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Microvascular rarefaction, or the decrease in vascular density, has been described
in the cerebrovasculature of aging humans, rats, and, more recently, mice in the
presence and absence of age-dependent diseases. Given the wide use of mice in
modeling age-dependent human diseases of the cerebrovasculature, visualization, and
quantification of the global murine cerebrovasculature is necessary for establishing the
baseline changes that occur with aging. To provide in vivo whole-brain imaging of the
cerebrovasculature in aging C57BL/6 mice longitudinally, contrast-enhanced magnetic
resonance angiography (CE-MRA) was employed using a house-made gadolinium-
bearing micellar blood pool agent. Enhancement in the vascular space permitted
quantification of the detectable, or apparent, cerebral blood volume (aCBV), which
was analyzed over 2 years of aging and compared to histological analysis of the
cerebrovascular density. A significant loss in the aCBV was detected by CE-MRA
over the aging period. Histological analysis via vessel-probing immunohistochemistry
confirmed a significant loss in the cerebrovascular density over the same 2-year aging
period, validating the CE-MRA findings. While these techniques use widely different
methods of assessment and spatial resolutions, their comparable findings in detected
vascular loss corroborate the growing body of literature describing vascular rarefaction
aging. These findings suggest that such age-dependent changes can contribute to
cerebrovascular and neurodegenerative diseases, which are modeled using wild-type
and transgenic laboratory rodents.

Keywords: magnetic resonance (MR) angiography, blood pool agent, mouse brain aging, cerebral blood volume
(CBV), rarefaction, MRI
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INTRODUCTION

Pre-clinical mouse models continue to improve our
understanding of clinically relevant biological and pathological
processes and aid in our ability to diagnose and treat human
diseases. The use of mice in biological research has led to
substantial insight into their anatomy and, more recently, into
murine cerebrovascular architecture. The cerebrovasculature
is critical in supplying the brain with oxygen and nutrients to
maintain normal brain function and cognition (Zlokovic, 2011;
Hirsch et al., 2012; Ungvari and Sonntag, 2014). Alterations to
the cerebrovasculature contribute to brain pathologies including
brain tumors, stroke and transient ischemic attack, vascular
dementia, Alzheimer’s disease, and leukoaraiosis (de la Torre,
2004; Brown and Thore, 2011; Hirsch et al., 2012; Ni et al., 2019).
Age-dependent reductions in the cerebrovascular density, or
rarefaction (Bullitt et al., 2010), have been shown to contribute
to reduced cerebral blood flow and perfusion, resulting in
impaired clearance of misfolding-prone proteins and peptides
that constitute the premise for several neurodegenerative
diseases, including Alzheimer’s disease (Martin et al., 1991;
Klohs et al., 2014; Tarasoff-Conway et al., 2015; Yang et al.,
2017). Notably, age is one of the most important independent
risk factors in such vascular diseases (Brown and Thore, 2011;
Hirsch et al., 2012; Xu et al., 2017). Therefore, our understanding
of the murine cerebrovasculature and how it is impacted by
normal aging is critical in studying age-dependent diseases of
the brain.

In addition to well-characterized region-dependent changes
in brain volume with age (Walhovd et al., 2005; Lockhart
and DeCarli, 2014), aging studies of the cerebrovasculature,
conducted primarily in humans and rats, have largely concluded
that microvascular rarefaction occurs in the normal aging brain
(Riddle et al., 2003; Brown and Thore, 2011). The extent of
rarefaction is variable and region-dependent (Brown and Thore,
2011); for example, with capillary reductions reported in aged
rats from 12% (Burns et al., 1981) to 43% (Amenta et al.,
1995) in the cerebral cortex and from 20% (Jucker et al., 1990)
to 49% (Amenta et al., 1995) in the hippocampus. Recently,
ex vivo confocal microscopy of sectioned brains from aged
C57BL/6 mice demonstrated region-dependent capillary density
reductions from 19% to 34.5% over 2 years (Murugesan et al.,
2012). While in agreement with prior human and rat studies,
whole-brain quantifications are required to appreciate the impact
of aging on the global murine cerebrovasculature.

Until recently, much of our understanding of the
cerebrovasculature was contributed by ex vivo 2D histology
(Hirsch et al., 2012; Wu et al., 2014), still considered
the gold standard for visualizing tissue microvasculature
(Moy et al., 2013). Recent advances have aimed to observe
cerebrovasculature throughout the whole murine brain with
high-resolution, including via micro-CT with or without
vascular corrosion casting (Krucker et al., 2004, 2006; Heinzer
et al., 2006, 2008; Dorr et al., 2007; Meyer et al., 2008; Chugh
et al., 2009; Ghanavati et al., 2014a,b), scanning electron
microscopy (Krucker et al., 2004, 2006), micro-optical sectioning
tomography (MOST; Li et al., 2010; Wu et al., 2014; Xue et al.,

2014; Xiong et al., 2017), and CLARITY (Chung et al., 2013;
Zhang et al., 2018). While these techniques provide images with
impressively high spatial resolution, they are only achievable
ex vivo and are often destructive or otherwise induce tissue
deformation or shrinkage (Wehrl et al., 2015). High-resolution
in vivo techniques, such as two-photon microscopy, have
also been used to quantify the cerebral blood volume (CBV),
but the technique is largely limited to evaluating the cortical
vasculature due to limited tissue penetrance (Serduc et al.,
2006; Steinman et al., 2017). Still, such techniques have been
employed to quantify the murine cerebrovasculature, which
was found to range from 1% to 4.4% of the total brain volume
(Boero et al., 1999; Heinzer et al., 2006, 2008; Serduc et al.,
2006; Chugh et al., 2009; Tsai et al., 2009; Wu et al., 2014;
Zhang et al., 2018). However, given the dynamic and often
heterogeneous process of aging and age-dependent diseases,
studies on changes in CBV or microvascular density would
benefit from in vivo techniques, enabling individual subjects to
be studied longitudinally.

Magnetic resonance angiography (MRA) is a non-destructive
3D imaging technique that can achieve repeatable in vivo
neuroimaging of the cerebrovascular network (Nishimura et al.,
1986; Beckmann, 2000; Krucker et al., 2004). Traditional
time of flight (TOF)-MRA relies on fast laminar blood flow
within the vascular space of proximal in-flowing arteries and,
therefore, lacks signal in slow-flowing veins and tortuous
and distal vessels (Axel, 1984; Nishimura, 1990). Contrast-
enhanced MRA (CE-MRA), however, provides cerebrovascular
signal indiscriminate of vessel size, flow, and location within
the field of view due to the improved relaxation of water
by an exogenous T1-shortening contrast agent (Howles et al.,
2009). Traditional small moleculeT1-agents, such as gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA, Magnevist),
have long been used for clinical CE-MRA acquisition (Lohrke
et al., 2016), but their small size allows for extravasation from
the porous vasculature outside of the brain into the interstitial
space, resulting in a lack of steady-state signal enhancement
(Estelrich et al., 2015). This leakage is particularly deleterious
for small animal imaging, which must not only consider the
4.5–6-fold shorter plasma half-lives for such agents in rodents
(Aime and Caravan, 2009) but also requires considerably
longer imaging times than clinical acquisitions for comparable
anatomical resolution (Driehuys et al., 2008). To avoid vascular
extravasation, blood pool contrast agents have been employed
due to their larger size, a result of serum protein binding
or multimeric macromolecular design (Caravan et al., 1999;
Torchilin, 2000; Torchilin et al., 2000; Lee et al., 2012; Nielsen
and Thomsen, 2012), thus slowing their rate of clearance
and permitting the use of a longer imaging time (Estelrich
et al., 2015) needed for higher spatial resolution (Nielsen and
Thomsen, 2012).

In this study, we have employed Gd-micelle CE-MRA to
quantify the cerebrovascular density in aged C57BL/6 mice,
the most widely used inbred mouse strain (Bryant, 2011),
throughout a 2-year aging period. Mice were imaged via
CE-MRA at 2–4 months (young adulthood), 14–16 months,
and 24–26 months (aged adulthood). A subset of mice was
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studied longitudinally, allowing for the tracking of individuals
throughout the 2-year study, while another subset was used for
immunohistochemical (IHC) analysis of the cerebrovasculature.
To achieve high signal intensity within the cerebrovascular space,
we synthesized a lipid-based Gd-DTPA-bearing micelle, based
on a modified version of the micellar design reported by Briley-
Saebo et al. (2006, 2008). MRA datasets were aligned using
automated registration (Friedel et al., 2014) allowing for virtual
whole brain and regional segmentation (Dorr et al., 2008).
The detected CBV within segmented regions, here dubbed the
apparent CBV (aCBV), was quantified and compared between
age groups along with the whole brain and ventricular volumetric
assessment. The gold standard technique for microvascular
visualization, IHC, was employed for comparative quantification
of the microvascular density (McDonald and Choyke, 2003;
Moy et al., 2013). While CE-MRA of the whole mouse head
is limited in spatial resolution compared to IHC and other ex
vivo techniques, it provides in vivo cerebrovascular information
with whole brain coverage. Together, we have employed these
techniques to quantify changes within the cerebrovascular
density of normal aging wild-type C57BL/6 mice in an effort
to elucidate vascular alterations due to aging that contribute to
age-dependent diseases of the cerebrovasculature.

MATERIALS AND METHODS

Materials
Three lipids, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (ammonium salt)
(PEG-2000-DPSE), DTPA-bis(stearylamide) (gadolinium
salt) (Gd-DTPA-bis(stearylamide)), and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (Rhodamine-DPPE) were purchased
from Avanti Polar Lipids. Chloroform, methanol, and [4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid] (HEPES)
were purchased from Sigma-Aldrich. Sodium chloride was
from Thermo Fisher Scientific. Ethylenediaminetetraacetic acid
was from Acros Organics. Acrodisc syringe filters, 0.2 µm,
for micelle filtration were purchased from PALL. Magnevist
(gadopentetate dimeglumine) was from Bayer Corporation.
IntramedicTM Clay AdamsTM brand polyethylene PE-10
tubing (inner diameter 0.28 mm, outer diameter 0.61 mm)
was purchased from Becton Dickinson for cannulation and
contrast agent injection. VetbondTM was purchased from the 3M
Company. Isoflurane was purchased from Piramal Enterprises
and Ketathesia (ketamine HCl injection) was from Henry Schein
Animal Health.

Micelle Synthesis
Gd-micelles were synthesized using a thin-film protocol
modified from Briley-Saebo et al. (2008). Three synthetic
phospholipids, PEG2000-DSPE, DTPA-bis(stearyl amide), and
Rhodamine-DPPE (Avanti Polar Lipids, Alabaster, AL, USA),
were combined (molar ratio 450:500:1) and dissolved in a
100:2 chloroform:methanol solution. A thin lipid film was
generated under heat, at 68◦C, and vacuum on a rotary
evaporator (RV10, IKA-Werke, Staufen im Breisgau, Germany).

Gd-micelles were formed over 20 min on the evaporator
by rehydrating the film in HEPES buffer, pH 7.0, under
gentle agitation at 65◦C in the absence of a vacuum. The
hydrated product was filtered with a 0.2 µm syringe filter
before characterization.

Micelle Characterization
The micellar hydrodynamic diameter was measured using
dynamic light scattering (DLS; Zetasizer Nano Series model
Nano ZS90, Malvern Instruments, Malvern, UK) in a low volume
disposable cuvette. A 50 µl aliquot of filtered micelles was
added to 700 µl of HEPES and measurements were taken in
triplicate, conducting 10 runs for each measurement (5 s per
run). The Gd concentration within the micelles was determined
via inductively coupled plasma-optical emission spectrometry
(ICP-OES) by Galbraith Laboratories, Inc. (Knoxville, TN, USA).
The longitudinal relaxivity, r1, and the transverse relaxivity,
r2, of HEPES-diluted Magnevist (Gd-DTPA) and Gd-micelles
were determined at 40◦C on a 60 MHz (1.4-Tesla) Bruker
minispec mq-one TD-NMR (Bruker Biospin, Billerica, MA,
USA) using a previously described protocol (Briley-Saebo et al.,
2006, 2008). Longitudinal and transverse relaxation times,T1 and
T2, respectively, were acquired for six different concentrations
of contrast agent diluted from a concentration of 3 mM Gd. T1
values were determined using an inversion recovery sequence
with 15 inversion times from 10 to 1,000 ms and T2 values were
acquired using a Car-Purcell-Meiboom-Gill (CPMG) spin-echo
sequence where the inter-echo time varied between 0.1 and
2.0 ms. The inverse of the relaxation times T1 and T2 were
calculated to obtain the corresponding relaxation rates, R1 and
R2. Relaxivity values, r1 and r2, were separately calculated as the
slopes of Gd concentration vs. relaxation rate, R1 or R2.

Animals
All mouse care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of the
New York University School of Medicine. All in vivo MRA
experiments were performed on female C57BL/6 wild type
mice. The C57BL/6 strain was chosen due to its popularity and
importance in biomedical research (Bryant, 2011). Only female
mice were studied to minimize effects and variability due to
sex (Murugesan et al., 2012). Furthermore, the aging of male
C57BL/6 mice often necessitates individual housing for each
subject due to increased aggression with age (Svare et al., 1983;
Eskola and Kaliste-Korhonen, 1999; An et al., 2011), which
is considerably more costly than group-housing aging female
mice. C57BL/6NTac mice purchased from Taconic Biosciences
(Rensselaer, NY, USA) were used for micelle dosage studies
at 2–4 months old and for longitudinal high-resolution MRA
studies at 2–4 months (N = 5), 14–16 months (N = 5), and
24–26 months (N = 3, as two subjects died before the final
imaging session) following aging in-house. C57BL/6N mice at
2–4 months (N = 9) were subsequently purchased from Charles
River Laboratories (Wilmington, MA, USA) for additional MRA
studies and histological analysis. Aged C57BL/6N mice were also
acquired from National Institute on Aging, housed at Charles
River Laboratories, at 14–16 months (N = 7) and 24–26 months
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(N = 5) for additional MRA studies and histological analysis at
these age groups.

