R&D Systems, MN; RayBio®, Ray-
biotech, GA; and Ciraplex® Aushon Biosystems, MA, USA)
to detect the plasma level of vascular endothelial growth
factor (VEGF) isoforms 165a and 165b, VEGF-D, soluble
VEGEF receptor (VEGFR)1, VEGFR2, VEGFR3, platelet-
derived growth factor (PDGF)-AA, PDGFF-BB, fibroblast
growth factor (FGF) b, hepatocyte growth factor (HGF),
heparin-binding epidermal growth factor (HB-EGF), trans-
forming growth factor (TGF) p1, TGF P2, bone morpho-
genic protein (BMP)-2, BMP-9, stromal cell-derived factor
(SDF)-1, interleukin (IL) 4, thrombospondin (TSP)-1, TSP-
2, endostatin, and angiostatin. These factors were selected
after a review of the literature to obtain a broad representa-
tion of pro- and antiangiogenic factors. Each sample was
analyzed twice, with the mean of the two values reported as
the factor level. The mean intra-assay coefficient of variation
(CV) was established with a threshold of less than 20% CV
considered valid.

Statistics

Descriptive statistics were computed to summarize demo-
graphic and angiogenic factor data. A logarithmic transfor-
mation was used to correct for skewness in the angiogenic
factor data (transformed angiogenic factor [Tr Angiogenic
Factor] = (7, Angiogenic factor + 1). Principal compo-
nent analysis (PCA) was applied to the angiogenic factors
to reduce data dimensionality and derive the equations for
composite indexes denominated as angiogenic profiles
(APs). Using PCA we were able to reduce the number of
predictor variables from twenty-one angiogenic factors to
seven principal components (APs) that preserve as much
of the whole data variability (i.e., statistical information) as
possible. Figure 1 illustrates the reduction of 21 angiogenic
factor variables to seven principal components. Each prin-
cipal component, denominated AP (1-7), contains an eigen-
vector and an eigenvalue that summarize the initial data-
set. As no p values are computed during the creation of the
APs, this methodology does not increase the false discovery
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Fig. 1 Vector representation of the initial dataset variability and
post-principal component analysis (PCA) resultant angiogenic pro-
files (APs). This graphic illustrates the use of principal component
analysis to reduce the number of variables tested, while maintaining
the variability of the data. Instead of testing 21 angiogenic factors,
seven angiogenic profiles summarize the information. Each angio-
genic factor is represented in a as a vector in space contributing to the
total variability of the data. Several angiogenic factors had significant
correlations, as shown in detail in Supplementary Fig. 1. Correlations
are represented here by their proximity in space and their individual

rate but captures as much of the variability in the original
data as possible. The inferential analysis included APs with
eigenvalues higher than or equal to 1.0. We selected this
threshold because the components with eigenvalues above
1 accounted for 75% of the total variance. The APs were
calculated for each subject and constituted predictor vari-
ables in the subsequent statistical analyses. If more than one
AP was associated with a specific response, the coefficients
of the regression were used to resolve the final angiogenic
profile associated with the outcome variable.

To evaluate the association of the APs with failure of
medical management, a stepwise logistic regression model
was built using the APs first as predictor variables. Subse-
quently, the significantly associated APs were incorporated
in a multivariable logistic regression including the relevant
clinical predictor variables: age, gender, previous stroke,
hypertension, hypercholesterolemia, diabetes, and obesity
(defined as a BMI > 30). Each model’s fitness was evaluated
using R-square and AUC of the corresponding ROC. An
odds ratio was calculated for each variable from the regres-
sion parameters with their corresponding 95% confidence
intervals.

