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Intracranial aneurysm is the leading cause of nontraumatic subarachnoid hemorrhage. Evaluating the
unstable (rupture and growth) risk of aneurysms is helpful to guild decision-making for unruptured
intracranial aneurysms (UIA). This study aimed to develop a model for risk stratification of UIA instability.
The UIA patients from two prospective, longitudinal multicenter Chinese cohorts recruited from January
2017 to January 2022 were set as the derivation cohort and validation cohort. The primary endpoint was
UIA instability, comprising aneurysm rupture, growth, or morphology change, during a 2-year follow-up.

ﬁ‘eg; ‘;ﬁ:‘d;;al aneurvsm Intracranial aneurysm samples and corresponding serums from 20 patients were also collected.
Instability v Metabolomics and cytokine profiling analysis were performed on the derivation cohort (758 single-UIA
Biomarker patients harboring 676 stable UIAs and 82 unstable UlAs). Oleic acid (OA), arachidonic acid (AA), inter-

leukin 1B (IL-1B), and tumor necrosis factor-ot (TNF-ot) were significantly dysregulated between stable
and unstable UIAs. OA and AA exhibited the same dysregulated trends in serums and aneurysm tissues.
The feature selection process demonstrated size ratio, irregular shape, OA, AA, IL-18, and TNF-a as fea-
tures of UIA instability. A machine-learning stratification model (instability classifier) was constructed
based on radiological features and biomarkers, with high accuracy to evaluate UIA instability risk (area
under curve (AUC), 0.94). Within the validation cohort (492 single-UIA patients harboring 414 stable
UlAs and 78 unstable UlAs), the instability classifier performed well to evaluate the risk of UIA instability
(AUC, 0.89). Supplementation of OA and pharmacological inhibition of IL-1p and TNF-a could prevent
intracranial aneurysms from rupturing in rat models. This study revealed the markers of UIA instability

and provided a risk stratification model, which may guide treatment decision-making for UIAs.
© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction imaging [2]. Although aneurysm rupture is associated with high

morbidity and mortality, previous studies revealed the rupture rate

Intracranial aneurysm (IA) is the leading cause of nontraumatic
subarachnoid hemorrhage, with a prevalence of 7% in China [1] and
5% in the United States [2]. More than 70% IAs are unruptured
intracranial aneurysms (UIAs), which are incidentally found on
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of UlIAs as low as 1% per year [2-4]. Notably, aggressive empirical
surgical treatment carries the risk of complications, including
ischemic stroke and accidental aneurysm rupture [5]. The key to
improving the outcome of UIA patients is determining which UIAs
are at risk for rupture, as high-risk UIAs could be referred for sur-
gical treatment, while low-risk UIAs could be observed. Improved
identification of UIAs with a high risk of suffering instability (rup-
ture and growth) can better guide treatment decision-making for
UlAs.
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Growth has been recognized as the surrogate of IA rupture
[4,6]. Therefore, both ruptured and growing (unstable) IAs neces-
sitate surgical intervention. Current models for IA growth and
rupture (e.g., PHASES score [7] and ELAPSS score [8]) were estab-
lished based on clinical and radiological features. Metabolites and
cytokines influence the environment of the vessels and are essen-
tial for the development of cardiovascular and cerebrovascular
diseases [9-11]. Inflammation infiltration and degradation of
the extracellular matrix (ECM) are crucial pathological character-
istics of ruptured IAs [4,12,13] and contribute to aneurysm
growth and rupture [14,15]. A cross-sectional study reported
the metabolic difference between patients suffering and not suf-
fering aneurysmal subarachnoid hemorrhage [16]. However,
given subarachnoid hemorrhage could affect the metabolic condi-
tion [17] and there are few longitudinal studies on the natural
history of UIA rupture or growth, the relationship between
metabolic-cytokine features and UIA instability was unclear.
Moreover, there is a lack of large-scale multi-center longitudinal
data in the Chinese population, and most previous studies are
limited by small sample size, cross-sectional study design, or
single-center cohort [18-20].

In this study, a multi-omics analysis was performed by integrat-
ing metabolomics, proteomics, and cytokine profiling, based on
two prospective, longitudinal multicenter, Chinese cohort
(Intracranial Aneurysm Rupture Prediction in Chinese People
cohort (IARP-CP cohort) and online registration cohort for UlAs
based on 100 regional medical centers (100-Project cohort)), aim-
ing to investigate the biomarkers related to UIA instability. Subse-
quently, incorporating radiological features and biomarkers, a risk
stratification model of UIA instability was established and
validated.

2. Materials and methods
2.1. Study population

This study was approved by the Institutional Review Board of
Beijing Tiantan Hospital (KY2022-137-02) and was conducted in
compliance with the Declaration of Helsinki. All patients (or guar-
dians of patients) provided written informed consents.

The summary of data generation is presented in Fig. 1a. In this
study, to investigate the dysregulated metabolites between IA tis-
sues and serums, 20 human IA tissues (including 10 ruptured IAs
and 10 unruptured IAs) and corresponding serum samples were
prospectively collected from 20 patients between January 2021
and June 2022, as the discovery cohort. The inclusion criteria and
exclusion criteria were given in Supplementary methods (online).

To identify the markers of UIA instability and establish a risk
stratification model, the radiological and metabolic-cytokine fea-
tures of UIA patients were analyzed from two prospective, longitu-
dinal multicenter Chinese cohort studies. The patients from the
IARP-CP cohort (trial registration: ChiCTR.org; ChiCTR1900024547;
enrolling appropriate UIA patients from 8 medical centers between
January 2017 to February 2019) and 100-Project cohort (trial reg-
istration: ChiCTR.org; ChiCTR2100045705; enrolling appropriate
UIA patients from 18 medical centers between September 2021
to May 2022) were set as the derivation cohort (Fig. S1 online)
and the validation cohort (Fig. S2 online), respectively. The inclu-
sion criteria and exclusion criteria were given in Supplementary
methods (online).