Femoral Vein Cannulation and Animal
Setup
Before each imaging session, mice were anesthetized via
isoflurane inhalation at 1.5 L min−1 oxygen using a
vaporizer/anesthesia setup (VetEquip, Inc., Livermore, CA,
USA). Up to 5% isoflurane in the air was used for anesthesia
induction, followed by 1.0–1.5% isoflurane in the air via nose
cone throughout the femoral vein cannulation procedure.
Following anesthetic induction, mice were placed in the supine
position on an electric heating blanket to maintain body
temperature between 35 to 37◦C. Fur over the femoral area of
the hind limb was removed after the 30-s application of Nairr

hair removal cream (Church and Dwight Company, Inc., Ewing
Township, NJ, USA) using sterile cotton swabs. The area was
rinsed with sterile water until all cream was removed. The
surgical area was sterilized with Betadine and a 70% ethanol
scrub. A 0.5 cm incision was made in the surgically prepared
area over the femoral vein. If necessary, sterile blunt-tipped
scissors were employed to gently remove connective tissue until
the femoral vein was exposed. A 31-gauge needle was used to
make a small incision in the vein. Contrast agent-primed PE-10
polyethylene tubing (Intramedic, Becton Dickinson, Franklin
Lakes, NJ, USA), previously thinned using heat, was attached
to a contrast agent-filled syringe and inserted approximately
0.3 cm into the femoral vein. The cannula was held in place with
VetbondTM (3M Company, Maplewood, MN, USA) and allowed
to dry. Once dry, mice were placed in the prone position with
their heads restrained on a house-made 3D-printed imaging
holder equipped with a bite bar and ear bars to minimize
motion. The mouse head was inserted into a custom-made
radiofrequency (RF) coil built in-house for MRI acquisition,
while the rest of the subject’s body was covered with 3D-printed
water-circulating warming pads to maintain a body temperature
between 35 to 37◦C. The whole mouse bed was inserted into the
center of the bore magnet. Body temperature and breathing rate
were monitored continuously throughout the image acquisition
(SA Instruments Inc., Stony Brook, NY, USA) and maintained
with 1.0–1.5% isoflurane in the air via a nose cone. Respiratory
motion was monitored using a pneumatic pillow fixed to the
subject’s abdomen and the core body temperature was measured
via a rectal probe. The length of PE-10 polyethylene cannula
tubing used was long enough to enable remote contrast infusion
using a PHD-2000 computer-controlled syringe pump (Harvard
Apparatus, Holliston, MA, USA). With the mouse remaining in
the magnet, the contrast agent was injected via a syringe pump
at a 60 µl min−1 infusion rate. The image acquisition began after
a 1 min circulation period. The cannula was removed following
image acquisition and the skin was sutured. Mice were allowed
to recover in a heated cage.

MRA Acquisition
All MRA experiments were performed on a 7-Tesla (7-T)
micro-MRI system consisting of a 7-T 200 mm horizontal bore
magnet (Magnex Scientific Limited, Yarnton, UK) interfaced to

a Bruker Biospec Avance-2 console (Bruker Biospin, Billerica,
MA, USA). The system was equipped with an actively shielded
gradient coil (Resonance Research, Billerica, MA, USA: BGA-
9S; ID 90 mm, 750 mT m−1 gradient strength, 100 µs rise
time). A circularly polarized RF probe was developed in-house
to resonate at a proton frequency of 300 MHz in both transmit
and receive modes. Probe dimensions (length = 29 mm, outer
diameter = 23.5 mm, and accessible diameter = 21.5 mm)
ensured homogenous RF coverage of the whole adult mouse
head. A modified three-dimensional (3D) T1-weighted spoiled
gradient recalled echo (SPGRE) sequence was employed to
acquire an additional self-gated signal during the readout
dephasing gradient within each repetition time (TR; Nieman
et al., 2009). The gating signal was used retrospectively to
correct for motion artifacts induced by respiration and generate
artifact-free image reconstruction sets. Scan parameters were as
follows: echo time, TE = 4.07 ms; TR = 50 ms; bandwidth,
BW = 75 kHz; number of averages, NAV = 1; number of
repetitions, NR = 3. The flip angle (FA) = 34◦ was chosen to
provide the greatest T1-enhancement contrast (Neelavalli and
Haacke, 2007). Only the field of view (FOV), matrix size, and
imaging time (TIM) varied between low-resolution (150 µm)3

scans (FOV = 19.2 mm × 19.2 mm × 19.2 mm, matrix
size = 128 × 128 × 68, TIM = 30 min) and high-resolution
(100 µm)3 scans (FOV = 25.6 mm × 25.6 mm × 25.6 mm,
matrix size = 256 × 256 × 136, TIM = 87 min). 3D imaging
with isotropic resolution enables the image set to be reprocessed
in any desired slice orientation, facilitating image comparison
during co-registration between separately acquired subjects.
The appropriate concentration of Gd-micelle administered for
high-resolution (100 µm)3 MRA studies was determined by
a time course study comprised of serial (150 µm)3 MRA
acquisitions using varying Gd-micelle doses.

Image Registration and Segmentation
Following (100 µm)3 MRA acquisition of mice in all age
groups, angiograms were compiled for automated anatomical
registration using the mouse-build-model (MBM) pipeline
within the Pydpiper toolkit, developed at the Hospital for
Sick Children’s Mouse Imaging Centre (Friedel et al., 2014).
All images were compiled and aligned to a (100 µm)3-
resolution modified C57BL/6J mouse brain anatomical atlas
developed by Dorr et al. (2008) using the MBM pipeline.
The whole brain and brain regions (cerebral cortex, cerebellar
cortex, entorhinal cortex, hippocampus, and striatum) were
segmented for each aligned image using command-line tools
from minc-stuffs, a suite of Medical Imaging NetCDF (MINC)
tools, for image analysis (Vincent et al., 2004, 2016). The
cerebral cortex, hippocampus, and entorhinal cortex were
chosen for examination as these regions have previously
demonstrated vascular and volumetric changes in diseases
including Alzheimer’s disease and vascular dementia (Schuff
et al., 2001; Krucker et al., 2004; Kara et al., 2012), in addition
to previously reported age-dependent microvascular rarefaction
in the cortex and hippocampus (Riddle et al., 2003; Xu et al.,
2017; Yang et al., 2017). The cerebellar cortex was assessed
as it also demonstrates atrophy and vessel alterations with
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age, including small vessel disease, micro-infarcts, and venous
ischemia (Hoogendam et al., 2012; Cerchiai et al., 2017; De
Cocker et al., 2017). Lastly, the striatum was included as vascular
changes and reduced blood flow in the aging striatum may
contribute to vascular parkinsonism and Parkinson’s disease
(Feekes and Cassell, 2006; Guan et al., 2013; Afonso-Oramas
et al., 2014; Gray and Woulfe, 2015).

Apparent Cerebral Blood Volume
Quantification
Segmented brains and brain regions were imported into ImageJ
software (National Institute of Health, Bethesda, MD, USA;
Schneider et al., 2012), and the enhanced cerebrovasculature
was assessed qualitatively by generating a Maximum Intensity
Projection (MIP) using the 3D projection function. The MIP
algorithm highlights voxels of the highest intensity from a
3D image set to be projected onto a 2D plane, aiding in
the visualization of signal enhancing contrast agent distributed
throughout the tissue. Quantitation of micelle-enhanced voxels
corresponding to the aCBV was also performed in ImageJ
via intensity-based segmentation using a thresholding function
in which the aCBV was defined as the percentage of (100
µm)3 voxels, within all voxels examined, demonstrating a signal
intensity (SI) defined by the equation below. The threshold
value of 2.5-fold the standard deviation above the mean SI
of the region was chosen because it was the minimum value
providing vascular segmentation while minimizing the inclusion
of apparent background tissue:

SICBV ≥ Mean SIROI + 2.5 · ST DevROI

Deformation-Based Morphometry
RMINC, a package developed by the Mouse Imaging Center to
read and write MINC volumes within the R environment, was
used to perform statistical analyses on volumetric differences in
mice of different age groups (Lerch et al., 2008). A deformation
field was calculated between individual mice and a common
space set by the Dorr et al. (2008) mouse brain atlas. The Jacobian
determinant of the deformation field measured the expansion or
contraction of volumes of interest on a voxel-wise basis (Chung
et al., 2001) and significant volume changes were calculated
per voxel with a false discovery rate, FDR, of <5% (Genovese
et al., 2002). Volume differences in the segmented whole brain
and ventricular system (the compiled lateral ventricles, third
ventricle, cerebral aqueduct, and fourth ventricle) were also
calculated and assessed for significance using one-way analysis
of variance (ANOVA) test and Tukey’s honestly significant
difference (HSD) post hoc test formultiple pair-wise comparisons
between the three age groups.

Histological Preparation and
Immunohistochemistry of the
Cerebrovasculature
Following micelle clearance, i.e., approximately 24 h after
image acquisition, five mice per age group (2–4, 14–16, and
24–26 months) were sacrificed for histological examination,
which was conducted by the Experimental Pathology Research

Laboratory at New York University School of Medicine. IHC
against CD31 to detect vascular endothelium was performed
on paraformaldehyde-fixed, paraffin-embedded, 5 µm murine
brain sections. CD31, also known as a platelet-endothelial
cell adhesion molecule (PECAM-1), is constitutively expressed
by all endothelial cells and is, therefore, a widely used
marker for vascular staining (Amtul and Hepburn, 2014).
Immunofluorescence staining was performed on a Ventana
Medical Systems Discovery XT instrument using Ventana’s
reagents and detection kits unless otherwise noted. Tissue
sections were deparaffinized online and antigen retrieved using
cell conditioner 1 for 36 min. Endogenous peroxidase activity
was blocked with hydrogen peroxide. Unconjugated rabbit
anti-mouse CD31 monoclonal antibody [Platelet Endothelial
Cell Adhesion Molecule (clone D8V9E), CST #77699, Cell
Signaling Technology, Danvers, MA, USA] was diluted 1:200 in
Cell Signaling diluent and applied to the brain tissue for 2 h
at room temperature. Following extensive washing in Ventana
reaction buffer, the binding of the primary antibody to CD31 was
detected with pre-diluted Ventana horseradish peroxidase-
conjugated anti-rabbit secondary antibody, which was applied
for 16 min and subsequently visualized with pre-diluted
Ventana tyramide-conjugated rhodamine for 8 min. Slides
were washed in distilled water and coverslipped with Prolong
Gold anti-fade media (Molecular Probes, Eugene, OR, USA). A
1.0 mm tissue microarray composed of paraformaldehyde-fixed,
paraffin-embedded murine tissues (skin, lung, liver, kidney, and
brain) served as positive controls for optimization. The tissue
microarray was also used as a negative control by using Cell
Signaling diluent only for the primary antibody incubation.
Stained brains were imaged on a NanoZoomer whole-slide
scanner (Hamamatsu Photonics, Shizuoka, Japan) and analyzed
in Visiopharm software (Hoersholm, Denmark).

Visiopharm’s CD31-stained vessel quantification application
was employed to detect vessels emitting fluorescence in the red
channel (RGB-R) above a threshold that prevented the detection
of background tissue. The density of vessels per brain section was
counted and divided by the area of the section in mm2 to acquire
the number of vessels/mm2 in 2–4, 14–16, and 24–26 months
brains (N = 5 sections per age). The same method for vascular
analysis was applied to specific cortical and hippocampal regions
of interest (ROIs) within the brain sections.

Statistical Analysis
GraphPad Prism (GraphPad Software, San Diego, CA, USA) was
utilized for all statistical analyses, except for that of deformation-
based morphometry, which was built into the RMIC package.
Specific statistical tests used are defined below for individual
experiments. Differences were deemed statistically significant
when demonstrating p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
or p < 0.0001 (****).

For analysis of the aCBV obtained via MRA, aCBV values
in the whole brain and brain regions were tested for normality
using the D’Agostino-Pearson omnibus test (D’Agostino, 1986),
the Shapiro–Wilk test (Shapiro and Wilk, 1965), and the
Kolmogorov–Smirnov test with Dallal-Wilkinson-Lillie for
P-value (Kolmogorov, 1933; Smirnov, 1939). Datasets were
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considered of normal distribution if they passed two out of
the three normality tests (Boutajangout et al., 2010). The
aCBV results were subsequently compared and significance was
assessed using a one-way ANOVA test and Tukey’s HSD post
hoc test for multiple pairwise comparisons between the three
age groups for the entire female C57BL/6 cohort [2–4 (N = 14),
14–16 (N = 12), and 24–26 months (N = 8)]. Additionally,
the aCBV values of in-house longitudinally-aged and imaged
female C57BL/6NTac mice [2–4 (N = 5), 14–16 (N = 5), and
24–26 months (N = 3)] and the C57BL/6N mice imaged at single
time points [2–4 (N = 9), 14–16 (N = 7), and 24–26 months
(N = 5)] were separately analyzed via one-way ANOVA and
Tukey’s HSD test between age groups. Separately, unpaired
two-tailed Student’s t-tests were conducted to determine if
there was a significant difference in the aCBV values of the
C57BL/6NTac and C57BL/6N sub-strain cohorts in each brain
region studied.

For CD31-stained histological sections, the density of vessels
in whole brain sections, as well as cortical and hippocampal ROIs,
were compared for 2–4, 14–16, and 24–26 months brains via
one-way ANOVA and Tukey’s HSD post hoc test. CD31-stained
vessels were also stratified by diameter, via minor axis length,
using Visiopharm software with cut-offs of<50µm, 50–100µm,
and >100 µm. All quantifications were subjected to two-way
ANOVA and Tukey’s HSD post hoc test to assess significance
across age groups.