The association between APs and functional outcomes
at 6 months was evaluated with a multivariable ordinal
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contribution to the data variability by their length and diameter. B
represents the principal components, the new variables (APs) result-
ing from the PCA, which encompasses the whole data variability
but in a summarized manner. The final product of the APs direction
(eigenvector) and diameter (eigenvalue) represents the complete data
variance. A set of the first seven principal components (AP1-AP7)
contained in this dataset 75% of the total data variability, allowing for
an elimination of their high correlations and a reduction in the num-
ber of variables used for the inferential analyses

logistic regression model. This model included age, gen-
der, baseline mRS score, and the APs as the predictor
variables. The outcome variable was the mRS score at
6 months. Significant findings were further investigated by
constructing a prediction profiler using the ordinal model
with 5000 simulation runs of random factor settings.

The association between APs and revascularization
after surgical management was investigated in individuals
failing medical management who underwent EDAS sur-
gery. For this, a “neovascularization index” was defined
as the Perren grades [15] plus an additional point if evi-
dence of collaterals in the ASITN grades was observed in
cerebral angiography 6 months after surgery. We built a
linear regression model using stepwise regression with a
minimum BIC stopping rule and backward direction for
the outcome variable neovascularization index, including
predictor variables: age, diabetes, smoking history, and
baseline APs.

Finally, selected by the coefficient composition of
the APs significantly associated with clinical outcomes,
the main constituent angiogenic factors were compared
between the outcome groups with two-sided student’s t test
and one-way ANOVA for the transformed data.
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Table 2 Population characteristics
Variable Total Non-responder Responder
Mean SD Mean SD Mean SD
Age 61.8 12.3 64.9 11.1 59.8 12.7
n % n % n %

Gender

Male 35 47.3 13 44.8 22 48.9

Female 39 52.7 16 55.2 23 51.1
Race

White 37 50.0 13 44.8 24 53.3

Black 15 20.3 10 34.5 5 11.1

Asian 18 24.3 5 17.2 13 28.9

Native American 2 2.7 1 34 1 2.2

Mixed 2 2.7 0 - 2 44
Ethnicity

Not hispanic 62 83.8 24 82.8 38 84.4

Hispanic 12 16.2 5 17.2 7 0.2
Location

MCA 40 54.1 18 62.1 22 48.9

ICA 23 31.1 8 27.6 15 333

Vertebral 2 2.7 0 - 2 4.4

Basilar 6 8.1 2 6.9 4 8.9

PCA 4.1 1 34 2 4.4
Past stroke

No 48 64.9 29 100.0 19 422

Yes 26 35.1 0 - 26 57.8
Hypertension

No 10 13.5 5 17.2 5 11.1

Yes 64 86.5 24 82.8 40 88.9
Hypercholesterolemia

No 43 58.1 15 51.7 28 62.2

Yes 31 41.9 14 48.3 17 37.8
Hypertriglyceridemia

No 42 56.8 15 51.7 27 60.0

Yes 32 43.2 14 48.3 18 40.0
Diabetes

No 41 554 14 48.3 27 60.0

Yes 33 44.6 15 51.7 18 40.0
Obesity

No 63 85.1 25 86.2 38 84.4

Yes 11 14.9 4 13.8 7 15.6
Smoking history

No 52 70.3 21 72.4 31 68.9

Yes 22 29.7 8 27.6 14 31.1
Compliance with antiplatelets

No 3 4.1 0 - 3 6.7

Yes 71 95.9 29 100.0 42 93.3
Compliance with antihypertensives

No 6 9.4 1 4.2 5 12.5

Yes 58 90.6 23 95.8 35 87.5
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Table 2 (continued)