Serum samples were also collected from 31 meningioma
patients without pial or cerebral invasion between January 2022
and August 2022 as the healthy control. The inclusion criteria
and exclusion criteria were given in Supplementary methods
(online).
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2.2. Follow-up and the primary endpoint

As illustrated in Fig. 1b, all patients had either digital subtrac-
tion angiography or computational tomography angiography
(CTA) baseline scans, and additional CTA every 4-6 months during
follow-up or until an endpoint event occurred. The details of the
management of UIA patients and follow-up were given in Supple-
mentary methods (online).

The primary endpoint was UIA instability, including aneurysm
rupture and aneurysm growth (Fig. 1c). The patients must have
both the symptoms of subarachnoid hemorrhage (such as severe
headache and sudden coma) and imaging evidence on CT or bloody
cerebrospinal fluid to identify the rupture events. As illustrated in
Fig. S3a (online), aneurysm growth or morphology change during
follow-up (compared with baseline) was identified based on crite-
ria established in the previous study [17] as (1) growth of more
than 1 mm or 20% in at least one direction, (2) growth of more than
0.5 mm in at least two directions, or (3) new appearance of irreg-
ularity on the aneurysm on any imaging follow-ups. Patients with
unstable UIA were referred for surgical or endovascular treatment,
and their time (months) from baseline to aneurysm growth or rup-
ture was recorded. The final imaging follow-up was 24 months for
patients without aneurysm growth or rupture.

2.3. Study design and biomarker discovery

The study design was summarized in Fig. 1d. To identify the
markers of UIA instability and establish a risk stratification model
for UIA instability, this study included the biomarker discovery,
risk stratification model establishment, and in vivo validation of
biomarkers. We discovered the biomarkers of UIA instability based
on the IA tissues and the dynamic change of biomarkers during
follow-up (at diagnosis of UIAs versus during follow-up).

Our previous study has revealed the altered cytokines between
ruptured IAs and unruptured IAs [21]. In this study, metabolomics
analysis was performed on IA tissues. The correlation of metabo-
lites in tissues and serum was also investigated.

To investigate the dynamic change of metabolites and cytokines
before and after UIA instability and find the stable biomarkers of
UIA instability, the serum samples (at diagnosis of UIAs and during
follow-up) of 31 patients with unstable UIAs and 31 patients with
stable UlAs were collected from the derivation cohort using
propensity score matching. Since subarachnoid hemorrhage may
affect the systematic metabolism [17], the biomarkers of UIA insta-
bility were investigated based on growing and stable UIAs in the
derivation cohort. Propensity score matching was performed to
control the effect of clinical-radiological factors related to aneur-
ysm growth and factors related to metabolism (the details are
given in Supplementary methods online). The fold change (FC) in
serum cytokines and metabolites of unstable UIAs to stable UlAs
and variable importance in the project (VIP) was calculated. The
metabolites and cytokines, which were co-dysregulated with the
same trend at two time points (with |log; 5(FC)| >1, VIP >1, and P
<0.05), were identified as the stable biomarkers of UIA instability.
Finally, the stable biomarkers, which also have significance
between ruptured IAs and unruptured IAs, were identified as the
biomarkers of UIA instability.

2.4. Clinical data and sample collection

The details of clinical data and sample collection were provided
in Supplementary methods (online). Radiological characteristics
consisted of aneurysm size, aspect ratio, size ratio (SR), regular or
irregular shape, and aneurysm location. SR and aspect ratio were
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Fig. 1. The diagram of data generation and study design. (a) The summary of data generation. (b) The flow chart of follow-up. We followed up with patients with unstable
UIAs until the identification of instability (rupture or growth), as well as patients with stable UIAs until 2 years after diagnosis of UlAs. (c) The baseline and follow-up images
of representative cases of unstable UlAs and stable UlAs. (d) The diagram of study design. To identify the markers of UIA instability and establish a risk stratification model for
UIA instability, this study included biomarker discovery, risk stratification model establishment, and in vivo validation of biomarkers. AUC: area under curve; IA: intracranial
aneurysm; NPV: negative predictive value; PPV: positive predictive value; UIA: unruptured intracranial aneurysm.

calculated according to a previous study [22]. According to a
previous study [8], the site of UIAs was classified into the anterior
cerebral artery (ACA) or anterior communicating artery (Acom),
internal carotid artery (ICA), middle cerebral artery (MCA), and
posterior communicating artery (Pcom)/posterior circulation. The
reproducibility of radiological features was evaluated with Cohen’s
kappa and intraclass correlation coefficients (Fig. S3b online).
PHASES score (with the population, age, hypertension, aneurysm
size, aneurysm location, and earlier subarachnoid hemorrhage)
and ELPASS score (with the earlier subarachnoid hemorrhage,
aneurysm location, age, population, aneurysm size, and irregular
shape) was calculated according to previous studies [7,8].

2.5. Cytokines profiling analysis, untargeted metabolomics, and
proteomics analysis

The processes and analyses of cytokine profiling analysis, untar-
geted metabolomics, and proteomics analysis are detailed in Sup-
plementary methods (online).

The metabolomics and proteomics analyses were performed
based on the IA tissues. The metabolites and proteins with a |
log; 5(FC)| >1, VIP >1, and P <0.05 between ruptured and unrup-
tured IAs were identified. The Analysis module in MetaboAnalyst
(https://www.metaboanalyst.ca/) was used for metabolite classifi-
cation and pathway enrichment analysis. The ClueGo plug-in in
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CytoScape (version 3.6.1) was employed for function enrichment
analysis of altered proteins. Enrichment analysis was performed
on the Kyoto Encyclopaedia of Genes and Genomes database, and
biological process and molecular function were performed on the
Gene Ontology database.