RESULTS

Gd-Micelle Characterization as a
T1-Shortening Blood Pool Agent
Following each batch synthesis, Gd-micelles (Figure 1A)
were characterized for their hydrodynamic diameter, Gd
concentration, and relaxation properties (Table 1, Figures 1B,C)
to evaluate their capacity to serve as a blood pool agent with high
relaxation properties. DLS confirmed an average hydrodynamic
diameter of 15.63 ± 0.58 nm (N = 5) for >99.0% of the

FIGURE 1 | Gd-micelle composition and characterization. (A) Schematic of
the Gd-micelle construct composed of three phospholipids: PEG2000-DSPE,
Gd-DTPA-bis(stearyl amide), and Rhodamine-DPPE. (B) Hydrodynamic
diameter determined by dynamic light scattering. (C) Longitudinal and
transverse relaxation properties of Gd-micelle agent with error bars indicating
the standard deviation amongst N = 5.

micelle population by volume, within the 10–2,000 nm range
typical for blood pool agents (Torchilin et al., 2000; Table 1,
Figure 1B). The Gd concentration, assessed commercially via
ICP-OES (Galbraith Laboratories, Knoxville, TN, USA), was
11.70 ± 0.85 mM (N = 5; Table 1). The relaxation properties
of Gd-micelles were compared to that of Magnevist at 60 MHz,
corresponding to 1.4-Tesla, field strength (Table 1, Figure 1C).
Specifically, the longitudinal and transverse relaxivity values,
r1 and r2, were calculated as indicators of the MR signal
enhancement or reduction potential, respectively (Burtea et al.,
2008). The ratio r2/r1 was also calculated to assess of the agents’
suitability for positive (T1) or negative (T2) contrast (Burtea
et al., 2008). Magnevist demonstrated an r1 of 3.29 mM−1 s−1

and r2 of 3.37 mM−1 s−1 at a temperature of 37oC, comparable
to values previously described (Rohrer et al., 2005; Table 1).
Its r2/r1 ratio of 1.02 confirms its use as a T1 agent, where
1.0 characterizes an optimal T1 shortening agent (Hashemi et al.,
2004). Gd-micelles demonstrated an r1 of 12.90 ± 0.49 mM−1

s−1, 3.92-fold higher than the r1 value of Magnevist, and r2
of 17.80 ± 0.66 mM−1 s−1 (N = 5; Table 1, Figure 1C). The
resulting r2/r1 was 1.38 ± 0.01, remaining within the range of
effectiveT1-shortening contrast agents (r2/r1 = 1–2; Hagberg and
Scheffler, 2013).

In vivo 3D CE-MRA of Whole Murine Brains
Dosage studies compared the clinical equivalent dose of
Magnevist by weight (3 µmol Gd/30 g) to varying doses of the
Gd-micelle construct (from 0.38–1.875 µmol Gd/30 g) using
30 min (150 µm)3 T1–w angiograms in 2–4 months mice
(Figure 2). Maximum intensity projections of the resulting
angiograms demonstrated that Magnevist extravasated from
the peripheral vasculature within 30 min, as determined by
the enhanced signal intensity seen in the facial tissue of the
mouse. As a result of this lack of steady-state recirculation,
the signal enhancement in both the vasculature and the tissue
returned to baseline within 2 h, suggesting that Magnevist would
be inadequate as a steady-state T1 agent for high-resolution
(100 µm)3 angiography. By contrast, Gd-micelles remained
circulating within the vascular space as expected given the agent’s
blood pool agent size (Torchilin et al., 2000) and PEGylation
(Croy and Kwon, 2006; Nishiyama and Kataoka, 2006; Qiu et al.,
2007). The dose of 0.75µmol Gd/30 g was chosen for subsequent
high-resolution MRA studies as it provided steady-state signal
enhancement within the vascular space throughout the 2 h time-
course, yet was cleared from circulation by 24 h, returning to the
pre-injection baseline.

A (100 µm)3 T1-w MRA sequence was employed to test
the impact of 0.75 µmol Gd/30 g Gd-micelle administration on
the signal-to-noise ratio (SNR) of the murine vascular space.
The same 2–4 months C57BL/6 mouse was imaged without
and with Gd-micelle enhancement and the images were aligned
for direct comparison of vessel enhancement (Figure 3). In the
absence of contrast enhancement, the detectable vascular space
demonstrated an endogenous SNR, averaged over 10 regions
of interest (ROIs), of 36.14 ± 13.89. Following Gd-micelle
administration at 0.75 µmol Gd/30 g, the resulting angiogram
revealed an intravascular SNR of 115.13 ± 20.46, a 3.19-
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TABLE 1 | Physicochemical properties of Gd-constructs.

Construct Hydrodynamic
diameter

(nm ± STDev)

Gadolinium
concentration
(mM ± STDev)

r1 at 60 MHz in
HEPES (mM−1

s−1 ± STDev)

r2 at 60 MHz in
HEPES (mM−1

s−1 ± STDev)

r2/r1 at 60 MHz

Gd-micelle 15.63 ± 0.58 11.70 ± 0.85 12.90 ± 0.49 17.80 ± 0.66 1.38 ± 0.01
Gd-DTPA (Magnevist) *<1 nm *500 3.29 3.37 1.02

Characterization of the hydrodynamic diameter, Gd concentration, and relaxation properties at 60 MHz (1.4-Tesla) of Gd-micelle contrast agent compared to Magnevist. Gd-micelle
data represent average values and standard deviations (N = 5). *Data determined by Bayer Corporation, Leverkusen, Germany.

fold improvement. Notably, only vessels detectable in both
angiograms, with and without contrast, were compared for
signal enhancement, but many vessels were undetectable in the
absence of Gd-micelle injection. As demonstrated by MIPs of
the datasets pre- and post-virtual brain segmentation (Figure 3),
in the absence of contrast, detectable vessels included large
caudal arteries, while small rostral vessels and slow-flowing
veins were not visible. Such enhancement is characteristic of the
blood flow-dependent TOF-effect in which the magnetization
of inflowing blood is refreshed, while slow-flowing blood and
static background tissue remain saturated by the repeated
radiofrequency (RF) pulse (Beckmann, 2000; Krucker et al.,
2004). Gd-micelle CE-MRA, however, demonstrated global
vascular enhancement indiscriminate of vessel type and location
within the field of view (Figure 3). MIPs following virtual brain
segmentation further confirmed that Gd-micelle enhancement
provided significant vascular contrast throughout the brain not
observed in the absence of contrast (Figure 3). These findings
led us to perform the Gd-micelle-enhanced (100 µm)3 MRA
protocol on mice over 2 years of aging.

Apparent Cerebral Blood Volumes of Aging
Brains and Sub-brain Regions
Angiograms acquired at 2–4 (N = 14), 14–16 (N = 12),
and 24–26 months (N = 8) from both C57BL/6NTac

FIGURE 2 | Time-course contrast-enhanced magnetic resonance
angiography (CE-MRA) using Magnevist and Gd-micelle contrast.
Time-course MRA study composed of a series of 30 min (150 µm)3

acquisitions pre- and post-injection of Magnevist, at the clinical equivalent
dose by weight, or decreasing doses of Gd-micelle. Datasets are displayed
as Maximum Intensity Projections (MIPs) to illustrate cerebrovascular
enhancement.

mice (Taconic Biosciences, Rensselaer, NY, USA) studied
longitudinally and C57BL/6N mice (Charles River Laboratories,
Wilmington, MA, USA) were compiled and aligned using
automated registration. The brains and brain ROIs were
segmented using the Dorr et al. (2008) C57BL/6J mouse
brain atlas. Following virtual segmentation, MIPs of the
ROIs were used to visualize the cerebrovasculature, without
obstruction from surrounding facial vessels. MIPs of each
segmented ROI, as demonstrated by a representative
brain from each age group, qualitatively demonstrated
a decrease in the cerebrovasculature with increasing
age, although the effect varied per anatomical region
(Figure 4).

The CBV within each brain ROI detected by Gd micelle-
enhanced MRA, the aCBV, was quantified following signal-
based thresholding. MIPs of the thresholded aCBV in whole
brains representative of each age group allowed for a qualitative
appreciation of the decrease in the aCBV throughout the
2 years of aging (Figure 5A). The aCBV in each of

FIGURE 3 | High-resolution MRA with and without Gd-micelle
enhancement. 3D high-resolution MRA with and without Gd-micelle
enhancement displayed as 2D single slices and MIPs pre- and post-virtual
brain segmentation via registration to an anatomical brain atlas.
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FIGURE 4 | Segmented brain regions of interest from Gd-micelle CE-MRA
over aging. Illustrative examples of model brains from mice aged 2–4, 14–16,
and 24–26 months demonstrating the virtually segmented whole brain and
brain regions. Datasets are displayed as MIPs to illustrate
cerebrovascular enhancement.

the six ROIs were quantified for all subjects together, as
well as separated by cohorts of C57BL/6NTac subjects and
C57BL/6N subjects, acknowledging that phenotypic and genetic
differences have been observed among C57BL/6 substrains
(Bryant, 2011). The aCBV values for the whole C57BL/6 cohort
were determined to be normally distributed in the whole
brain and all sub-brain regions. While aging produced
region-specific differences, all ROIs examined from the total
cohort (C57BL/6NTac and C57BL/6N mice) demonstrated an
age-dependent significant decrease in the aCBV by one-way
ANOVA (Figures 5B–G, Table 2, Supplementary Table 1) and
specifically between 2–4 and 24–26 months brains by Tukey’s

FIGURE 5 | Apparent cerebral blood volume of total C57BL/6 cohort
assessed via CE-MRA. (A) Representative Gd-micelle CE-MR angiograms of
murine brains at 2–4, 14–16, and 24–26 months displaying thresholded
vessels, shown as MIPs, quantified as the apparent cerebral blood volume
(aCBV). The aCBV of all mice studied via MRA was calculated and plotted for
the (B) whole brain, (C) cerebral cortex, (D) cerebellar cortex, (E) entorhinal
cortex, (F) hippocampus, and (G) striatum. Data represent average values
and standard deviations. Tukey’s honestly significant difference (HSD) tested
was performed to assess the significance of differences between age groups,
where *p < 0.05, **p < 0.01, and ***p < 0.001.

HSD test (Figures 5B–G, Table 2). The percent of aCBV loss
ranged from 19.95% in the entorhinal cortex to 58.59% in the
striatum (Table 2).

The aCBV was also separately analyzed for the subset
of five C57BL/6NTac mice studied longitudinally through
repeat MRA acquisitions at the ages of interest over 2 years
(Figure 6, Table 3). However, based on a one-way ANOVA,
the hippocampus and striatum showed no significant change
in aCBV with age (Figure 6, Table 3, Supplementary Table
1), and Tukey’s HSD test found no significant difference
between paired age groups for the whole brain, hippocampus,
or striatum (Figure 6, Table 3), possibly in part due to the
smaller cohort size and death of two animals before the
final imaging session. Notably, the longitudinal investigation

TABLE 2 | Apparent cerebral blood volumes quantified in the total C57BL/6 cohort.

Apparent cerebral blood volume (%)

Age group Whole Cerebral Cerebellar Entorhinal Hippocampus Striatum
months brain cortex cortex cortex

2–4 1.64 ± 0.18 1.99 ± 0.18 1.81 ± 0.20 4.02 ± 0.76 2.38 ± 0.27 0.99 ± 0.27
14–16 1.37 ± 0.25 1.73 ± 0.33 1.54 ± 0.27 3.52 ± 0.62 1.89 ± 0.50 0.44 ± 0.30
24–26 1.24 ± 0.29 1.43 ± 0.37 1.15 ± 0.43 3.09 ± 0.53 1.75 ± 0.61 0.41 ± 0.33

Apparent CBV of brain and brain regions of interest from all mice studied via Gd-micelle CE-MRA. Values represent the average volume and standard deviation.
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FIGURE 6 | Apparent CBV in C57BL/6NTac mice longitudinally assessed via
CE-MRA. The apparent CBV was determined in the whole brain and brain
regions of longitudinally studied mice. Colors indicate distinct mice aged
in-house and imaged over their lifetime. Results of Tukey’s HSD test for
significance between age groups are shown, where *p < 0.05 and **p < 0.01.

highlights the heterogeneity typically described in the aging
process (Lockhart and DeCarli, 2014), where specific mice
demonstrate steeper declines in the aCBV (Figure 6, blue
symbol) than others (Figure 6, yellow symbol; Hagberg and
Scheffler, 2013).

Additionally, the cohort of C57BL/N mice was separately
studied and revealed significant decreases in the aCBV with
age by one-way ANOVA in all regions studied except for
the entorhinal cortex (Figure 7, Table 4, Supplementary
Table 1). Tukey’s HSD test also found no significant difference
between age groups for the entorhinal cortex (Figure 7,
Table 4). Notably, based on unpaired two-tailed Student’s t-tests
performed between the C57BL/6NTac and C57BL/6N cohorts
per brain region analyzed, there was no significant difference
in the aCBV of C57BL/6NTac and C57BL/6N mice over the
2 years studied.

Volumetric Changes With Aging
Automated CE-MRA registration also enabled volumetric
comparisons of the brains via deformation-based morphometry.
Voxel-wise global volumetric differences between the compiled
and averaged 14–16 months datasets and 2–4 months datasets
predominantly demonstrated significant growth (red-to-
yellow) throughout the brain, while smaller regions of
significant volumetric reduction (blue-to-cyan) were also

FIGURE 7 | Apparent CBV in C57BL/6N mice assessed via CE-MRA. The
apparent CBV was determined in the whole brain and brain regions of
C57BL/6N mice, excluding the longitudinally studied C57BL/6NTac cohort
shown in Figure 6. Results of Tukey’s HSD test for significance between age
groups are shown, where *p < 0.05 and **p < 0.01.

observed (Figure 8A). A comparison of 24–26 months
brains to 14–16 months brains revealed sporadic areas of
brain growth and reduction (Figure 8A), but substantially
fewer voxels showed significant differences in the second
year of aging. In addition to voxel-wise global comparisons,
volumetric differences between the three age groups were
also assessed in the virtually segmented whole brain and
ventricular system (Figures 8B–D, Table 5), both previously
shown to increase in volume in aging C57BL/6 mice
(Chen et al., 2011).

In agreement with the global voxel-wise assessment, a
one-way ANOVA revealed a significant change in the whole
brain volume with age over the 2-year-period (***p < 0.001),
and Tukey’s HSD test revealed statistically significant
differences between each age group (***p < 0.001 for
each age group comparison; Figure 8B, Table 5). The
ventricular system, comprised of the lateral ventricles, the
third ventricle, the cerebral aqueduct, and the fourth ventricle,
also demonstrated statistically significant growth over 2 years
by one-way ANOVA (***p < 0.001; Figure 8C, Table 5).
Tukey’s HSD test revealed significant differences between
2–4 and 14–16 months groups (**p < 0.01) and between
2–4 months and 24–26 months groups (***p < 0.001; Figure 8C,
Table 5).

TABLE 3 | Apparent cerebral blood volumes quantified in C57BL/6NTac mice longitudinally assessed.

Apparent cerebral blood volume (%)

Age group Whole Cerebral Cerebellar Entorhinal Hippocampus Striatum
months brain cortex cortex cortex

2–4 1.61 ± 0.10 2.00 ± 0.10 1.82 ± 0.19 4.04 ± 0.42 2.28 ± 0.26 0.87 ± 0.12
14–16 1.29 ± 0.28 1.60 ± 0.30 1.51 ± 0.30 3.54 ± 0.32 1.61 ± 0.51 0.42 ± 0.39
24–26 1.24 ± 0.13 1.35 ± 0.21 0.92 ± 0.26 2.93 ± 0.20 1.80 ± 0.58 0.43 ± 0.23

Apparent CBV of brain and brain regions from mice studied longitudinally via Gd-micelle-enhanced MRA. Values represent the average volume and standard deviation.
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TABLE 4 | Apparent cerebral blood volumes quantified in C57BL/6N mice.