n % n % n %
Compliance with statins
No 2 5.1 0 - 2 8.0
Yes 37 94.9 14 100.0 23 92.0
Compliance with diabetes therapy
No 0 - 0 - 0 -
Yes 32 100.0 14 100.0 18 100.0
Baseline mRS
0 13 17.6 1 34 12 26.7
1 28 37.8 14 48.3 14 31.1
2 14 18.9 3 10.3 11 24.4
3 11 14.9 5 17.2 6 13.3
4 6 8.1 4 13.8 2 44
5 2 2.7 2 6.9 0 -
;2?}2;: 3 Angiogenic factor Angiogenic factor Non-responder median (IQR) Responder (median IQR)
VEGFA 165a (pg/ml) 26.2 (40.9) 23.9 (31.0)
VEGFA 165b (pg/ml) 241.1 (105.5) 246.8 (153.8)
VEGF-D (pg/ml) 1016.1 (703.5) 868.6 (619.0)
PDGFAA (pg/ml) 88.4 (182.1) 56.3 (155.0)
PDGFBB (pg/ml) 84.0 (149.9) 101.4 (178.0)
TGFBI1 (pg/ml) 8975.8 (6495.4) 9562.1 (7777.1)
TGFB2 (pg/ml) 239.9 (125.4) 226.4 (153.3)
FGFb (pg/ml) 1.4 (1.5) 04 (1.4)
HGF (pg/ml) 401.9 (833.6) 216.2 (119.5)
HB-EGF (pg/ml) 1.0(1.1) 1.4 (1.5)
BMP2 (pg/ml) 122.9 (36.5) 110.9 (26.1)
BMP9 (pg/ml) 29.3 (29.5) 30.9 (40.3)
SDF1 (pg/ml) 3890.4 (4210.0) 3860.8 (3845.2)
IL4 (pg/ml) 0.0 (0.3) 0.0(0.2)
VEGFR1 (pg/ml) 178.1 (156.1) 114.4 (71.5)
VEGFR2 (pg/ml) 13334.4 (3724.0) 14594.8 (4727.9)
VEGFR3 (pg/ml) 397387.3 (148873.0) 397595.0 (140122.0)
TSP1 (pg/ml) 102431.1 (12876.1) 97226.8 (35094.8)
TSP2 (pg/ml) 29983.4 (26279.6) 36365.0 (25849.3)
Endostatin (ng/ml) 229.0 (97.1) 234.8 (136.3)
Angiostatin (ng/ml) 766.6 (334.5) 624.0 (213.4)
Results 94.9% for statins use, and 100% for diabetes management

Eighty patients met inclusion criteria between July 2012 and
December 2014. Six declined to participate, and 74 enrolled
(Table 2). Mean age was 61.8 (SD = 12.3, range 28.6—83.3)
years, with 39 females (52.7%). The majority of partici-
pants were non-Hispanic Whites. Overall compliance with
intensive medical management was 95.9% for antiplatelet
medication use, 90.6% for antihypertensive medication use,
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and smoking cessation. At presentation, the most common
mRS score was 1.

During the 6-month follow-up period, 29 (39.1%) patients
receiving medical therapy had recurrent cerebral ischemic
events, including 3 who had only TIAs, 17 who had ischemic
strokes without TIAs, and 9 who had both TIAs and
ischemic strokes. As Table 2 shows, while non-responders
and responders were largely similar in age, gender, race,
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Fig. 2 Graphic representation of the angiogenic profiles (APs) calcu-
lated using principal component analysis. This graphic illustrates the
new variables summarized as angiogenic profiles (APs) which con-
tain different combinations of the 21 angiogenic factors evaluated.
Each AP is shown as a vector. Their lengths represent their eigen-
value as proportion of the data variability accounted per each prin-
cipal component. The seven APs capture 75% of the overall variance

of all the 21 angiogenic factors studied. Each AP is built from a linear
regression formula, and the coefficient of the main contributory angi-
ogenic factors is represented as a proportion of its length. Positive
coefficients are above the dotted line, and negative coefficients are
below the dotted line. Proangiogenic factors are represented in white
and antiangiogenic factors in yellow. Angiogenic profiles 4, 6, and 7
are predominantly antiangiogenic

Table 4 Association between

. ; Term Estimate Std error P Odds ratios for Lower 95% Upper 95%

angiogenic proﬁl'es and “non-responder”

recurrent ischemic events
Intercept - 0.7 0.3 0.0430%*
AP1 0.6 0.5 0.2 1.8 0.9 5.5
AP2 - 0.6 04 0.1 0.6 0.3 1.0
AP3 -0.1 0.2 0.7 0.9 0.6 1.3
AP4 0.7 0.3 0.02* 2.1 1.2 4.1
AP5 0.5 0.3 0.1 1.7 1.0 3.0
AP6 0.5 0.3 0.1 1.7 0.9 33
AP7 -05 0.4 0.2 0.6 0.3 1.2

ethnicity, location of the qualifying lesion, compliance with
medical therapy, and general cardiovascular risk factors,
non-responders less often had a history of stroke and a worse
baseline disability status.