The metabolomics and cytokine profiling analyses were per-
formed based on the serums. The FC in serum cytokines and
metabolites of unstable UlAs to stable UlAs and VIP was calculated.
The cytokines and metabolites with |log; 5(FC)| >1, VIP >1, and P
<0.05 were identified.

2.6. Cytokines panel analysis

The process of cytokines panel analysis was described in Sup-
plementary methods (online). The panel was pre-incubated using
the primary antibodies, comprising interleukin 18 (IL-1B), inter-
leukin 1 receptor antagonist (IL-1.ra), monocyte chemoattractant
protein 1 (MCP-1), and tumor necrosis factor-o. (TNF-at).

2.7. Targeted metabolomics analysis

Targeted metabolomics analysis was performed using multiple
reaction monitoring methods. The details of targeted metabolo-
mics analysis were given in Supplementary methods (online).
The expression level of oleic acid (OA), arachidonic acid (AA), o-
linoleic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic
acid (DHA), and chenodeoxycholic acid disulfate (CAD) was
detected.

2.8. Machine-learning model

The machine-learning model creation was detailed in Supple-
mentary methods (online). A learning curve of instability classifier
was plotted based on the area under curve (AUC) to evaluate for
overfitting [23]. The accuracy, specificity, sensitivity, positive pre-
dictive value (PPV), and negative predictive value (NPV) of the
instability classifier in classifying unstable UIAs and stable UIAs
were further calculated.

2.9. Rat model of IA and in vivo intervention

The IA model was constructed based on the DOCA (desoxycor-
ticosterone acetate)-hypertension model using the operation plus
B-aminopropionitrile, which was also used in the previous study
[24]. The details of constructing a rat model of IA and histological
analysis were presented in Supplementary methods (online). 9- to
10-week male Sprague Dawley rats were purchased from Vitalriver
Corporation (Charles River co-partnership Co, Ltd., Beijing, China),
all of which were included in this study. The protocol of animal
studies was approved by the Animal Care and Use Committee of
Chinese Neurosurgical Institution (202003005), and these studies
were conducted in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. With respect to the
pharmacological intervention, from the 5th d to the 28th d after
the operation, rats received a subcutaneous injection of Adali-
mumab (2 mg/kg, monoclonal antibody for TNF-at) [25] and Cana-
kinumab (10 mg/kg, monoclonal antibody for IL-1B8) [26] once a
week for 3 weeks, and 0.1 mL of OA was supplemented by gavage
per day. Moreover, rats receiving a subcutaneous injection of phys-
iological saline (control 1) and receiving physiological saline (con-
trol 2) by gavage were set as the control.

2.10. Statistical analysis

The statistical analyses were conducted with SPSS (version 24.0,
SPSS Co., Chicago, USA). A two-sided P <0.05 was recognized as sta-
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tistical significance. Continuous variables with normal distribution
were presented as means and standard deviation, and medians (m)
and inter-quartile range (IQR) if the data were not normally dis-
tributed. Categorical variables were presented as numbers (1)
and percentages (%). The differences in continuous variables were
compared using Student’s t-tests or Wilcoxon rank sum tests,
and the differences in categorical variables were analyzed using
Chi-square tests or Fisher’s exact tests. The correlation of metabo-
lites between IA tissues and serum was tested using the Pearson
correlation analysis. The result was presented as the square of
the correlation coefficient (R?) and P. Univariate Cox regression
analyses were performed to identify the risk factors of UIA instabil-
ity. A multivariate Cox regression model was further conducted on
the factors with significance in univariate analyses to demonstrate
the factors related to UIA instability independently, using the back-
ward method. Survival analyses were performed to compare the
risk of UIA instability between the high-risk and low-risk groups
stratified by instability classifier and among rat models of 1A
receiving different treatments, using the Kaplan-Meier method
and log-rank test. The accuracy of models for UIA instability was
evaluated by using the AUC and receiver operator characteristic
curve (ROC). The model with an AUC >0.8 as having clinical utility.
The AUC value and accuracy were compared using the Z-test.

Subgroup analysis was performed to identify whether an insta-
bility classifier can evaluate the risk of UIA instability, after con-
trolling the effect of modified factors for UIA growth and rupture
(age, gender, smoker, aneurysm location and size, aspirin, and sta-
tin usage) [7,8] and potential factors related to metabolism (Han
people, geographic region, dyslipidemia, and diabetes mellitus).

A sensitivity analysis was performed to investigate the impor-
tance of metabolites and cytokines in evaluating the risk of UIA
instability. Three models (model 1, based on radiological features;
model 2, based on metabolites and cytokines; model 3, based on all
features) were established using the random forest (RF) algorithm.
The AUC value and accuracy of three models to evaluate the risk of
UIA instability were compared using the Z-test. The net reclassifi-
cation improvement (NRI) was further evaluated, and discrimina-
tion improvement (IDI) of model 3 to model 1, and model 3 to
model 2, was integrated according to a previous study [27]. If
NRI or IDI was >0, the predictive ability of the model was
improved.

3. Results

3.1. The disorder of lipid metabolism is related to IA rupture
(instability)

Metabolomics and proteomics analyses were performed on 20
IA tissues in the discovery cohort (including 10 unruptured IAs
and 10 ruptured IAs, Fig. 2a). The information of patients in the dis-
covery cohort was given in Table S1 (online). Among them, the
median age was 57 years (range, 46-71 years); 12 (60.0%) were
male.