Apparent cerebral blood volume (%)

Age group Whole Cerebral Cerebellar Entorhinal Hippocampus Striatum
months brain cortex cortex cortex

2–4 1.65 ± 0.22 1.98 ± 0.22 1.80 ± 0.22 3.60 ± 0.43 2.44 ± 0.27 1.06 ± 0.31
14–16 1.42 ± 0.24 1.82 ± 0.35 1.60 ± 0.30 3.50 ± 0.79 2.08 ± 0.42 0.45 ± 0.24
24–26 1.23 ± 0.37 1.48 ± 0.46 1.29 ± 0.47 3.06 ± 0.43 1.71 ± 0.70 0.40 ± 0.41

Apparent CBV of brain and brain regions from C57BL/6N mice studied via Gd-micelle-enhanced MRA. C57BL/6NTac mice studied longitudinally and described in Table 3 are
excluded. Values represent the average volume and standard deviation.

TABLE 5 | Volumetric changes over aging in the total C57BL/6 cohort.

Whole brain and ventricular volume (mm3)

Region 2–4 months 14–16 months 24–26 months

Whole brain 439.78 (426.76–451.32) 452.86 (441.18–463.70) 460.40 (451.26–469.53)
Ventricular system 5.16 (4.96–5.36) 6.43 (5.88–7.16) 6.54 (5.97–7.30)

Volumetric changes in the whole brain and ventricular system from deformation-based morphometry of registered brains. Values represent the average volume and the minimum and
maximum values with 95% confidence.

Immunohistochemical Analysis of the
Cerebrovascular Density
Immunohistochemistry, the gold-standard technique for
microvascular visualization (Moy et al., 2013), was employed to
assess if a structural loss of vessels, or rarefaction, contributed
to the reduction in aCBV detected by Gd-micelle CE-MRA.
Brain sections probed for vascular CD31 from each age
group (N = 5 per age; Figure 9A) were quantified as the
number of vessels/mm2 throughout the section (Figures 9B,C,
Table 6) as well as in the well-defined cerebral cortex and
hippocampus (Figures 9D–G, Table 6). Quantification of
whole sections demonstrated a reduction in vascular density
with age from 458.18 ± 61.28 vessels/mm2 at 2–4 months
to 362.94 ± 49.34 vessels/mm2 at 24–26 months, with
p = 0.05 by one-way ANOVA and p < 0.05 by Tukey’s
HSD test between the 2–4 and 24–26 months groups
(Figure 9B, Table 6). Additionally, the vessel composition
was assessed by size and compared for each age group,
with both age (*p < 0.05) and vessel size (****p < 0.0001)
significantly contributing to changes in vascular density via
two-way ANOVA (Figure 9C, Supplementary Figure 1).
Furthermore, the density of vessels with diameters <50 µm,
characteristic of most vessels detected by IHC, decreased
from 456.92 ± 60.62 vessels/mm2 at 2–4 months to
419.35 ± 57.91 vessels/mm2 at 14–16 months and finally to
361.60 ± 49.03 vessels/mm2 at 24–26 months. There was a
significant difference between 14–16 and 24–26 months sections
(*p < 0.05) and between 2–4 and 24–26 months sections
(***p < 0.001) by Tukey’s HSD post hoc test. By contrast,
vessels with diameters between 50–100 and >100 µm were
significantly less detected via IHC and showed no statistically
significant difference amongst the age groups via Tukey’s HSD
test, suggesting that the majority of the decrease in density
over 2 years was due to a reduction in vessels <50 µm in
diameter. However, tissue deformation and shrinkage during
histological preparation could affect these measurements
(Wehrl et al., 2015).

The cerebrovascular densities in the cerebral cortex and
hippocampus, well-defined within the histological sections,
were also quantified in IHC sections. One-way ANOVA tests
found statistically significant changes in cerebrovascular density
with age across groups in both the cortex and hippocampus
(*p < 0.05). The cerebrovascular density of the cerebral cortex
(Figure 9D) showed a minor decrease after 1-year aging, but,
according to Tukey’s HSD test, there was a significant decrease
between 2–4 and 24–26 months age groups from 500.60 ± 81.91
to 377.02 ± 33.91 vessels/mm2 (*p < 0.05) and between 14–16
and 24–26 months sections (*p < 0.05; Figure 9F, Table 6).
According to Tukey’s HSD test, the hippocampus (Figure 9E)
demonstrated a significant decrease in the cerebrovascular
density between 2–4 and 24–26 months age groups from
465.93 ± 83.71 to 341.89 ± 38.18 vessels/mm2 (*p < 0.05;
Figure 9G, Table 6).

DISCUSSION

The present study investigated the detectable aCBV of normal
aging in wild type C57BL/6 mice using the non-destructive
and minimally invasive CE-MRA approach throughout a 2-year
aging period, accompanied by IHC analysis. To image the
cerebrovasculature throughout the murine brain, indiscriminate
of vessel type and location, CE-MRA was performed using
a self-assembling Gd-micelle blood pool agent synthesized
in-house to induce high and sustained r1 relaxivity within the
blood pool, resulting in T1-weighted vessel contrast throughout
the acquisition time needed for high-resolution MRA. This
protocol enabled us to acquire MR angiograms for vascular
quantification and the monitoring of volumetric changes
compared to CD31-probed IHC.

In contrast to commercially available low molecular weight
Gd-DTPA (Magnevist), which is extravasated from the vascular
space within 30 min, the Gd-micelles remained circulating in
the vasculature for at least 2 h, at a 4-fold lower Gd dose,
and cleared by 24 h (Figure 2). The significant circulation
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TABLE 6 | Cerebrovascular density in aged brains by immunohistochemical analysis.

Cerebrovascular density (vessels/mm2) by CD31-stained immunohistochemistry

Age group months Whole brain Cerebral cortex Hippocampus

2–4 458.18 ± 61.28 500.60 ± 81.91 465.93 ± 83.71
14–16 420.15 ± 57.96 476.97 ± 49.18 384.32 ± 68.26
24–26 362.94 ± 49.34 377.02 ± 33.91 341.89 ± 38.18

Quantification of the cerebrovascular density analyzed via CD31-probed IHC. Values represent the average density and standard deviation (N = 5).

time of the Gd-micelles is most likely due to both size
(Torchilin et al., 2000) and PEGylation (Croy and Kwon,
2006; Nishiyama and Kataoka, 2006; Qiu et al., 2007). With
an average 15.63 nm diameter (Table 1), extravasation of the
blood pool agent is largely inhibited (Torchilin et al., 2000;
Aime and Caravan, 2009) and PEG chains at the micellar
surface, contributed by PEG2000-DSPE (Figure 1A), prevent

FIGURE 8 | Volumetric changes in the whole brain and ventricular system
over aging. (A) Deformation maps of global voxel-wise volumetric changes
between 2–4 months, 14–16 months, and 24–26 months datasets with
significance calculated per voxel with a false discovery rate <5%. Volumetric
analyses of (B) the whole brain and (C) the ventricular system (the compiled
lateral ventricles, third ventricle, cerebral aqueduct, and fourth ventricle).
Symbol colors in (B,C) represent distinct mice and error bars represent the
95% confidence intervals. Separately, one-way analysis of variance (ANOVA)
revealed a significant change in volume with age over the 2-year period for
both the whole brain and ventricular system (***p < 0.001). Results of Tukey’s
HSD post hoc test between age groups are shown, where **p < 0.01, and
***p < 0.001.

serum protein adsorption and antibody opsonization to further
extend circulation time (Croy and Kwon, 2006; Nishiyama and
Kataoka, 2006; Qiu et al., 2007). The agent’s large size also
contributes to a slower tumbling rate, which effectively increased
its relaxivity (Lauffer, 1987, 1991), providing a 3.92-fold increase
in r1 over that of Magnevist per mM Gd (Table 1). With
improved relaxation properties, the Gd-micelles was able to

FIGURE 9 | Immunohistochemical quantification of the cerebrovascular
density over aging. (A) Representative CD31-stained histological sections of
mouse brains at 2–4, 14–16, and 24–26 months (left-to-right). Quantification
of the cerebrovascular density detected in the entire brain sections (B) overall
and (C) separated by vessel size. Representative sections of the (D) cerebral
cortex and (E) hippocampus at 2–4, 14–16, and 24–26 months (left-to-right),
where scale bars indicate 200 µm. Quantifications of the cerebrovascular
density in the (F) cerebral cortex and (G) hippocampus. All data represent the
average density and standard deviation (N = 5 per age group). Results of
Tukey’s HSD test are shown, where *p < 0.05 and ***p < 0.001.
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be injected at a 4-fold lower Gd dose than recommended for
Magnevist (Lewis et al., 2012), reducing the potential risk of
Gd-induced toxicity (Grobner and Prischl, 2007), while still
providing adequate SNR, 3.19-fold higher than in the absence of
contrast (Figure 3), for cerebrovascular detection. Together these
results encouraged the use of Gd-micelles as a T1-shortening
blood pool agent for MRA studies of the cerebrovasculature in
aging mice.

Automated registration (Friedel et al., 2014) of the MRA
datasets to the previously developed C57BL/6J brain atlas (Dorr
et al., 2008) compiled images acquired at 2–4, 14–16, and
24–26 mo within the same 3D space, allowing for virtual
extraction of the whole brain as well as segmentation of
major sub-brain ROIs. A visual assessment of the aligned
brains and ROIs presented as MIPs revealed a loss of
MRA-detectable vasculature, as demonstrated by model brains
representative of each age group (Figure 4). Signal intensity-
based thresholding of the cerebrovasculature that fit the
criteria of aCBV in the whole brain volume (Figure 5A)
revealed a 1.64% ± 0.18% aCBV at 2–4 months (Figure 5B,
Table 2), within the 1–4.4% range previously described for
the CBV in young adult murine brains (Boero et al., 1999;
Heinzer et al., 2006, 2008; Serduc et al., 2006; Chugh et al.,
2009; Tsai et al., 2009; Wu et al., 2014; Zhang et al.,
2018), including those of the C57BL/6 strain (Chugh et al.,
2009; Tsai et al., 2009; Wu et al., 2014; Zhang et al.,
2018). Furthermore, the aCBV changes in the whole brain
volume equated to an overall 24.39% loss of the aCBV over
2 years aging (Figure 5B, Table 2). While most aging studies
focus on vascular quantification in specific regions of the
brain, rather than the global cerebrovasculature, this loss is
comparable to an ex vivo stereological examination of aged
rats that demonstrated a 16% loss in global cerebrovasculature
(Buchweitz-Milton and Weiss, 1987).

Specific sub-brain regions also demonstrated statistically
significant decreases in the aCBV throughout aging
(Figures 5C–G, Table 2). The cortex and hippocampus,
two of the most widely examined regions for CBV loss in aging
(Brown and Thore, 2011), demonstrated a 28.14 and 26.47%
aCBV loss over 2 years, respectively (Figures 5C,F, Table 2).
Both results are in agreement with previous studies of vascular
reductions in the rat cortex (12–43% loss; Burns et al., 1981;
Amenta et al., 1995) and hippocampus (20%–49%; Jucker et al.,
1990; Amenta et al., 1995). While the smaller subset of mice
studied longitudinally demonstrated similar losses in aCBV
over aging, these reductions only demonstrated significance
within the cerebral cortex, cerebellar cortex, and entorhinal
cortex (Figure 6, Table 3), likely an effect of the smaller cohort
size. Overall, Gd-micelle CE-MRA with 100 (µm)3 resolution
detected a decrease in the aCBV throughout the brain ROIs
studied; however, improvements in sequence parameters, the
use of cryoprobes, or increased Gd-micelle dose, may aid in
achieving a higher spatial resolution to resolve vessels <100 µm
in diameter, multiple of which may be contained within a single
(100 µm)3 voxel in the current study.

Deformation-based morphometry revealed regions
demonstrating both statistically significant growth and

statistically significant reduction, with the majority of the
brain showing growth from 2–4 to 14–16 months (Figure 8A).
To a lesser extent, although still statistically significant, growth
continued between 14–16 and 24–26 months (Figure 8A).
Analysis of the whole brain and ventricular system both showed
statistically significant increases in volume over the 2-year
aging study with a 4.69% increase in whole brain volume
and 26.74% increase in the volume of the ventricular system
between mice aged 2–4 months and those aged 24–26 months,
comparable to the percent enlargement demonstrated by Chen
et al. (2011) in the whole brain and ventricles of similarly aged
C57BL/6 mice. The percent volume occupied by the ventricles
increased from 1.17% of the whole brain at 2–4 months to
1.42% at 14–16 months and 24–26 months (Figures 8B,C,
Table 5). Previous aging studies have demonstrated statistically
significant whole brain and ventricular growth in wild type mice
over 14 months (Maheswaran et al., 2009) and nearly 2 years
(Chen et al., 2011), with the relative brain volume occupied
by the ventricles enlarging faster during early adulthood,
before slowing at older ages. It is hypothesized that increases
in ventricular volume beyond that demonstrated in normal
aging could serve as a biomarker for Alzheimer’s disease and
its progression (Nestor et al., 2008; Chen et al., 2011). As
demonstrated, CE-MRA is capable of simultaneously providing
information on the volumetric changes of both the CBV and
anatomical brain regions, supporting its use in exposing the
differences in normal brain aging and disease.