Measurements of all 21 angiogenic factors are given
in Table 3 for responders and non-responders to medical
therapy. Transformed angiogenic factor values were used

to conduct the principal component analysis, which gener-
ated seven APs with eigenvalues higher than 1. These APs
were named “AP1” to “AP7” in the order of decreasing
eigenvalue. Figure 2 illustrates the principal components
and their contributing angiogenic factors. The coefficients
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T?b.le 5 .AssociatiO.n between Term Estimate std error p Odds ratios for ~ Lower 95% Upper 95%

chr.ucal.rlsk fac.tors including “non-responder”

antiangiogenesis and recurrent

ischemic events Intercept —14.1 48756 1.0
Age (years) 0.0 00 02 12.4 0.2 1397.1
Gender [male] -02 04 0.7 0.7 0.1 3.7
Previous stroke (> 30d) [no] 13.6 48756 1.0 0.0 0.0 0.003
Hypertension [no] 0.4 06 0.5 22 0.3 23.6
Hypercholesterolemia [no] - 04 05 04 0.4 0.1 29
Diabetes [no] -03 04 05 0.5 0.1 3.1
Obesity [no] -12 1.0 02 0.1 0.001 2.5
AP4 2.0 0.7 0.0030% 7.2 24 34.4

Fig. 3 Three-dimensional scatterplots for the baseline levels of HGF,
endostatin, and angiostatin in panel a, and VEGFA 165a, PDGFAA,
and FGF in panel b. This graphic illustrates how the combination
of the factors identified by PCA as part of the AP4 permits a clear
delineation of the population between responders (blue) and non-

for each transformed angiogenic factor are provided in Sup-
plementary Table 1.

Association of angiogenic profiles and recurrent
ischemic events

The logistic regression model evaluating the association
between the APs and phenotypic outcomes of responder
and non-responder reached statistical significance
(p = 0.001, R-square = 0.24, AUC = 0.81, 68.9% sensi-
tivity, 80% specificity). As Table 4 indicates, the only AP
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responders (red). Notice how the combination of higher levels of
HGEF, angiostatin, and endostatin is associated with failure to medical
management (red). Other factors combinations, like the one shown on
panel b, do not discern such association

significantly associated with the non-responder outcome was
AP4 (p = 0.02), odds of non-responder being 2.1 (95% CI
1.2-4.1). AP4 was then evaluated in a multivariable logis-
tic regression including the relevant clinical predictor vari-
ables: age, gender, previous stroke, hypertension, hypercho-
lesterolemia, diabetes, and obesity. Table 5 describes the
multivariable logistic regression model parameter results
and odds ratios. The model reached statistical significance
(p <0.0001, R-square = 0.62, misclassification rate = 0.09,
AUC = 0.96, 93.1% sensitivity, 89% specificity). In the
multivariable model, AP4 was the only significant predic-
tor parameter, with a p = 0.003, odds of non-responder being
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Fig. 4 Comparative box plots for the levels of transformed HGF
(a), VEGFRI1 (b), angiostatin (c), and endostatin (d) between non-
responders (red) and responders to medical management (blue).
The figure illustrates the specific angiogenic factors, selected by the
PCA, that were associated with no response to medical management.

7.2 (95% CI 2.4-34.4). AP4 is characterized by higher levels
of HGF and the antiangiogenic factors VEGFR1, endostatin,
and angiostatin.

We compared the major angiogenic factor components
of AP4 between outcome groups. Figure 3 contrasts in two
three-dimensional scatterplots the angiogenic factors data
from patients responding to medical management and those
not responding. The combination of the AP4 components
HGF, angiostatin and endostatin levels generates a clear
differentiation between responders and non-responders to
medical management. Other factors such as VEGFA 165a,
FGF, and PDGFAA, for example, did not permit such clear
differentiation.