Untargeted metabolomics analysis identified 38 altered
metabolites, including OA, AA, and ALA, between ruptured and
unruptured IAs (Fig. 2b). Subsequent targeted metabolomics anal-
ysis demonstrated that AA was upregulated, and OA was downreg-
ulated in the ruptured IAs (Fig. 2c). Moreover, targeted
metabolomics analysis also found significance on ALA between
ruptured and unruptured IAs (Fig. S4a online). Altered metabolites
were primarily lipid and lipid-like molecules (Fig. 2d) and enriched
in the biosynthesis of the unsaturated fatty acid pathway (Fig. S4b
online). AA and OA in the IA tissues performed well to classify rup-
tured [As from unruptured IAs (Fig. 2e). Subsequently, targeted
metabolomics analysis implied a strong consistency of AA and



Q. Liu et al. Science Bulletin xxx (Xxxx) Xxx

(a) [ Discovery cohort, n =20 ]

—p K K
Metabolomics analysis

Sample
collection

Ruptured 1As, n= 10

L Proteomics analysis

Ruptured versus unruptured |IAs Unruptured IAs, n = 10

(b) o T T .
¢ Down-regulated 1 I
e u lated e 4 5 = .5+
. p-regulate b 1.5 P=0.0106 15 P = 0.0044
g 4 R = 1 <
= o [5) (0]
> L) > >
L L. B o
9 v AA @ 1.0- @ 1.0
2 S o o
| 1 e jo N o
"2 sivLe 8 3
OAZY wg o 5 5
------------- B 2 0.5- © 0.51
4 > =3
(e} o]
(] | |
L}
0 4 [
20 10 0 10 0.0 T T 0.0 T T
Logs 5 (fold change) Ruptured Unruptured Ruptured Unruptured
(d) Nucleosides, ©) Ruptured versus unruptured |IAs

nucleotides, 100 -
Phenylpropanoids and (5%)
polyketides H
80_ :---‘A:A RV

(5%)

Organometallic :\g E R
o Lipids and lipid-like = A
molecules B A AA:85.0
0, =
(26%) % OA: 84.0
_ @ ALA: 65.0
20 EPA : 64.0
Organic acids and
derivatives DHA : 65.50
(21%)
Benzenoids ) 0
(16%) /” T T T T T T
- ‘ / 100 80 60 40 20 0
Specificity (%)
(f) 40= OA, aneurysm tissues and serum 40=  AA, aneurysm tissues and serum
—_ gy
£ 30- E 30- .
° °
£ 20~ £ 20-
£ P=0.0022 g
2 10+ ° o e a1a0 5 10 P = 0.0004
2 . = 9 R?=0.5062
” ° °
0 T T T 1 0 T T T 1
0 5 10 15 20 0 5 10 15 20
Aneurysm tissue (nmol/mg) Aneurysm tissue (hnmol/mg)

Fig. 2. Dysregulated metabolites in IA tissues and serum. (a) The flowchart of metabolomics analysis based on human IA tissues. (b) The volcano plot presents the result of
untargeted metabolomics based on human IA tissues. 38 metabolites were altered between ruptured and unruptured IAs. (¢) The violin plots present the result of targeted
metabolomics for AA and OA, based on human IA tissues. OA and AA were significantly different between ruptured and unruptured IAs. (d) Altered metabolites between
ruptured and unruptured IAs were mainly lipids and lipid-like molecules. OA and AA were lipids and lipid-like molecules. (e) The ROC curves present the accuracy of each
metabolite to discriminate ruptured IAs from unruptured IAs. (f) The scatter plots present the correlation of OA and AA between IA tissues and serum. There was a good
correlation of OA and AA between IA tissues and serum. AA: arachidonic acid; ALA: a-linoleic acid; AUC: area under curve; CAD: chenodeoxycholic acid disulfate; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; IA: intracranial aneurysm; OA: oleic acid; ROC: receiver operator characteristic.

OA (Fig. 2f) between IA tissue and serum. However, there was no Increasing expression of matrix metalloproteinases (MMPs) and
consistency of DHA and CAD between IA tissue and serum degradation of ECM plays essential roles in the development of 1A
(Fig. S4c online). rupture [13,28,29]. Thus, MMPs and collagens are proteins of 1A
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rupture. Proteomics analysis found 571 altered proteins, including
MMP2, MMP9, collagen type 1A1 (COL1A1), and collagen type 1A2
(COL1A2), between ruptured and unruptured IAs (Fig. S5a online).
Altered protein majorly enriched in metabolic pathways (Fig. S5b
online) and regulated the metabolism of ECM (Fig. S5c online). A
strong correlation was identified among AA, MMP9, MMP2, and
COL1A1, and among OA, MMP2, COL1A1, and COL1A2 (Fig. S5d
online). 11 enzymes related to the biosynthesis of the unsaturated
fatty acid pathway were significantly different between ruptured
and unruptured IAs (Fig. S5e online), and interacted with the
rupture-related proteins (Fig. S5f online). AA and OA participated
in the biosynthesis of the unsaturated fatty acid pathway.

In sum, these findings suggested that the abnormity of lipid
metabolism is related to IA rupture, and OA and AA may serve as
serum biomarkers for UIA instability.

3.2. Establishment of the biomarker bank for UIA instability

After a mean follow-up duration of 23.0 + 3.6 months (range,
1.3-24.0 months), the derivation cohort included 758 patients har-
boring 758 UlAs. During 2021.8 person-years of follow-up, UIA
instability occurred in 82 patients (10.8%), consisting of 58 patients
with growth and 24 with rupture. Patient data of the derivation
cohort were given in Table S2 (online). For all included patients,
the median age was 55 years, and 332 (42.6%) were male. For all
UlAs, the median size was 3.9 mm (range, 3.0-33.2 mm). 139
(18.3%) UIAs had an irregular shape.