IHC, probing for the endothelial cell marker CD31,
demonstrated a statistically significant decrease in the
cerebrovascular density over 2 years, with an overall 20.79%
decrease (Figures 9A,B, Table 6). Although CE-MRA and
IHC quantified the vasculature differently, percent volume
(mm3/mm3) for CE-MRA and density (vessels/mm2) for IHC,
each with distinct limitations, the detected 20.79% percent
decrease in cerebrovascular density by IHC was in good
agreement with the 24.39% decrease in aCBV over 2 years.
An evaluation of the vessel sizes detected that the major
population of vessels, with diameters <50 µm, showed a
significant reduction in density over 2 years (Figure 9C),
supporting the well-described microvascular, particularly
capillary, rarefaction detected in human and rat brains (Riddle
et al., 2003; Brown and Thore, 2011). Cortical and hippocampal
analyses by IHC also demonstrated significant decreases in
vessel density over 2 years of aging (Figures 9D–G, Table 6).
The 24.69% loss in vascular density that was detected in the
cortex by IHC from 2–4 to 24–26 months (Figures 9D,F) was
comparable to the 28.14% loss determined in the cortex
by CE-MRA (Figure 5C, Table 2). Furthermore, these
values are within the range of vascular loss described for
rodent brains over aging (12–43%; Brown and Thore, 2011),
but are moderately higher than the 19.26 ± 6.7% decrease
recently described by Murugesan et al. (2012) in aging male
C57BL/6J mice using ex vivo confocal microscopy between
6 and 24 months. IHC of the hippocampus demonstrated
a 26.62% loss in vessel density over 2 years (Figures 9E,G,
Table 6), compared to an overall 26.47% decrease detected
in the hippocampus by CE-MRA (Figure 5F, Table 2).
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Similarly, these values were within the range of vessel loss
described in aging rats (20–49%; Brown and Thore, 2011)
and were also in good agreement with the hippocampal loss
detected by Murugesan et al. (2012) of 26.38 ± 5.63% in
C57BL/6J mice.

While CE-MRA and IHC maintain vastly different capacities
for resolving the cerebrovasculature, these techniques can be
used in a complementary manner to monitor cerebrovascular
alteration. Here, both methods have revealed a significant loss
in vascularity in the aging C57BL/6 female mouse brain over
a 2-year period. Differences between the two methods are
contributed by MRA’s lower resolution, whereby the current
MRA protocol is capable of detecting, but not resolving,
the <50 µm-diameter vessels largely identified via IHC.
The IHC-determined loss in the number of vessels/mm2

within whole brain sections, as well as in cortical and
hippocampal regions, suggests that a structural loss in vascularity
contributed significantly to the reduction in aCBV detected
via CE-MRA.

Differences between the degree of cerebrovascular rarefaction
described herein and that reported by Murugesan et al. (2012)
may be due to the two studies’ differing imaging modalities
(MRA vs. confocal microscopy) and the nature of the tissue
(in vivo vs. ex vivo). However, sex differences may also play a
major role in brain aging. By limiting our study to aging female
subjects, it is unknown if aging male C57BL/6 mice would have
demonstrated a comparable loss of cerebrovasculature using our
micelle-enhanced MRA methodology. Notably, previous studies
of C57BL/6 mice have found that, compared to their aging
male counterparts, aging female mice demonstrate a greater
cognitive decline (Benice et al., 2006). An earlier onset for
age-related hippocampal genetic alterations in the same mouse
strain was also found in females that resulted in decreased
bioenergetic metabolism and increased amyloid dyshomeostasis
(Zhao et al., 2016). Considering these findings, the significant
loss of cerebrovasculature in this female C57BL/6 cohort may
serve as yet another characteristic of brain aging to which
female mice may be more susceptible. Therefore, the use of an
entirely female cohort could contribute to the greater vascular
loss detected in the current study compared to that determined
by Murugesan et al. (2012) for an all-male C57BL/6 cohort.
Still, a single study of both sexes under identical conditions
is needed to elucidate such differences. Furthermore, our
results support previous research in demonstrating the profound
impact that aging has on the brains of female C57BL/6 mice.
How this translates to aging humans and predisposition to
age-dependent conditions including Alzheimer’s disease is still
under investigation. Dementia and Alzheimer’s disease have
shown a higher prevalence in XX chromosome-harboring
women over XY-harboring men (Beam et al., 2018). However,
recent studies find that XX-women may have metabolically
younger brains (Goyal et al., 2019) and demonstrate a
slower rate of regional brain volume loss compared to
age-matched XY-men (Armstrong et al., 2019). The evident
complexity of brain aging and how it is impacted by
variables including sex and co-morbidities is a further reason
for conducting longitudinal studies in aging murine models

as they may identify associated genetic, functional, and
anatomic changes.

In addition to using this methodology to investigate
age-matched sex differences, it can also be employed for
qualitative and quantitative assessments of cerebrovascular
alterations in neurovascular diseases and response to therapeutic
interventions. The rapid recovery time following the femoral
injection of the micellar contrast agent and clearance within
24 h allows our approach to be repeatable. Therefore, our MRA
method is particularly well-suited for longitudinal studies aiming
to track and localize the progression of regional vascular changes
in angiopathies and neurodegenerative diseases. Additionally,
this noninvasive and non-ionizing imaging technique can be
equally valuable to monitor the response to therapy at a
multitude of time points as well as to assess the variability
amongst individual subjects. This technique is also applicable
for single time point cross-sectional studies followed by
IHC 24 h later.

In considering repeated studies, our choice of femoral
cannulation was motivated by our need to control the precise
dose and rate of infusion of the micellar blood pool agent
to ensure reproducibility and prevent mis-administration
typically associated with tail injection (Groman and Reinhardt,
2004). Hence, femoral cannulation would not be appropriate
for daily examination. Instead, an indwelling catheter system
such as those employed in repeat murine blood sampling
(Park et al., 2018) could be considered. Alternatively, tail vein
injection may be considered when performed by highly skilled
researchers, enabling frequent injections. Animal exposure
to anesthesia, such as isoflurane employed in our study, is
another limiting factor. Repeated exposure to isoflurane,
while generally considered a safe anesthetic option, has
been reported to cause anxiety, motor deficits, altered white
matter integrity (Bajwa et al., 2019), and oxidative stress
(Berkowitz et al., 2020). The qualitative micelle pharmacokinetic
characterization performed in Figure 2 illustrates the tradeoff
between effective vascular detection and complete micelle
washout between imaging sessions. The reduced dose
of 0.75 µmol Gd/30 g Gd-micelle enabled full clearance
within 24 h and reduced the risk of Gd-induced toxicity
(Grobner and Prischl, 2007) while providing remarkable
vascular enhancement.

CE-MRA offers the advantage of indiscriminate whole
head detection and visualization of both the arterial and
venous blood volumes regardless of flow. In comparison,
TOF-MRA typically limits the detection to arteries within a
reduced FOV, which are governed by the inflowing strength
of proximal blood. This in turn predominantly excludes the
venous component (Axel, 1984; Nishimura, 1990). On the
other hand, CE-MRA prevents an immediate understanding
of whether cerebrovascular changes predominate in arteries or
veins. In this case, the alignment of acquired images to cerebral
vascular atlases, such as those described by Dorr et al. (2007) and
Xiong et al. (2017), will help delineate the venous and arterial
compartments and permit their respective quantification.
This additional step may facilitate the examination of
mouse models of cardiovascular diseases, including heart
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failure associated with increased cerebral venous pressure,
small vessel damage, and blood-brain barrier disruption
(Fulop et al., 2019).

CONCLUSION

We have observed a significant loss in cerebrovasculature over
2 years of aging in the C57BL/6 mouse strain using both
in vivo whole head CE-MRA and IHC-probed histological
analysis. While the majority of our knowledge regarding the
cerebrovasculature is the result of ex vivo 2D studies, the
use of in vivo whole-brain analyses, such as the CE-MRA
technique described here, can improve our understanding of
the global murine cerebrovasculature, its variability amongst
subjects and strains, and its changes during aging. The (100
µm)3 resolution employed is significantly lower than that
of histological examination. However, CE-MRA still provided
minimally invasive in vivo assessment of the cerebrovascular
morphology and detectable aCBV with coverage of the entire
murine head. Due to its non-destructive and non-to-minimally
invasive nature, this technique allowed for both single time
point and longitudinal studies in aging subjects to illustrate
significant, albeit variable, loss of CBV throughout the aging
murine brain along with enlargement of the whole brain
and ventricular volumes. Together, the changes detected by
CE-MRA and IHC suggest that the vascular rarefaction
widely-described in aging human and rat brains is also
present in the most widely studied inbred mouse strain
(Bryant, 2011). Age-dependent vascular rarefaction in wild type
C57BL/6 mice should, therefore, be accounted for when using
this popular strain for studies of age-dependent diseases of
the cerebrovasculature.
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Objective: There is increasing evidence that high blood pressure (BP) levels and BP

variability (BPV) over 24 h or longer are associated with poor clinical outcomes in patients

with intracerebral hemorrhage (ICH). The objective of this study was to examine the

association between different beat-to-beat BP parameters and in-hospital outcomes.

Methods: Patients with a diagnosis of acute spontaneous ICH were recruited

consecutively and prospectively between September 2018 and January 2019.

Beat-to-beat recordings were measured non-invasively for 5min within the first 72 h after

the onset of symptoms. BPV was analyzed by standard deviation (SD), coefficient of

variation (CV), average real variability (ARV), and variation independent of mean (VIM).

Outcome was assessed at discharge using the modified Rankin Scale (mRS) score.

Multivariate logistic regression analysis was used to assess the association between BP

levels, BPV, and clinical outcomes.

Results: A total of 66 patients were included, of whom 34 had poor outcomes (mRS

score, 3–6). Patients with poor outcomes had significantly higher National Institute of

Health Stroke Scale scores (4.5 vs. 9, p < 0.001), a larger ICH volume (8 vs. 14.5mL,

p = 0.004), and an increased systolic BP (SBP) -CV (3.2 vs. 4.8, p< 0.001) and diastolic

BP (DBP) -CV (3.7 vs. 4.9, p= 0.015). After adjustment for major covariates, multivariate

logistic regression analysis revealed that SBP-CV was independently associated with an

increased risk of poor in-hospital outcomes [odds ratio (OR) 2.535; 95% confidence

interval (CI), 1.211–5.305; p = 0.014]. The receiver operating characteristic area for

SBP-CV in predicting poor in-hospital outcome was 0.827 (95% CI, 0.730–0.925; p <

0.001), and the best cutoff point was 3.551 (sensitivity, 82.35%; specificity, 68.75%).

Conclusion: A higher beat-to-beat BPV in the first 72 h of admission was associated

with unfavorable in-hospital outcomes in patients with ICH. The stabilization of BPV

during the acute phase may be a therapeutic target; this could be tested in future

clinical trials.

Keywords: intracerebral hemorrhage, blood pressure variability, blood pressure, outcome, stroke
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INTRODUCTION

Spontaneous intracerebral hemorrhage (ICH) is a major cause of
disability and mortality among patients with different types of
stroke, and few effective treatment options are available (Flaherty
et al., 2006). Elevated blood pressure (BP) is a risk factor for both
ICH and worse clinical outcome (Qureshi et al., 2016). However,
a meta-analysis of five randomized, controlled, single/double-
blinded, parallel trials found no differences between aggressive
and conservative BP-lowering strategies in the incidence rates
of 3-months mortality and early neurological deterioration
(Lattanzi et al., 2017). Post hoc analyses of the Field
Administration of Stroke Therapy-Magnesium trial, Intensive
Blood Pressure Reduction in Acute Cerebral Hemorrhage Trial,
and Antihypertensive Treatment of Acute Cerebral Hemorrhage
II trial showed that increased BP variability (BPV) was associated
with a poor functional outcome (Manning et al., 2014; Chung
et al., 2018; de Havenon et al., 2018). This indicated that, in
addition to the absolute BP level, BPV might also be a significant
risk factor for worse outcomes after ICH.

Beat-to-beat BPV is considered to be a very short-term
BPV. In ischemic stroke, beat-to-beat BPV has been found
to be associated with worse clinical outcomes, and might be
associated with an increased risk of recurrent events (Dawson
et al., 2000; Webb et al., 2018). Beat-to-beat BP parameters
can be obtained continuously, non-invasively and have been
correlated with baroreceptor sensitivity and autonomic nervous
systematic function (Parati et al., 2013; Kishi, 2018). Previous
studies have indicated that ICH is followed by an increase in
sympathetic nervous system activity, as evidenced by increased
plasma catecholamine and corticosteroid levels, and damage to
the baroreceptor reflex arc (Meyer et al., 1973; Feibel et al., 1981).
However, the characteristics of beat-to-beat BP parameters in
acute ICH remain unclear. To date, no study has systematically
evaluated the role of beat-to-beat systolic BP (SBP), diastolic BP
(DBP), SBPV, and DBPV with clinical outcomes in acute ICH.

Hence, the main objective of this study was to identify any
potential prognostic differences between the various parameters
of beat-to-beat BP in outcome in patients with acute spontaneous
supratentorial ICH.

MATERIALS AND METHODS

Participants
Patients with acute spontaneous supratentorial ICH who had
been admitted to our stroke unit within the past 72 h were
recruited consecutively and prospectively between September
2018 and January 2019. The diagnosis of ICH was based
on computed tomography (CT, 64-slice, Somatom Definition;
Siemens Healthcare, Germany) of the brain. Demographic data
(age and sex), medical history, and vascular risk factors, including
alcohol consumption, cigarette smoking, hypertension, diabetes
mellitus, previous coronary heart disease, ischemic stroke,
and ICH, were documented. Antihypertensive and diabetic
medications were defined as taking any drugs intravenously
or orally before or after admission. The initial stroke severity
was assessed using the National Institute of Health Stroke

Scale (NIHSS) upon admission to the stroke unit. The primary
locations of ICH were classified into the basal ganglia, thalamic,
or lobar areas. The presence of intraventricular hemorrhage
was also recorded. The ICH volume was calculated from the
first CT scan using the (a ×b ×c)/2 method, where a is the
greatest hemorrhage diameter by CT, b is the diameter 90◦

to a, and c is the approximate number of CT slices with
hemorrhage multiplied by the slice thickness (Kothari et al.,
1996; Huttner et al., 2006). Although hospitalized, 43 of 66
subjects underwent an additional 1 or 2 CT scans according to
their clinical status, as determined by a neurologist at different
time points. We did not use those data because of a potential
selection bias. All patients received standard medical treatment
according to the current guidelines from the American Heart
Association/American Stroke Association in the comprehensive
stroke center of our hospital (Hemphill et al., 2015).

The exclusion criteria of this study were as follows: age<18 or
>80 years; premorbid modified Rankin Scale (mRS)≥2; patients
who were unable to cooperate sufficiently to complete the beat-
to-beat monitoring (for example, due to conditions such as atrial
fibrillation during the recording).

This study was approved by the Ethics Review Committee
of the First Hospital of Jilin University, and written
informed consent was obtained from all participants or
their direct relatives.