Finally, the mean blood levels of the transformed HGF,
VEGFRI1, and angiostatin were significantly higher among
non-responders to medical management, as shown in
Fig. 4. The mean levels of Tr-HGF were 6.27 + 0.92 pg/
mL among non-responders compared to 5.39 + 0.6 pg/
mL in the responders to medical management (p < 0.001).

Endostatin

*%*

VEGFR1

Non-responder Responder

2.7

NS
2.6

254

2.4

2.3

2.2

2.1

Non-responder Responder

The levels of transformed HGF, VEGFR1, and angiostatin were sig-
nificantly lower (p < 0.001 [***], p < 0.01 [**], and p < 0.05 [*],
respectively) among the responders to intensive medical manage-
ment. The levels of endostatin were not significantly different (NS)

The mean levels of Tr-VEGFR1 were 5.27 + 0.64 pg/mL
among non-responders compared to 4.78 + 1.6 pg/mL in
the responders to medical management (p = 0.01). The lev-
els of Tr-angiostatin were also higher in the non-respond-
ers (6.59 + 0.35 ng/mL) versus responders (6.43 + 0,23,
p = 0.042). There was no statistically significant differ-
ence in the levels of Tr-endostatin (2.35 + 0.12 in the non-
responders vs. 2.38 + 0.15 in the responders to medical
management).

Association of angiogenic profiles and functional
outcomes at 6 months

The multivariable model evaluating the association between
the APs at baseline and functional outcomes in terms of
mRS score at 6 months after enrollment reached signifi-
cance with a p = 0.01, R-square = 0.23, and a minimum
AUC = 0.82. As described in Table 6, there was a significant
association between the AP4 at baseline and the 6-month
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Table 6 Association of angiogenic profiles and functional outcomes
at 6 months

Term Estimate Std error P
Intercept [0] —4.8 2.5 0.1
Intercept [1] —-24 2.4 0.3
Intercept [2] - 1.1 2.4 0.7
Intercept [3] 0.1 2.4 1.0
Intercept [4] 0.6 2.4 0.8
Age (years) 0.1 0.0 0.1
Gender [male] 0.1 0.4 0.8
mRS-Baseline [1-0] - 0.6 1.0 0.5
mRS-Baseline [2-1] - 1.8 1.0 0.1
mRS-Baseline [3-2] —-3.8 2.0 0.1
mRS-Baseline [5-3] 3.7 2.5 0.1
AP1-Baseline -0.0 0.7 0.9
AP2-Baseline 0.5 0.5 0.4
AP3-Baseline 0.1 0.2 0.8
AP4-Baseline -13 0.4 0.002*
AP5-Baseline -03 0.3 0.2
AP6-Baseline -04 0.3 0.2
AP7-Baseline —-0.1 0.4 0.9
*%

. -

2_

1] —

<
& ——

0_
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_2_
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Fig. 5 Association between AP4 and functional status at 6 months.
The graphic shows that patients with poor functional outcome
(mRS > 4) had significant higher levels of the AP4 (p < 0.01[**])

mRS score (p = 0.002), independently of age, gender, and
baseline mRS score. No other predictor variable had a
significant association with the functional outcomes. The
association between AP4 and the individual mRS scores at
6 months was further investigated using a prediction profiler.
Figure 5 shows the association of the AP4 with dichoto-
mized functional outcomes at 6 months. Patients with poor
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functional outcomes (mRS > 4) had significantly higher lev-
els of the AP4 (p = 0.004).

The comparison of the angiogenic factor components
of AP4, Tr-HGF and Tr-angiostatin, between functional
outcomes groups at 6 months, revealed significant higher
levels of HGF on individuals with poor functional per-
formance than in those with good functional outcome
(1276.1 £ 1312.6 pg/mL vs. 327.6 + 324.7 pg/ml, respec-
tively, p = 0.017). The levels of angiostatin were also higher
in those with poor functional outcome (818.5 + 200 ng/mL
vs. 655.7 + 201.3), but such difference was not statistically
significant (p = 0.1) Fig. 6.