The above analysis based on the IA tissues showed that the lipid
metabolism disorder is related to IA rupture. Our previous study
showed that cytokines (e.g., IL-1p and TNF-a) were also related
to IA instability [21]. After controlling the effect of the metabolic
difference caused by daily living [30] and clinical-radiological fac-
tors related to aneurysm growth [7,8], metabolomics and cytokine
profiling analyses were performed on serum samples of 31 patients
with stable UIAs and 31 patients with growing UIAs (unstable)
from the derivation cohort (Fig. 3a), yielded by the propensity
score matching (Fig. S6a online). The score before and after match-
ing was given in Fig. S6b (online). The information of these 62 UIA
patients and healthy controls was given in Table S3 (online). As
shown in Fig. 3b, untargeted metabolomics analysis identified
117 altered metabolites at diagnosis of UlAs, and 79 altered
metabolites during follow-up of UlAs, between patients with stable
and unstable UIAs (also seen in Fig. S6¢ online). OA, AA, ALA, EPA,
DHA, and CAD were significantly dysregulated at different time
points between patients with stable and unstable UlAs, which were
mainly lipids and lipid-like molecules (Fig. S6d online), and partic-
ipated in the biosynthesis of unsaturated fatty acid pathway and
linoleic acid metabolism pathway (Fig. S6e-f online). AA and OA
are mainly involved in the biosynthesis of the unsaturated fatty
acid pathway (Fig. S6f online). Moreover, cytokine profiling analy-
sis identified 6 altered cytokines (including IL-18, IL-1.ra, MCP-1,
TNF-o, growth-regulated oncogene-oo (GRO-a), and TNF-related
apoptosis-inducing ligand (TRAIL)) at diagnosis of UlAs, and 4
altered cytokines (including IL-1B, IL-1.ra, MCP-1, and TNF-a) dur-
ing follow-up of UlAs, between patients with stable and unstable
UIAs (Fig. 3c). IL-1B, IL-1.ra, MCP-1, and TNF-o were dysregulated
at different time points between patients with stable and unstable
UIAs. Generally, metabolomics analysis based on IA tissues and the
dynamic change of metabolites on serum showed three metabo-
lites, including OA, AA, and ALA, with significant differences among
patients with stable UlAs. Thus, we included these three metabo-
lites (OA, AA, and ALA) and four cytokines (IL-1B, IL-1.ra, MCP-1,
and TNF-a) as the biomarker bank for UIA instability (Fig. 3d).
OA, AA, and ALA were lipids and lipid-like molecules (Fig. 3e),
which is related to atherosclerosis [31]. The biological function of
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IL-1B, MCP-1, and TNF-o, was proinflammatory, and IL-1.ra worked
as the anti-inflammatory cytokine (Fig. 3e).

The difference in seven biomarkers between stable and unstable
UIAs was further verified based on the population-based cohort
(758 patients in the derivation cohort). Targeted metabolomics
and cytokine panel analysis implied that OA, AA, IL-1B, IL-1.ra,
and TNF-a were significantly changed (Fig. 4a), whereas no signif-
icant difference was found in MCP-1 and ALA (Fig. S7 online),
between patients with stable and unstable UlAs. There was an
increasing trend of AA, IL-1B, and TNF-a, and a decreasing trend
of OA among stable UlAs, growing UIAs, and ruptured UIAs
(Fig. S8a online).

Thus, based on these facts, OA, AA, IL-1B, IL-1.ra, and TNF-o
were reliable biomarkers to evaluate the risk of UIA instability.

3.3. Risk stratification model for UIA instability

The features of UIA instability were further investigated based
on the derivation cohort. Besides OA, AA, IL-1B, IL-1.ra, and TNF-
o, a significant difference was also observed in hypertension,
aneurysm location and size, aspect ratio, SR, bifurcation configura-
tion, and irregular shape, between unstable UIAs and stable UlAs
(all P<0.05, Table S2 online). Univariate (Table S4 online) and mul-
tivariate (Table S5 online) Cox regression analysis revealed irregu-
lar shape, high SR, increasing AA, decreasing OA, increasing IL-18,
and increasing TNF-a as risk factors of UIA instability; LASSO
regression analysis also showed irregular shape, SR, AA, OA, IL-
1B, and TNF-a as features of UIA instability (Fig. S8b online).

Incorporating two radiological features and four biomarkers,
risk stratification models were further established using the
machine-learning algorithms and selected the best-performing
model (with the highest AUC) as the instability classifier
(Fig. 4b). Among these classification models (Fig. 4c), the RF model
performed best to classify unstable UIA and stable UIAs, which was
superior to the Coxboost model and support vector machine (SVM)
model (AUC, 0.94 vs. 0.82 and 0.86; P <0.001), within the derivation
cohort. The performance of the RF model in classifying stable UIAs
from unstable UIAs was presented in Fig. 4d, and the performance
of the Coxboost model and SVM model was presented in Fig. S8¢c
(online). According to the accuracy of models in classifying stable
UIAs and unstable UIAs within the derivation cohort, the RF model
had the highest accuracy, followed by the Coxboost model and
SVM model (accuracy, 0.97 vs. 0.90 and 0.82; P <0.001). Based on
the above findings, the RF model was selected as the instability
classifier. The importance of each parameter in the RF model was
given in Fig. S8d (online). The learning curves suggested that there
was no overfitting issue in the RF model (Fig. S8e online). The per-
formance of the instability classifier in classifying unstable from
stable UIAs was summarized in Table S6.