BP Recording and Variability Measures
Admission BP was measured at the brachial artery using
an automatic BP monitor (Omron 711, Japan). Beat-to-beat
recordings of SBP (in mmHg) and DBP (in mmHg) were
measured noninvasively for 5min within the first 72 h after the
onset of symptoms using a servo-controlled plethysmograph
(Finometer model 1, FMS, Rotterdam, the Netherlands) on the
middle finger in a specific, quiet examination room with a
controlled temperature ranging from 20 to 24◦C. Because BPV
was heterogeneous according to different measuring time points,
all beat-to-beat BP was recorded 9:00 to 10:00 AM. Before the
examination, all participants were asked to relax in a supine
position for 10min in the room.

BPV on beat-to-beat monitoring was calculated for 5min.
Continuous recordings of beat-to-beat information were
processed byMATLAB (R2017b,MathWorks, USA) using scripts
developed by the research team. Ectopic beats and artifacts were
automatically detected, visually reviewed, and removed by linear
interpolation (Webb et al., 2018). Linear interpolation was
conducted using the routine function “interp1” provided by
MATLAB. Mean SBP and DBP were defined as the average BP
measurements. Beat-to-beat BPV, including SBPV and DBPV,
was evaluated using the standard deviation (SD), coefficient of
variation (CV), average real variability (ARV), and variation
independent of mean (VIM) of BP measurements. The SD and
CV were the most frequently used measuring values in previous
studies (Xia et al., 2017). However, the SD does not consider the
time sequence of individual BP measurements, and CV might be
correlated with the mean BP. On that basis, ARV and VIM were
calculated (Mena et al., 2005; Rothwell et al., 2010; Xia et al.,
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TABLE 1 | The formulas and characteristics of different blood pressure variability variables.

Variables Units Formulas Characteristics

Standard Deviation (SD) mmHg SD =

√

1
n−1

∑n
i=1

(

Xi − X
)2

Only reflecting the global fluctuation of BP measurements around the mean value;

not taking the time sequence of measurements into account

Coefficient of Variation (CV) nu. CV = 100 SD

X
Correlating with the mean BP

Average Real Variability (ARV) mmHg ARV = 1
n−1

∑n
i=1 |Xi+1 − Xi | Taking the time series variability into account

Variation Independent of Mean (VIM) nu. VIM = kSD/X
m

Eliminating the effects of mean BP levels

n is the number of BP measurements of a subject; X1, X2, …, Xn denotes a set of BP measurements, X represents the mean value of the set of BP measurements, k and m were

obtained from a fitting curve of the form y = kxm through a plot of SD BP (y-axis) against mean BP (x-axis), the parameter m is estimated from the data and k is a constant which can

be chosen such that the values of VIM are on the same scale as values of SD.

BP, Blood Pressure.

2017). The formulas and characteristics of these parameters were
shown in Table 1.

Outcome
The clinical outcome was assessed at discharge using the mRS,
with mRS scores ranging from 0 (no symptoms) to 6 (death). We
defined mRS scores≥3 as a poor outcome and mRS scores≤2 as
a favorable outcome.

Statistical Analysis
Statistical Program for Social Sciences version 22.0 (SPSS;
IBM, West Grove, PA) was used for statistical analysis. The
distribution of continuous variables was assessed using a one-
sample Kolmogorov-Smirnov test. Normally distributed data are
presented as the means and SD, and non-normally distributed
data are presented as the median and interquartile range. The
clinical characteristics and BPV parameters used in this study
were dichotomized into favorable and poor outcome groups.
Intergroup differences were compared using the Student’s t-test
or Mann–Whitney test for continuous variables, and the chi-
squared test or Fisher’s exact test for categorical variables. The
variables with a univariate between-group comparison with a
p < 0.1 were eligible for inclusion in the multivariate logistic
regression models as the major covariates. Multivariate logistic
analysis was conducted to explore the association between BPV
and clinical outcome, and odds ratios (ORs) and 95% confidence
intervals (CIs) were used to evaluate the risk of poor outcomes. A
receiver operating characteristic (ROC) curve of the statistically
significant variables associated with poor in-hospital outcome
was drawn. All statistical tests were two-tailed, and p < 0.05 was
considered statistically significant.

RESULTS

Altogether, 66 patients with acute ICH were enrolled in the
study, including 34 (51.5%) with poor outcomes (mRS score 3–
6) and 32 (48.5%) with favorable outcomes (mRS score 0–2) at
discharge. The overall characteristics of participants are shown
in Table 2. The mean age of patients was 54.4 ± 10.1 years
and 81.8% were men. The median NIHSS score at admission
was 6 (interquartile range, 4–9), the median hemorrhage volume
was 11.5mL (interquartile range, 6–11.2mL), and 18.2% had

intraventricular hemorrhage. The average length± SD of patient
hospitalization was 12 days (interquartile range, 10.8–14.3 days).

A comparison of the patient characteristics between the
favorable and poor groups are presented in Table 2. There
were no differences in age, sex, vascular risk factors, or
antihypertensive and diabetic medication between the poor
outcome and favorable outcome groups. However, there was a
significantly different NIHSS score at admission (4.5 vs. 9, p
< 0.001) and ICH volume (8 vs. 14.5mL, p = 0.004) between
the two groups. As for BP magnitude, the poor outcome group
had a tendency toward higher admission BP and mean BP than
the good outcome group. For beat-to-beat BPV, poor outcome
patients had an increased SBP-CV (3.2 vs. 4.8, p < 0.001) and
DBP-CV (3.7 vs. 4.9, p = 0.015) and the other parameters also
tended to be higher, although this was not significant.

Multivariate logistic regression analysis was performed to
analyze the risk of poor in-hospital outcomes. The independent
variables included in the analysis were admission NIHSS score,
ICH volume, and beat-to-beat BPV (including SBP-CV andDBP-
CV, respectively). The results showed that admission NIHSS
score and SBP-CV were significant independent predictors
of a poor in-hospital outcome in patients with spontaneous
supratentorial ICH. The ORs, 95% CIs, and p-values are
presented in Figure 1.

The ROC curve of the SBP-CV and DBP-CV is shown
in Figure 2. The area under the ROC curve of SBP-CV for
prediction of poor in-hospital outcome was 0.827 (95% CI,
0.730–0.925; p < 0.001), and the best cutoff point was 3.551
(sensitivity, 82.35%; specificity, 68.75%). The accuracy (Youden’s
index), positive predictive value and negative predictive value
were 0.51, 73.68 and 78.57%, respectively. The area under
the ROC curve of DBP-CV was 0.679 (95% CI, 0.551–0.808;
p = 0.012), and the best cutoff point was 3.173 (sensitivity,
82.35%; specificity, 50%). The accuracy, positive predictive
value and negative predictive value were 0.32, 63.63 and
72.73%, respectively.

DISCUSSION

This study investigated the effect of various parameters of
beat-to-beat BP on the clinical outcome in patients with acute
spontaneous supratentorial ICH. We demonstrated that SBP-CV
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TABLE 2 | Comparison of demographic and clinical characteristics between

patients with favorable (mRS, 0–2) and poor (mRS, 3–6) outcomes.

Variables Total

(n = 66)

Favorable

outcome

(n = 32)

Poor outcome

(n = 34)

P-value

Age (year) 54.4 ± 10.1 53.9 ± 11.1 54.9 ± 9.1 0.698

Sex (male, n [%]) 54 (81.8%) 25 (80.6%) 29 (82.9%) 0.450

Cigarette smoking,

n (%)

28 (42.4%) 12 (38.8%) 16 (45.7%) 0.432

Alcohol consumption,

n (%)

27 (40.9%) 11 (35.5%) 16 (45.7%) 0.295

Coronary heart

disease, n (%)

8 (12.1%) 5 (16.1%) 3 (8.6%) 0.397

Hypertension, n (%) 63 (95.5%) 30 (96.8%) 33 (94.3%) 0.519

Diabetes mellitus, n (%) 6 (9.1%) 4 (12.9%) 2 (5.7%) 0.350

Previous ischemic

stroke, n (%)

9 (13.6%) 4 (12.9%) 5 (14.3%) 0.794

Previous intracerebral

hemorrhage, n (%)

8 (12.1%) 4 (12.9%) 4 (11.4%) 0.927

Antihypertensive

medication, n (%)

52 (78.8%) 26 (83.9%) 26 (74.2%) 0.281

Diabetic medication,

n (%)

4 (6.1%) 2 (6.5%) 2 (5.7%) 0.950

Admission NIHSS

score

6 (4–9) 4.5 (3–6) 9 (6–11) <0.001

Hospitalization length 12 (10.8–14.3) 12 (10.3–14) 13 (10.8–15) 0.518

Location

Basal ganglia, n (%) 53 (80.3%) 25 (80.6%) 28 (80.0%) 0.666

Thalamus, n (%) 10 (15.1%) 6 (19.4%) 4 (11.4%) 0.629

Lobar, n (%) 3 (4.5%) 1 (3.2%) 2 (5.7%) 0.591

ICH volume (mL) 11.5 (6–11.2) 8 (4.3–14.3) 14.5 (10–18) 0.004

Presence of IVH, n (%) 12 (18.2%) 4 (12.9%) 8 (22.9%) 0.246

Admission SBP

(mmHg)

165.6 ± 19.4 164.1 ± 17.1 167.2 ± 21.9 0.526

Admission DBP

(mmHg)

97.3 ± 14.3 94.3 ± 12.7 100.5 ± 15.3 0.180

Mean SBP (mmHg) 147.6 ± 21.4 144.1 ± 21.1 151.3 ± 21.5 0.175

Mean DBP (mmHg) 80.2 ± 16.6 78.7 ± 16.9 81.8 ± 16.3 0.439

SBP-SD (mmHg) 5.8 ± 2.5 5.6 ± 1.9 6.1 ± 2.9 0.388

DBP-SD (mmHg) 3.3 ± 1.5 3.2 ± 1.2 3.5 ± 1.6 0.378

SBP-CV 4.0 ± 1.6 3.2 ± 0.9 4.8 ± 1.7 <0.001

DBP-CV 4.3 ± 2.1 3.7 ± 1.4 4.9 ± 2.4 0.015

SBP-ARV (mmHg) 2.5 ± 1.5 2.5 ± 1.3 2.5 ± 1.7 0.881

DBP-ARV (mmHg) 1.2 ± 0.5 1.2 ± 0.5 1.2 ± 0.5 0.909

SBP-VIM 5.9 ± 2.4 5.6 ± 1.9 6.2 ± 2.8 0.333

DBP-VIM 3.4 ± 1.5 3.2 ± 1.2 3.5 ± 1.7 0.322

Data are expressed as mean ± standard deviation or n (%), except admission NIHSS

score, hospitalization length, and ICH volume are median (interquartile range).

NIHSS, National Institutes of Health Stroke Scale; ICH, intracerebral hemorrhage; IVH,

intraventricular hemorrhage; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure;

SD, Standard Deviation; CV, Coefficient of Variation; ARV, Average Real Variability; VIM,

Variation Independent of Mean.

and DBP-CV were significantly increased in ICH patients with
poor outcomes. SBP-CV was an independent risk factor for
a poor in-hospital outcome; the greater the variability, the
poorer the outcome, with this relationship holding true even

when admission and mean beat-to-beat BP levels were taken
into consideration.

To the best of our knowledge, this is the first study to
evaluate the association between beat-to-beat BP parameters and
in-hospital outcomes and to compare the potential prognostic
differences between the various parameters of beat-to-beat BP
in patients with acute spontaneous supratentorial ICH. BPV is
primarily divided into the three following categories: long-term
(days to months), short-term (minutes to hours), and very short-
term (beat-to-beat) BPV (Parati et al., 2013). Most previous
studies in patients with ICH have focused on the first two types
of BPV and have reported that an increased BPV during both
acute and subacute stages was independently associated with
worse functional outcomes at 3 months (Manning et al., 2014;
Tanaka et al., 2014; Lattanzi et al., 2015; Chung et al., 2018;
de Havenon et al., 2018; Meeks et al., 2019). Tanaka et al. and
Rodriguez-Luna et al. further revealed that SBPV was correlated
with early neurological deterioration (Rodriguez-Luna et al.,
2013; Tanaka et al., 2014). The prognostic values of beat-to-
beat BP parameters have recently been demonstrated in patients
with ischemic stroke, and were confirmed to be more strongly
associated with recurrent stroke and cardiovascular events than
long-term and short-term BPV (Dawson et al., 2000; Webb
et al., 2018). This indicates that beat-to-beat BP parameters may
be a useful additional marker of cardiovascular risk. To date,
only two studies have explored the changes in beat-to-beat BPV
in patients with acute ICH. Sykora et al. demonstrated that
baroreflex sensitivity was decreased in patients with acute ICH
and that this decrease was associated with an increased beat-
to-beat BPV. The authors also found that the 72-h beat-to-beat
mean arterial pressure variability was significantly correlated
with relative edema and early neurologic deterioration; however,
this was only significant in a univariate analysis and was not
duplicated in a stepwise multivariate linear regression analysis
(Sykora et al., 2008, 2009). The present study showed a 2.5-fold
increase in the risk of poor in-hospital outcomes for every unit of
beat-to-beat BPV increase, independent of admission and mean
beat-to-beat BP level. The beat-to-beat BPV results presented
here are comparable to those previously reported after ICH when
longer recording periods are taken. Divani et al. explored the
association between BPV in the first 24 h of admission and in-
hospital outcomes, and found that a higher SBPV was associated
with unfavorable outcomes at discharge (Divani et al., 2019).

The indices of beat-to-beat BPV are diverse (Xia et al., 2017);
considering the influence of the time sequence of individual BP
measurements and mean BP levels on BPV, we chose SD, CV,
ARV, and VIM as BPV evaluators in the present study. In the
univariate analysis, only SBP-CV and DBP-CV were significantly
higher in patients with unfavorable outcomes, although a trend
toward significance was seen in other parameters. These results
may indicate that CV is the most sensitive parameter for
predicting short-term clinical outcomes in patients with ICH. CV
was defined as the ratio of the SD and mean BP levels, and was
correlated with mean BP, which suggests that the total variability
and mean BP levels may interact to influence ICH outcome.
The insignificance of VIM further supports this conjecture.
In addition, CV does not take the time series variability into
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FIGURE 1 | Association between (A) SBP-CV, and (B) DBP-CV and poor in-hospital outcome. The independent variables included in the multivariate logistic

regression analysis were admission NIHSS score, ICH volume, and beat-to-beat BPV (including SBP-CV and DBP-CV, respectively). The results showed that

admission NIHSS score and SBP-CV were significant independent predictors of a poor in-hospital outcome in patients with spontaneous supratentorial ICH. SBP,

Systolic Blood Pressure; DBP, Diastolic Blood Pressure; CV, Coefficient of Variation; NIHSS, National Institutes of Health Stroke Scale; ICH, intracerebral hemorrhage;

BPV, Blood Pressure Variability.