Association of angiogenic profiles and angiographic
neovascularization after EDAS at 6 months

Among the 29 patients who failed medical management,
15 underwent EDAS revascularization. Five were male
and 10 female, with a mean age of 60.7 (SD + 12.7, range
32.1-83.3) years. Eleven patients completed angiographic
follow-up 6 months after surgery. The stepwise regres-
sion model evaluating the predictor variables described
in Table 7 and the neovascularization index outcome
variable reached statistical significance (p = 0.02,
R-square = 0.93). Significant predictors of the degree of
revascularization included age, diabetes, and APs 1 to 6 at
baseline. The regression formula solution for the signifi-
cant AP components revealed a strong negative association
with the antiangiogenic factors endostatin and angiostatin.
Figure 7 illustrates the resolved formula coefficients for all
angiogenic factors from the significant APs in association
with the neovascularization index. Parameters between 1
and — 1 account for little of the variance. Endostatin and
angiostatin are the most important.

Discussion

This study included 74 patients with confirmed ICAD of
at least 70% of intracranial vessels who underwent strict
medical management. Twenty-nine (39.1%) of these patients
had recurrent cerebral ischemic events during the 6-month
follow-up despite intensive medical management. This
higher than expected proportion of non-responders can be
attributed to several factors. We included TIAs as criteria
of failure to medical management, the majority of patients
in the current study were older than 60, and 30% had a ste-
nosis in the internal carotid artery. These last two factors
have been previously associated with an increased risk for
recurrent events [5].

We measured 13 proangiogenic and 8 antiangiogenic
factors and evaluated their association with failure of medi-
cal management over 6 months. We also measured their
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Fig. 6 Comparative bar graphic of the mean levels of HGF and angiostatin according to functional outcomes at 6 months. The graphic illus-
trates that poor outcomes (mRS > 4) were associated with significant higher levels of HGF (p < 0.05[*])

Table 7 Association between angiogenic profiles and neovasculari-
zation

Term Estimate Std error P
Intercept 0.3 0.7 0.7
Age (years) 0.05 0.01 0.007*
Smoking history [no] 0.2 0.1 0.2
Diabetes 2 [no] -03 0.1 0.05*
AP1-Baseline -04 0.1 0.03*
AP2-Baseline 0.3 0.1 0.01*
AP3-Baseline 0.2 0.1 0.02*
AP4-Baseline —-0.6 0.2 0.02*
AP5-Baseline 0.2 0.1 0.03*
AP6-Baseline -09 0.2 0.003*

* Indicates statistically significant values (p < 0.05)

correlation with functional status at 6 months, and, in those
patients receiving EDAS surgery after failed medical man-
agement, with angiographic neovascularization. To reduce
the data dimensionality and avoid the limiting effects of
strong correlations between angiogenic factors for statistical
analysis, we defined APs that summarize these factors using
PCA [16]. Among the seven angiogenic profiles identified
to explain the variance between angiogenic factors, AP4
was the most antiangiogenic, based on its PCA coefficients.
This functionally antiangiogenic profile and its components
(HGF, VEGFRI1, angiostatin and endostatin) were stronger
predictor of recurrent cerebral ischemic events than other

clinical features, including a history of previous stroke,
diabetes, and age, raising the odds of recurrent events sev-
enfold. They were also predictors of poor functional status
independent of baseline mRS score and age. Lastly, digital
subtraction angiographic evaluation of patients who received
an indirect revascularization with EDAS showed a negative
correlation between neovascularization and endostatin and
angiostatin. Altogether, the results of this study point to the
striking importance of antiangiogenesis as a determinant of
ICAD patient prognosis.