The patients in the high-risk group stratified by the instability
classifier had a higher risk of suffering UIA instability compared
with the patients in the low-risk group (Fig. 4e). Within the deriva-
tion cohort, our instability classifier was superior to the PHASES
and ELAPSS score in evaluating the risk of UIA instability (AUC,
0.94 vs. 0.70 and 0.67, P <0.001; Fig. 4f), or evaluating the risk of
UIA growth (AUC, 0.92 vs. 0.68 and 0.62, P <0.001; Fig. S8f online),
or evaluating the risk of UIA rupture (AUC, 0.99 vs. 0.70 and 0.73,
P <0.001; Fig. S8¢g online). The subgroup analysis showed that, after
controlling effects from the modified factors of aneurysm rupture
or growth and factors related to metabolism, patients in the
high-risk group stratified by instability classifier still had a higher
risk of UIA instability compared with patients in the low-risk group
(Fig. S9 online).
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Fig. 4. Risk stratification model for UIA instability. (a) The histograms exhibit the result of targeted metabolomics and cytokine panel analysis based on the derivation cohort
(n =758). OA, AA, IL-1B, and TNF-a were significantly different between unstable and stable UlAs. (b) The diagram of the establishment of risk stratification model for UIA
instability. (c) The importance of features related to UIA instability, and the performance of each model to discriminate unstable UIAs from stable UIAs. The importance of
features related to UIA instability was evaluated using MDG. The RF model had the highest accuracy to identify unstable UIAs, followed by the SVM model and Coxboost
model. (d) The confusion matrix shows the performance of the RF model in classifying unstable UIAs and stable UIAs. (e) Survival curves present the risk of UIA instability in
the high-risk group and low-risk group stratified by the instability classifier. (f) The histograms present the AUC value of the instability classifier, PHASES score, and ELAPSS
score to evaluate the risk of UIA instability within the derivation cohort. The instability classifier had the highest AUC to evaluate the risk of UIA instability, followed by the
PHASES score and ELAPSS score. AA: arachidonic acid; ALA: a-linoleic acid; AUC: area under curve; IL-1: interleukin 18; MCP-1: monocyte chemoattractant protein 1; MDG:
mean decrease Gini; OA: oleic acid; PSM: propensity score matching; RF: random forest; SVM: support vector machine; TNF-o: tumor necrosis factor o; UIA: unruptured

intracranial aneurysm.
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3.4. External validation of the performance of the instability classifier

To validate the performance of the instability classifier, external
validation was conducted based on the validation cohort (including
492 UIA patients). During 908.4 person-years of follow-up, UIA
instability occurred in 76 (15.4%) patients, comprising 10 ruptures
and 66 growths. The information of patients in the validation
cohort was given in Table S7 (online). Of all included patients,
227 (46.1%) patients were male, and the median age was 55.
Besides, the median aneurysm size was 5.7 mm, and 97 (19.7%)
UIAs were irregular.

The evaluation process and images of two representative cases
were presented in Fig. 5a. The Cox analysis demonstrated irregular
shape, larger SR, decreasing OA, increasing AA, increasing IL-18,
and increasing TNF-a as the risk factors related to UIA instability
independently (Table S8 online). Instability classifier identified
74 (15.0%) UlAs and 418 (85.0%) UlAs as high-risk and low-risk,
respectively; and, the accuracy of the instability classifier in classi-
fying unstable and stable UlAs was 0.94 (Fig. 5b, also seen in
Table S6 online). The patients in the high-risk group stratified by
the instability classifier had a higher risk of suffering from UIA
instability (Fig. 5¢). Instability classifier performed well to evaluate
the risk of UIA instability, which was superior to the PHASES score
and ELAPSS score (AUC, 0.89 vs. 0.73 and 0.73, P <0.001; Fig. 5d).

Subsequent subgroup analysis showed that, after controlling
the modified factors related to aneurysm growth and rupture and
factors related to metabolism, the high-risk patients stratified by
the instability classifier also had a higher risk of UIA instability
compared with the low-risk patients (Fig. S10 online). Thus, based
on the above findings, the instability classifier had a good accuracy
to evaluate the risk of UIA instability and could stratify UIA
patients into the high-risk and the low-risk. The cumulative inci-
dence of 2-year instability was 83.3 per 100 persons for high-risk
patients and 2.6 per 100 persons for low-risk patients (Fig. 5e).

3.5. Sensitivity analysis of metabolic-cytokine features for UIA
instability

To highlight the importance of metabolites and cytokines in
evaluating the risk of UIA instability, we further performed sensi-
tivity analysis and established three models (Fig. S11a online).
The performance of three models in classifying unstable and stable
UIAs within the derivation cohort and validation cohort was illus-
trated in Fig. S11b (online). Based on all 1250 UIA patients, model 3
(based on radiological features and metabolic-cytokine features)
had the highest AUC value to evaluate the risk of UIA instability,
followed by model 2 (based on metabolic-cytokine features) and
model 1 (based on radiological features) (AUC, 0.93 vs. 0.82 and
0.74, P <0.001; Fig. S11c online). This result was also confirmed
on the accuracy of models to evaluate the risk of UIA instability
(accuracy, 0.96 vs. 0.88 and 0.86, P <0.001; Fig. S11c online).

As shown in Table S9 (online), the NRI and IDI of model 3 to
model 1 were 0.73 (P <0.001) and 0.78 (P <0.001), suggesting that
metabolic-cytokine features could improve the ability of radiolog-
ical features to classifying unstable and stable UIAs. Moreover, the
NRI and IDI of model 3 to model 2 were 0.33 (P <0.001) and 0.29
(P = 0.003), also suggesting that there was a complementarity
between radiological features and metabolic-cytokine features in
evaluating the risk of UIA instability.

3.6. In vivo intervention of OA, IL-14, and TNF-o could prevent IA from
rupture

Whether in vivo intervention of OA, IL-1p, and TNF-o could pre-
vent IA from rupture was further investigated (Fig. 6a). Because AA
usually could not be supplied by exogenous pure AA, whether the
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intervention of AA is related to a lower incidence of IA rupture
wasn'’t further investigated. Adalimumab is the monoclonal anti-
body for TNF-a [25], and Canakinumab is the monoclonal antibody
for IL-1B [26].