FIGURE 2 | The ROC curve of (A) SBP-CV, and (B) DBP-CV in predicting poor in-hospital outcome in patients with acute spontaneous supratentorial ICH. The area

under the ROC curve of SBP-CV for prediction of poor in-hospital outcome was 0.827 (95% CI, 0.730–0.925; p < 0.001), and the best cutoff point was 3.551

(sensitivity, 82.35%; specificity, 68.75%). The accuracy (Youden’s index), positive predictive value and negative predictive value were 0.51, 73.68 and 78.57%,

respectively. The area under the ROC curve of DBP-CV was 0.679 (95% CI, 0.551–0.808; p = 0.012), and the best cutoff point was 3.173 (sensitivity, 82.35%;

specificity, 50%). The accuracy, positive predictive value and negative predictive value were 0.32, 63.63 and 72.73%, respectively. ROC, Receiver Operating

Characteristic; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; CV, Coefficient of Variation; ICH, intracerebral hemorrhage.

consideration, and no difference was found in ARV. This
may suggest that the relationship between ICH outcome and
BPV is not associated with the time sequence of individual

BP measurements within only several minutes. That said, this
finding might also be due to the relatively small sample size;
further prospective studies are needed to further investigate this.
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Although DBP-CV was associated with outcome in the
univariate analysis, this association disappeared after adjusting
for admission NIHSS score and ICH volume. In contrast, SBP-
CV remained strongly associated with outcome. Moreover, SBP-
CV predicted poor outcome better than DBP-CV according to
ROC curves. Several previous studies have demonstrated that
there is a stronger predictive function of short-term and long-
term SBPV than DBPV in patients with ischemic or hemorrhagic
stroke (Rothwell et al., 2010; Geeganage et al., 2011; Endo et al.,
2013; Rodriguez-Luna et al., 2013; Chung et al., 2018; Divani
et al., 2019; Meeks et al., 2019). This finding suggests that
SBPV is more critical than DBPV for ICH prognosis, not only
in short-term and long-term recordings, but also in beat-to-
beat measurements.

The mechanism by which beat-to-beat BPV affects the
outcome in patients with ICH is not fully understood. Increased
beat-to-beat BPV reflects central autonomic dysfunction with
sympathetic predominance and baroreflex impairment, which
is associated with pro-inflammatory cytokine production,
hyperglycemia, and increased blood-brain-barrier permeability
(Raichle et al., 1975; van der Poll and Lowry, 1997; Watanabe
et al., 2008; Jafari and Damani, 2020), all of whichmay worsen the
outcome of patients with ICH. Dynamic cerebral autoregulation
has been reported to be bilaterally impaired in patients with
acute ICH, which is suggestive of an impaired ability to maintain
a constant cerebral blood flow (Ma et al., 2016); this might
also contribute to the worse outcome in patients with ICH
who have a higher BPV. Sudden rises and falls in BP may
promote hematoma enlargement and perihematomal ischemia,
respectively (Menon et al., 2012; Rodriguez-Luna et al., 2013).
Therefore, one potential therapeutic target is the stabilization
of BPV during this vulnerable period, and this should be
investigated in future clinical trials (Moullaali et al., 2019).

Some limitations should be considered when interpreting the
findings. First, this study had a relatively small sample size, and
this limited sample size meant that classes of antihypertensive
medications were not selected as major covariates. Second,
ambulatory BP monitoring data were not obtained in this
study; hence, the different prognostic functions of short-term,
long-term, and beat-to-beat BPV could not be compared.
Finally, only hospital discharge outcomes were considered,
and further prospective studies are warranted to identify

any cause–effect relationship between beat-to-beat BPV and
functional outcomes.

CONCLUSION

In conclusion, a higher beat-to-beat BPV (SBP-CV) in the first
72 h of admission was associated with unfavorable in-hospital
outcomes in patients with acute spontaneous supratentorial ICH.
A greater variability was associated with a worse outcome, and
this relationship remained true even when admission and mean
BP levels were taken into consideration. The stabilization of BPV
during the acute phase may be a therapeutic target for future
clinical trials.
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Background: Intravenous thrombolysis (IVT) therapy is currently one of the best medical
treatments available for patients with acute ischemic stroke. Studies have shown that
blood pressure (BP) changes in patients treated with IVT are significantly correlated
with prognosis.

Objective: Our study aimed to determine the relationship between BP changes during
recombinant tissue plasminogen activator (rt-PA) infusion and the 3-month prognosis
evaluated using the modified Rankin Scale (mRS) and determine the factors influencing
BP changes during rt-PA infusion.

Methods: Consecutive patients who were treated with IVT and admitted to our stroke
center between May 2015 and October 2017 were analyzed retrospectively. Patients
were divided into two groups according to their 3-month prognosis status: patients with
mRS ≤ 2 were defined as “favorable outcome group” and those with mRS ≥ 3 as
“unfavorable outcome group”. First, the factors affecting prognosis after thrombolysis
were analyzed. Second, we analyzed the relationship between BP and the prognosis.
BP was taken before and at regular intervals of 15 min during the rt-PA infusion (1 h). The
average value of BP during thrombolysis was calculated and compared to the baseline
BP. BP decrease was defined as the difference between the baseline BP and the average
BP, provided it was greater than 0 mmHg. Third, univariate and multivariate analyses
were performed to identify factors that may contribute to BP decrease.

Results: In total, 458 patients were included. Patients with a lower baseline National
Institute of Health Stroke Scale (NIHSS) score (8.25 ± 5.57 vs. 13.51 ± 7.42, P < 0.001),
a higher Alberta Stroke Program Early CT Score (ASPECTS; 8.65 ± 1.82 vs. 8.13 ± 2.00,
P = 0.005), decreased BP during thrombolysis (69.4% vs. 59.8%, P = 0.037), and steady
BP (SD < 10 mmHg) were more likely to have a favorable outcome (73.9% vs. 60.6%,
P = 0.019). High baseline BP (OR > 1), hypertension history (OR < 1), and baseline
ASPECTS (OR > 1) were independent factors of BP change during thrombolysis.
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Conclusion: Patients with decreased or steady BP during thrombolysis were more
likely to have a favorable outcome. Baseline ASPECTS, baseline NIHSS score, and
hypertension history influenced BP changes during thrombolysis.

Keywords: acute cerebral infarction, blood pressure variability, intravenous thrombolysis, outcome, spontaneous
blood pressure decrease

INTRODUCTION

Stroke is the leading cause of death in the Chinese population
because of its high rate of morbidity, disability, mortality,
and recurrence, and it negatively affects the national health
and quality of life (Wang et al., 2017). Cerebral infarction is
the most common type of stroke (Liesch, 2012). Intravenous
thrombolysis (IVT) therapy is currently one of the best medical
treatments available for patients with acute ischemic stroke.
However, individual differences in the effects of IVT therapy
are significant. Identifying relevant factors influencing IVT
prognosis and conducting targeted interventions are important
to improvement in IVT prognosis.

A sudden elevated blood pressure (BP) response to acute
ischemic stroke has a high rate of incidence, certain self-
limitations, and an effect on prognosis (Aslanyan et al., 2003).
A study (Qureshi et al., 2007) of a nationally representative
large dataset in the U.S. revealed that elevated BP was observed
in about 60% of acute ischemic stroke patients admitted to
the emergency department. Some studies (Kellert et al., 2012;
Endo et al., 2013) showed that BP variability is relevant to
poor outcomes. BP changes, including variability, are closely
correlated with cerebral infarction prognosis (Miao et al., 2006;
Tikhonoff et al., 2009). However, it is worth noting that the
influence of BP fluctuation on stroke patients receiving IVT
therapy is still controversial. One study (Aslanyan et al., 2003)
has shown that high BP before thrombolysis and significant
BP fluctuations after IVT therapy are risk factors for a poor
prognosis, whereas another study (Liu et al., 2016) indicated
that spontaneous BP decrease within a certain range is due
to recanalization and reperfusion of the brain tissue, which
is considered good prognostic factors. Thus, the relationship
between BP changes and IVT therapy needs further research.

Our study aimed to investigate the relationship between
BP changes during recombinant tissue plasminogen activator
(rt-PA) infusion and 3-month prognosis evaluated using the
modified Rankin Scale (mRS) and determine the factors
influencing BP during the infusion to better understand this
disease and improve its clinical management.

MATERIALS AND METHODS

Participants
Patients who were treated with IVT and admitted to the
stroke center of the First Hospital of Jilin University from May
2015 to October 2017 were analyzed retrospectively. IVT was
performed within 4.5 h from onset according to current guideline
recommendations and the physician’s decision (Jauch et al., 2013;
Powers et al., 2018). After IVT, all patients received standard

medical treatment and general care in the stroke center. Patients
were excluded from this study if: (1) their laboratory data and/or
follow-up data were unavailable; (2) they used intravenous
antihypertensive drugs before or during thrombolysis; or (3) they
accepted endovascular treatment.

We collected patient data including demographics, medical
history, personal and family history, lab test results, imaging,
treatment time point, and other related information. Medical
history was defined as per the article (Wang et al., 2011)
‘‘The China National Stroke Registry for patients with acute
cerebrovascular events: design, rationale, and baseline patient
characteristics.’’ Blood lipids were collected in the next morning
after IVT.

Brachial BP was measured using an automatic cuff
sphygmomanometer before and at regular intervals of 15 min
during the infusion of rt-PA (1 h). Because several previous
studies have demonstrated that there is a stronger predictive
function of systolic BP (SBP) than diastolic BP in patients with
ischemic stroke (Tikhonoff et al., 2009; Endo et al., 2013), we
collected SBP to evaluate early BP changes. All the BP refers
to SBP in the present study. The average value of BP during
thrombolysis was calculated and compared to the baseline BP.
BP decrease was defined as the difference between the baseline
BP and the average BP, provided it was greater than 0 mmHg. BP
fluctuation during thrombolysis was measured by the standard
deviation (SD), which is the arithmetic square root of variance
(Liu et al., 2015).

Baseline Alberta Stroke Program Early CT Score (ASPECTS)
was evaluated using brain computed tomography (CT).
CT examinations were repeated 24 h after thrombolysis.
Hemorrhage transformation was evaluated using the 24 h CT
scans, following the Second European Cooperative Acute Stroke
Study (ECASS-II) classification.

mRS was evaluated at the 3-month double-blind follow-up
after IVT. Doctors who had recorded the cases were not assigned
to follow-up. Detailed addresses and phone numbers were
documented on admission to the hospital. Patients with mRS ≤

2 were included in the ‘‘favorable outcome group’’ and those with
mRS ≥ 3 into the ‘‘unfavorable outcome group.’’

Statistical Analysis
The statistical program for social sciences version 20.0 (SPSS,
IBM, West Grove, PA, USA) was used to analyze all data.
Continuous variables were expressed as mean (± SD) and
were analyzed using a t-test. Classified variables were analyzed
using the Pearson chi-square test. P < 0.05 was considered
statistically significant. A bivariate logistic regression model
was used to verify independent 3-month prognostic factors of
cerebral infarction and factors influencing BP. Variables with
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P < 0.1 were included in the multivariate analysis model.
Also, a history of atrial fibrillation, coronary heart disease,
and hypertension may be potentially correlated with acute BP
changes; thus, they were added to the above model.

RESULTS

In total, 488 consecutive patients diagnosed with acute ischemic
stroke who underwent IVT were screened. Thirty patients who
did not meet BP standards or whose laboratory or follow-up
data were unavailable were excluded from this study. Finally,
458 patients were included in the study.

Relationship Between Baseline Data and
Cerebral Infarction Prognosis
Baseline National Institute of Health Stroke Scale (NIHSS)
score (8.25 ± 5.57 vs. 13.51 ± 7.42, P < 0.001) and HDL
(1.24 ± 0.32 vs. 1.36 ± 0.41, P = 0.012) were significantly
lower, whereas the CT ASPECTS (8.65 ± 1.82 vs. 8.13 ± 2.00,
P = 0.005) was higher in the favorable outcomes group.
Additionally, patients with favorable outcomes were more likely
to have decreased BP during thrombolysis (69.4% vs. 59.8%,
P = 0.037). The history of hypertension was significant (40%
vs. 54%, P = 0.011) in the unfavorable outcome group. Rates of
hemorrhage transformation after IVTwere significantly different
between the two groups (16% vs. 23.9%, P = 0.034). BP decrease
developed less hemorrhage transformation (OR 0.459, 95% CI
0.276–0.761, P < 0.001). Other factors, such as sex, age, cerebral
infarction/TIA history, diabetes mellitus, and other common
risk factors, did not show a significant effect on prognosis
(Supplementary Table 1).

Relationship Between BP Changes and
Prognosis
Patients were divided into decreasing and no decreasing groups
(regardless of fluctuation extent) according to the features of
BP during the rt-PA infusion process. There was no significant
difference in baseline mRS score (3.62 ± 0.96 vs. 3.79 ± 0.82,
P = 0.08) between the two groups. The 3-month mRS score
was lower in the BP decreasing group (1.82 ± 1.79 vs.
2.62 ± 2.06, P = 0.001). Simultaneously, the improvement was
more significant (1.79 ± 1.78 vs. 1.17 ± 2.03, P = 0.01) and
the rate of favorable outcome (mRS ≤ 2) was higher (67.5% vs.
57.7%, P = 0.037) in the BP decreasing group. There was no
significant difference in fatality rates between the two groups
(7.3% vs. 11.5%, P = 0.126; Table 1). The number of patients
with 3-month mRS ≤ 1 and mRS ≤ 2, which indicates a better
prognosis, was significantly higher in the BP decreasing group
(Figure 1).

Relationship Between BP Fluctuation
During Thrombolysis and Prognosis
There was a significant difference in the SD of BP between
the BP decreasing group and the no decreasing group (74.8%
vs. 62.8%, P = 0.007). For the BP decreasing group, the
better prognosis was correlated with BP SD < 10 mmHg
(73.9% vs. 60.6%, P = 0.019) but not with the range of

TABLE 1 | Relationship between blood pressure (BP) changes and prognosis.