Angiogenesis has been studied in peripheral vascular dis-
ease and myocardial ischemia [17, 18]. However, only lim-
ited evaluations of angiogenesis’s role in stroke and intrac-
ranial atherosclerosis have been conducted by Arenillas
et al. [11] and Navarro-Sobrino et al. [12, 13], as previously
discussed. Our use of PCA in the current study allowed us
to concurrently probe multiple pro- and antiangiogenic fac-
tors, despite the complex biology of their interactions and
roles in response to cerebral ischemia in ICAD. The statis-
tical approach revealed high correlations among different
inhibitors of angiogenesis that constituted AP4: endostatin,
angiostatin, and VEGFR1. In addition, when more than one
AP was significantly associated with an outcome, as with
the neovascularization index, the model’s solution revealed a
predominant correlation between endostatin and angiostatin
and a strong negative association with neovascularization.
Our study confirms the previously suggested association
between endostatin and the disease’s progression and reveals
that ICAD has a complex antiangiogenic profile dependence
also involving angiostatin and VEGFRI1.
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AP4 also had an important component of elevated
HGF. A link between elevated HGF and stroke has been
observed by Rajpathak et al. [19] The underlying mecha-
nism of this association is unknown, but a role for angio-
genesis in large artery atherosclerotic plaques has been
advocated [20]. However, the actual role of proangiogen-
esis in the small intracranial arteries has been questioned
[11]. One reason for the reported association between
elevated HGF and risk for stroke may be that hypoperfu-
sion results in an increased proangiogenic signaling that
leads to increased HGF but remains unmet due to pre-
vailing antiangiogenic factors. In this case, the elevated
levels of HGF would indicate a persistent but unmet need
for collaterals. Unfortunately, no antiangiogenic factors
were measured by Rajpathak et al. [19]. Another possi-
ble reason may be found in HGF’s molecular structure.
That is, HGF is an aff heterodimer, which is proangiogenic
in its heterodimeric form only. Naturally occurring and
artificially produced fragments of the o subunit, however,
are antiangiogenic in function [21-23]. It may therefore
be that apparent increases in HGF result from increased
concentrations of the antiangiogenic o subunit fragments
NK1 and NK2, which would fit with our observation that
increases in antiangiogenic molecules predict poorer out-
comes. We cannot rule out that the methodology used to
quantify HGF detected those fragments, since epitope
mapping of the antibody and cross-testing with NK1 and
NK?2 have not been performed.

Several treatment strategies for ICAD have been
assessed, including medical management, reduction of the
stenosis via stenting, direct revascularization via bypass,
and indirect revascularization via EDAS. Of these, strict
medical management appears to reduce the risk of embo-
lism, but not progression of the stenosis or the effects of
the resulting hypoperfusion [24]. As of now, strategies
to directly reduce the stenosis or its resulting hypoperfu-
sion via stenting or bypass have not proven successful in
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clinical trials [8—10]. The induction of neovascularization
via EDAS surgery [24, 25], which relies on angiogenesis,
has yielded encouraging initial results [14] and is under
investigation. Pharmacological control of angiogenesis in
the brain, however, still remains to be assessed and may
present a promising alternative for mitigating the post-
stenotic hypoperfusion. The results of the present study
suggest that controlling the antiangiogenic factors could be
particularly effective. Notably, this observed association
was independent of conventional risk factors such as age,
smoking history, hypercholesterolemia, diabetes, obesity,
or hypertension. This indicates that antiangiogenesis is an
unappreciated risk factor for stroke and adverse outcomes.

In summary, this prospective cohort study of patients
with severe ICAD identified a circulating angiogenic pro-
file characterized by a high correlation between factors
HGF, endostatin, angiostatin, and VEGFR-1, which was
independently and significantly associated with failure
of medical management and poor functional status after
6 months. Moreover, the study showed that elevated levels
of endostatin and angiostatin were significantly associated
with reduced neovascularization after EDAS surgery. Alto-
gether, these findings identify antiangiogenesis as a key
component of ICAD failure under medical management
and suggest the benefit of defining new pharmaceutical
strategies centered on regulating endogenous antiangio-
genesis to protect against stroke.
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