The blood pressure had no significant difference among the
groups (Fig. S12a online). On the 14th d after surgery, I1As occurred
in 80% of DOCA-hypertension rats (Fig. S12b online). The incidence
of TIA rupture was approximately 60% in these rats with IAs
(Fig. S12c online). The images from representative cases of rup-
tured and unruptured IAs were presented in Fig. 6b (also seen in
Fig. S12d online). Compared with the gavage controls (control 1),
the rats receiving supplementation of OA had a lower risk of 1A
rupture (Fig. 6¢). Moreover, compared with the injection controls
(control 2), the rats receiving specific inhibitors of IL-1p or TNF-o
also had a lower risk of IA rupture (Fig. 6d).

Activation of the inflammation pathway (such as the nuclear
factor kappa B1 (NFKB1) pathway) plays a critical role in IA rupture
[13,15]. Thus, whether the intervention of OA, IL-18, and TNF-o
could inhibit the expression of MMP2 and NFKB1 was explored.
Supplementation of OA and inhibition of IL-1B or TNF-a inhibited
the expression of MMP2 and NFKB1 (Fig. 6e and Fig. S12e online).
These findings supported the role of OA, IL-1B, and TNF-a as the
biomarkers for UIA instability, and the utility of instability classi-
fier to evaluate the risk of UIA instability.

4. Discussion

This study demonstrated that AA, OA, IL-1B, and TNF-o. were
significantly dysregulated between stable and unstable UIAs and
could serve as biomarkers for UIA instability. The instability classi-
fier, incorporating radiological features and biomarkers, presented
a high accuracy in evaluating the risk of UIA instability and con-
tributed to UIA risk stratification, which was superior to the
PHASES score and ELAPSS score. To our best knowledge, this is
the first and largest longitudinal multi-center study in Chinses
patients with UIAs to investigate the radiological and biological
markers of UIA instability.

Metabolic and cytokine conditions may be affected by daily liv-
ing and diseases (such as infection and chronic inflammation)
[30,32,33]. There was a lack of large-scale longitudinal data in
China to identify biomarkers to predict UIA instability. To control
the effect of daily living and diseases, this study analyzed the cor-
relation of metabolites and cytokines between aneurysm tissues
and serum to identify specific biomarkers of UIA instability. The
change of metabolites and cytokines before and after aneurysm
growth was also investigated to find stable biomarkers for UIA
instability based on two longitudinal, multicenter studies. Thus,
this study could provide a deep understanding of biomarkers for
predicting UIA instability.

This study identified lipid molecules and proinflammatory
cytokines as serum biomarkers related to UIA instability.
Atherosclerotic remodeling is one of the vital pathological charac-
teristics of ruptured IAs [14,28,29]. Metabolites can participate in
the origin and development of vascular inflammation [9]. This
study unveiled that lipid metabolism disorder, which is also essen-
tial for the development of atherosclerosis [32,34], was the promi-
nent characteristic of patients with unstable UIAs. AA and OA were
lipid molecules. Previous studies reported that AA metabolism was
associated with the development of cerebrovascular and cardiolog-
ical diseases [10,35,36]. Our data revealed that AA was upregulated
in the unstable UIAs, which was the substrate of cyclooxygenase-1
as an oxidative metabolite. Notably, inhibition of cyclooxygenase-1
curtailed the inflammation in the aneurysm wall [37]. Moreover,
our data also showed that OA was downregulated in unstable UIAs,
which could serve as an angiogenesis initiator to promote the pro-



Q. Liu et al. Science Bulletin xxx (XXXx) XXX
(a) Features Values
OA 4.8 nmol/mL el
igh-ris|
TNF-a 281.04 pg/ml. Instability classifier -
IL-18 167.8 pg/mL = T o
AA 166.7 nmol/mL 9
SR 25 Probability | 0.70 0.30
Irregular shape Yes Validation
~
Follow-up for Aneurysm
15.2 months rupture
\ 7
Features Values QE Q
OA 8.5 nmol/mL . .
High-risk
TNF-a 1527.4 pg/mL Instability classifier group
IL-18 301.4 pg/mL = High | Low
o caddiliic il Probability | 0.87 | 0.13
SR 21 robability i 4
Irregular shape No Validation
~
Follow-up for
8.0 months
\ J
Validation cohort, n = 492
(b) Accuracy = 0.94 (0.92-0.96)
Sensitivity = 0.79 (0.68-0.87)
Specificity = 0.97 (0.94-0.98
P y ( ) __ (©) 100 =
R Lt 480 S
<@ 3 75
£3 g
o
:-@ n L 160 g 50
7] 8 Log-rank test, P <0.001
c &
T o 2 25 == High-risk group
LE. {40 =
O 8 == Low-risk group
< g E 0
o {20 0 4 8 12 16 20 24
— Number at risk Time (months)
~ Low-risk _ High-risk High-risk{ 74 7 59 45 28 19 14
Risk stratification by instability classifier )
Low-risk{ 418 418 417 411 408 405 402
(d) LLUtE i e w s o e R g 0 4 8 12 16 20 24
Time (months)
80 ) 0000
90—
9 Unstable vs. stable UlAs 2228
2% {yidatior-cohort Patients with UlAs Z
= i AUC ‘ ﬁ > 80 High-risk group
= P ® S
§ %7 4 Tnstability classifier : 89.3 £3 83.3 (77.4-89.2)
@ PHASES score : 73.0 [ Instability classifier ] S 2 704
T ) e
20 4 ELAPSS score : 73.1 g ‘9 4 o000
1Y MM g
L
& T T T T T T L . g 2+ Low-risk group
100 80 60 40 20 0 High-risk Low-risk 26 (1.6-3.5)
Specificity (%) gicib el 0
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liferation of smooth muscle cells and inhibit inflammation [38,39].
Another finding was that OA and AA were correlated to rupture-
related proteins (MMPs and collagens) in aneurysm tissues. Thus,
AA and OA metabolism are related to UIA instability. Additionally,
inflammation infiltration is another important pathological charac-
teristic of a ruptured aneurysm [14,28,29,40]. This study showed
that proinflammatory cytokines, i.e., IL-1p and TNF-a, were ele-
vated in patients with unstable UIAs. IL-1B has been reported as
a crucial factor of pyroptosis [41-43]. As indicated by previous
studies [21,44], the IL-1B in UIAs may parallel systemic IL-1B
changes and could evaluate the risk of UIA instability. A previous
study showed that IL-1B deficiency may prevent UIA formation
[45]. In addition, TNF-a refers to a pro-inflammatory factor for
IAs, which can induce macrophage polarization and cause
atherosclerosis formation [46]. Disruption of pro- and anti-
inflammatory balance can contribute to atherosclerotic remodeling
[47] and UIA instability [48]. Thus, IL-1B and TNF-a could evaluate
the risk of UIA instability. Subsequent in vivo study using a rat
model of IA highlighted the intervention of OA, IL-1B, and TNF-o
could prevent IA from rupture, consistent with the result of clinical
follow-up. Generally, AA, OA, IL-18, and TNF-o could serve as
serum biomarkers to evaluate the risk of UIA instability and may
be the new therapeutic targets to prevent IAs from rupture. How-
ever, this study didn’t identify the disorder in glutathione or bile
acid metabolism, as reported by a recent study [16]. This may
due to the difference in patients’ status (the natural history of UIAs
vs. the cross-sectional study on ruptured and unruptured IAs,
because subarachnoid hemorrhage could affect the metabolic sta-
tus [17]) and studied samples (IA tissues and plasma vs. only
plasma).

This study also revealed SR and irregular shape as features of
UIA instability. SR can reflect the relative size of UIAs by consider-
ing the diameter of the parent arteries [19,22], which maybe a bet-
ter indicator of unstable risk than the absolute size of the UIA
[20,49]. The size was not an independent risk factor for UIA insta-
bility when SR was included in the model, which was consistent
with previous studies [20,50,51]. The irregular shape usually sug-
gested the imbalance condition within the aneurysm and fragile
points in the wall [48,52]. This study did not find age and aneur-
ysm location as independent factors of UIA instability, which was
included in PHASES and ELAPSS scores [7,8]. This may be due to
the difference in the studied population (Chinese vs. Japanese/
North American/European).

Accurate identification of UIAs at high risk of instability can bet-
ter guide the management of UIA patients. In this study, the insta-
bility classifier, comprised of radiological features (irregular shape
and SR) and biomarkers (AA, OA, IL-1B8, and TNF-a) was further
established for risk stratification for UIA instability. Our data pre-
sented a complementarity between radiological features and
metabolic-cytokine features in evaluating the risk of UIA instabil-
ity. The instability classifier provided a comprehensive under-
standing of the radiological and metabolic-cytokine features of
unstable UIAs. Thus, this model was superior to the ELAPSS score
and PHASES score which only considered clinical and radiological
features. The 2-year incidence of UIA instability was 83.3 per 100
persons for the high-risk patients stratified by instability classifier,
which was at least ten times higher compared with the low-risk
group (2.6 per 100 persons). For patients stratified as high-risk,
surgical or endovascular treatment should be immediately recom-
mended, to prevent UIA rupture; and, for patients stratified as the
low-risk, given patients may not benefit from surgery, conservative
management could be considered. Thus, our instability classifier
could help treatment decision-making for UIAs. Its value in other
populations is still pending validations.

The strengths of this study are as follows: (1) This might be the
first and largest multi-omics study based on the Chinese popula-
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tion to investigate the biomarkers of UIA instability. (2) Based on
the correlation of metabolites between IA tissues and serums,
and the dynamic change of metabolites and cytokines at different
time points, this study identified the specific and stable biomarkers
of UIA instability. (3) A risk stratification model was constructed to
identify the patients with high-risk UIAs with high accuracy, which
may help treatment decision-making for UIAs.

Although exciting, there are several limitations to this study.
First, the cause of altered metabolites and cytokines might be vari-
able, as serum AA, OA, IL-1B, and TNF-o abnormalities might arise
from other comorbidities. This could limit the generalizability of
the results. However, many comorbidities and inflammatory con-
ditions were excluded from this study. Second, patients were only
longitudinally evaluated for 2 years. Hence, long-term aneurysm
growth risk factor assessment requires future investigation. Third,
this study only included Chinese patients, and whether these
results would apply to other populations remains unclear. Fourth,
this study just verified that the pharmacological intervention of
OA, IL-1B, and TNF-a can prevent the rat model of IA from ruptur-
ing. The mechanisms of these phenomena were not discussed dee-
ply. Fifth, AA usually could not be supplied by exogenous pure AA.
Thus, whether the intervention of AA metabolism could prevent IA
from rupture was ignored. Sixth, this study included limited clini-
cal and radiological features, resulting in potential clinical and
radiological features related to UIA instability, e.g., multiple aneur-
ysms and wall enhancement. Despite the above limitations, this
study revealed OA, AA, IL-1B, and TNF-a as biomarkers for UIA
instability and presented the first risk stratification model based
on radiological and multi-omics features. Further large cohorts
with longer follow-up and multi-national studies should be con-
ducted to verify the findings of this paper.

5. Conclusion

In this study, a multi-omics analysis was performed, and OA,
AA, IL-1B, and TNF-o were revealed as biomarkers for UIA instabil-
ity. This study developed a risk stratification model (instability
classifier) incorporating radiological features and biomarkers with
high accuracy to evaluate the 2-year risk of UIA instability, which
may guide treatment decision-making for UlAs.
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