BP change

mRS score Decreasing No decreasing P
n = 302 n = 156

Baseline mRS 3.62 ± 0.96 3.79 ± 0.82 0.08
3 m mRS 1.82 ± 1.79 2.62 ± 2.06 0.001∗

Variation of mRS∗∗ 1.79 1.17 0.01∗

3 m mRS ≤ 2 n (%) 203 (67.5) 91 (57.7) 0.037∗

3 m mRS = 6 (death) n (%) 22 (7.3) 18 (11.5) 0.126

∗Denotes P < 0.05 for comparing between two groups; ∗∗denotes value calculated by
baseline modified Rankin Scale (mRS) score minus 3 m mRS score.

decrease (P = 0.235 and P = 0.705). For the BP no decreasing
group, poor prognosis was correlated with large fluctuations
in BP (SD > 10 mmHg; t-test: SD: 7.24 ± 4.61 mmHg vs.
9.09 ± 5.97 mmHg, P = 0.023; Chi-square test: 76.9% vs. 66.2%,
P = 0.108; Table 2).

Factors Influencing BP Decrease During
Infusion of rt-PA
Univariate analysis of BP changes involved age, baseline BP,
baseline NIHSS score, baseline ASPECTS, and medical history.
Univariate analysis showed that patients with a higher baseline
BP (154.65 ± 20.49 vs. 146.67 ± 19.57, P < 0.001) and a
history of hypertension (32.8% vs. 42.3%, P = 0.044) were more
likely to have a decrease in BP during thrombolysis. Baseline
CT ASPECTS also significantly influenced BP (8.30 ± 1.70 vs.
7.88 ± 2.23, P = 0.026).

Variables of univariate analysis with statistical significance
(P < 0.1) and diseases that may affect BP were included in the
multivariate analysis. It was noted that baseline BP, history of
hypertension, baseline ASPECTS were all independent factors
associated with the changes in BP. Patients whose baseline BP
(OR 1.02, 95% CI 1.01–1.031, P < 0.001) and baseline CT
ASPECTS (OR 1.139, 95%CI 1.024–1.267, P = 0.017) were higher
were more likely to have a decrease in BP during thrombolysis.
Additionally, the presence of hypertension also increased the
chances of BP decrease during thrombolysis (OR 0.602, 95% CI
0.38–0.952, P = 0.030; Table 3).

DISCUSSION

In this study, we examined the effects of early changes in BP
during IVT on the prognosis of acute ischemic stroke patients.
Patients with a decreased and steady BP during thrombolysis
were more likely to have a favorable outcome. Baseline BP,
hypertension history, and baseline CT ASPECTS were found to
be factors influencing the BP change.

The relationship between BP changes and cerebral infarction
prognosis is important. Transient BP elevation is frequent
in acute ischemic stroke and may increase perfusion of the
ischemic penumbra (Miao et al., 2006). Hypoperfusion can
lead to less perfusion and aggravate infarction (Olsen et al.,
1983; Janardhan and Qureshi, 2004). Some of the hypertensive
responses to acute ischemic stroke can result in a spontaneous
BP decrease nearly to the former or normal level (Qureshi
et al., 2007). Acute ischemic stroke may produce some stress
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FIGURE 1 | Distribution of 3 m modified Rankin Scale (mRS) after thrombolysis.

TABLE 2 | Relationship between BP fluctuation during thrombolysis and 3 m favorable outcomes.

BP fluctuation during IVT Prognosis (mRS) P

mRS ≤ 2 mRS ≥ 3

All patients
BP standard deviation (SD) mmHg 8.42 ± 8.77 9.19 ± 6.78 0.325
SD < 10 mmHg n (%) 220 (74.8) 103 (62.8) 0.007∗

BP decreasing
BP standard deviation (SD) mmHg 8.95 ± 10.04 9.26 ± 7.29 0.822
SD < 10 mmHg n (%) 150 (73.9) 60 (60.6) 0.019∗

Decrease < 10 mmHg n (%) 98 (48.3) 55 (55.6) 0.235
Decrease < 20 mmHg n (%) 156 (76.8) 78 (78.8) 0.705
BP no decreasing
BP standard deviation (SD) mmHg 7.24 ± 4.61 9.09 ± 5.97 0.023∗

SD < 10 mmHg n (%) 70 (76.9) 43 (66.2) 0.108
Increase < 10 mmHg n (%) 62 (68.1) 39 (60.0) 0.252
Increase < 20 mmHg n (%) 86 (94.5) 52 (80.0) 0.002∗

∗Denotes P < 0.05 for comparing between two groups.

factors that temporarily damage the BP regulation function
(Murros et al., 1993). These factors can gradually diminish
during vascular recanalization and reperfusion therapy with BP
gradually decreasing to normal levels (Qureshi et al., 1999).

TABLE 3 | Multivariate analysis of BP decrease during recombinant tissue
plasminogen activator (rt-PA) infusion.

Factor P OR 95% CI for OR

Lower bound Upper bound

Baseline CT ASPECT score 0.017∗ 1.139 1.024 1.267
Baseline BP <0.001∗ 1.02 1.01 1.031
Coronary artery disease 0.854 0.935 0.456 1.918
Atrial fibrillation 0.708 1.146 0.561 2.34
History cerebral
infarction/TIA history

0.376 1.332 0.706 2.51

Hypertension 0.030∗ 0.602 0.38 0.953
Diabetes mellitus 0.771 1.095 0.593 2.022

∗Denotes P < 0.05 for comparing between two groups.

Thus, a decrease in BP, to a certain extent, immediately after
IVT may indicate vascular recanalization and brain tissue
reperfusion, and these factors are relevant to good prognosis
(Endo et al., 2013; Liu et al., 2016).

Liu et al. (2016) found that a sudden drop in SBP of
20 mmHg or greater between two continuous BP measurements
within the first 2 h after IVT was associated with vascular
recanalization and good outcomes. Most recanalizations induced
by rt-PA occurred during the first hour after IVT and rarely
presented after 2 h (Ribo et al., 2006). Our study showed that
BP decrease within the first hour after IVT was associated
with a favorable outcome, thus predicting prognosis faster. We
did not find a significant association between outcomes and
a BP decrease of over 20 mmHg, perhaps because we did
not calculate the difference value between two continuous BP
values. Nagaraja et al. (2014) observed that patients with a
BP decrease of over 20 mmHg were associated with improved
clinical symptoms and NIHSS scores. Mattle et al. (2005) also
found that SBP within 24 h after IVT decreased significantly
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faster in patients with good outcomes than in patients with
failed recanalization. In our study, we did not perform
vascular recanalization evaluation for all patients because of
a lack of patient cooperation, but by evaluating changes in
BP, we found that a BP decrease was relevant to a good
prognosis, while a significant BP increase was associated with
poor outcomes.

BP fluctuation (variability) also influences the prognosis
of IVT (Aslanyan et al., 2003). In this study, we found
that small BP fluctuations with SD <10 mmHg correlated
with a good 3-month prognosis. The extent of BP decrease
during IVT was not significantly related to prognosis; however,
the extent of BP increase was relative to the outcome.
In addition to large BP fluctuations, obvious BP increase
(≥10 mmHg) also predicted a poor prognosis. An obvious
decrease in BP is relevant to recanalization, while a large BP
increase may be associated with hemorrhage transformation.
Ko et al. (2010) found that SBP variability within 72 h after
IVT was related to hemorrhage transformation. Endo et al.
(2013) measured BP eight times within the first 25 h after
IVT and found that patients with higher BP variability had
a higher risk of hemorrhage transformation and mortality
after thrombolysis. Our result that BP variability after IVT
is related to the 3-month outcome is consistent with those
of previous studies (Stead et al., 2006; Kellert et al., 2012;
Endo et al., 2013; Chang et al., 2018). Liu et al. (2015)
found that SBP variability during the first 24 h after IVT is
negatively associated with cerebral reperfusion and the 3-month
neurological outcome. Results of ECASS-I showed that low
SBP/DBP and small BP fluctuation increased chances of a good
3-month prognosis for cerebral infarction. Mei Yong (Yong and
Kaste, 2008) analyzed BP data of 793 patients in the ECASS-
II trial and found that high variability of SBP was associated
with 7-day hemorrhage transformation and predictive of a
poor outcome.

High baseline BP and ASPECTS are more likely to cause
BP to decrease, while hypertension history is less likely
to cause BP to decrease. BP elevation may compensate
for the reperfusion of the penumbra. When the average
BP varies between 60 and 150 mmHg, capillary capacity
can be regulated by constriction and dilation according to
BP changes to maintain steady cerebral perfusion (Paulson
et al., 1990). Local ischemic brain tissue at occlusive cerebral
vessels loses cerebral autoregulation; thus, cerebral perfusion
largely depends on BP. Excessively high or low BP are
risk factors for poor prognosis (Symon et al., 1973). Kellert
et al. (2011) found that the relationship between baseline BP
and prognosis after IVT was S-shaped. When SBP elevated
slightly to the 146–160 mmHg range, every 1 mm BP
elevation was associated with a 10% higher good-prognosis. A
similar outcome was observed when DBP was 80–90 mmHg,
which suggested that proper BP elevation was beneficial
to the penumbra. Thus, proper elevated baseline BP may
increase blood flow and lead to recanalization, which tends to
decrease BP after IVT. The ASPECTS evaluates the infarction
condition and reflects collateral compensation. High ASPECTS
is relevant to good perfusion. Patients with a history of

hypertension have vascular hyaline degeneration; thus, their
collateral compensation is poor (Tikhonoff et al., 2009),
and consequently, they have poor recanalization and low
baseline BP.

There are some limitations to our study. First, we excluded
patients treated with antihypertensive agents before IVT; thus,
we cannot use these findings to guide their BP control. Since we
need guidance for BP control in all IVT patients, trials including
patients treated with antihypertensive agents are warranted.
Second, the study is based out of a single center, and the sample
size is limited. Multi-center prospective trials are needed to
obtain more reliable results.

CONCLUSION

Patients with a decreased and steady BP during thrombolysis
were more likely to have a favorable outcome. Baseline CT
ASPECTS, baseline NIHSS score, and hypertension history
were independent factors related to BP change. These findings
could help predict the prognosis of patients treated with
IVT and suggest that BP control during IVT might improve
clinical outcomes.
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Background and Objective: Diffuse brain arteriovenous malformations (BAVMs) are
mixed up with normal brain parenchyma and therefore increase the difficulty of
surgical resection, leading to poor surgical prognosis. Since the mechanism underlying
BAVM diffuseness remains unknown, a quantitative proteomic analysis was performed
to investigate the altered expression of proteins in diffuse BAVMs compared to
compact ones.

Methods: We performed proteomic analysis on five diffuse BAVMs and five compact
BAVMs. Bioinformatics analysis was conducted to identify potential signals related to
BAVM diffuseness. Candidate proteins were then investigated in BAVM specimens using
immunofluorescence and Western blot analysis. Tube formation assays were used to
investigate the effects of candidate proteins on the angiogenesis of human umbilical
endothelial cells (HUVECs). Finally, Masson, Sirius red staining, and immunofluorescence
were used to evaluate the characteristics of extracellular matrix (ECM) in BAVM tissues.

Results: A total of 58 proteins were found to be differentially expressed between
diffuse and compact BAVMs via proteomic analysis. TGF-β (transforming growth factor-
beta) signaling pathway, ECM–receptor pathway, relaxin signaling pathway, and several
other pathways were associated with BAVM diffuseness. The TGF-β signaling pathway
is associated with angiogenesis; the role of this pathway in the formation of diffuse
BAVMs was investigated, and the decorin (DCN) upregulation played an important role
in this process. Immunofluorescence showed that DCN was significantly upregulated
within and around the malformed vessels of diffuse BAVMs. Functional assays showed
that exogenous DCN could promote the tube formation ability of HUVECs through
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inhibiting the TGF-β signaling pathway and overproducing ECM. Histological staining
demonstrated the overproduction of ECM in diffuse BAVMs.

Conclusion: TGF-β signaling pathway inhibited by DCN in vascular endothelial cells
is related to BAVM diffuseness. The metabolic disorder of ECM caused by DCN
upregulation may significantly contribute to the formation of diffuse BAVMs.

Keywords: brain arteriovenous malformation, diffuseness, extracellular matrix, DCN, TGF-beta pathway

INTRODUCTION

Brain arteriovenous malformations (BAVMs) are characterized
by the nidus of dysplastic connections between feeding arteries
and draining veins (Moftakhar et al., 2009; Rangel-Castilla et al.,
2014; Derdeyn et al., 2017). Most BAVMs have a compact
architecture with little brain tissue within the nidus (Spears et al.,
2006; Du et al., 2007; Hashimoto et al., 2007). However, in some
rare cases classified as diffuse BAVMs (dBAVMs), there can be
massive brain tissues interspersed among the malformed vessels
(Chin et al., 1992; Spears et al., 2006; Du et al., 2007; Hashimoto
et al., 2007). Previously, the features of dBAVMs have been well
discussed for predicting the difficulty of surgical resection and
poor surgical outcomes (Al-Shahi et al., 2002; Du et al., 2005,
2007; Spears et al., 2006).

Chin et al. (1992) firstly investigated the relationship between
the radiological appearance and the histopathological features
of dBAVMs and demonstrated the existing normal brain
parenchyma among the malformed vessels. In another study,
Du et al. revealed that dBAVMs are usually fed by the thin-
walled and fragile arteries (Du et al., 2007). It was suggested that
immature vascular formation and abnormal interaction between
brain tissue and the vessels exist in dBAVMs. In a recent study,
the somatic KRAS mutation was found in sporadic BAVMs
and was thought to be involved in BAVM genesis and relative
manifestations (Nikolaev et al., 2018). As one of the KRAS family,
KRAS5 is supposed to activate related pathways, leading to the
immature vascular formation and abnormal extracellular matrix
(ECM) metabolism in BAVMs (Cheng and Nussinov, 2018).
However, because of lacking relative studies, the mechanism
underlying formation of dBAVMs remains unknown.

To date only a few proteomic studies on BAVMs have
been performed; moreover, only the altered proteins in BAVMs
versus normal arteries have been researched (Bicer et al., 2010;
Simonian et al., 2017; Wang et al., 2017). In this study, the
differentially expressed proteins between dBAVMs and compact
BAVMs (cBAVMs) were identified using isobaric tags for
relative and absolute quantification (iTRAQ) method, with the
aim to demonstrate the pathological mechanism of vascular
development in dBAVMs at the protein level.

MATERIALS AND METHODS

Patients and Samples Preparation
Between January 2017 and April 2018, patients who underwent
microsurgical resection of BAVMs in our institution were

recruited. The exclusion criteria were (1) patients older than
60 years; (2) patients who have a history of non-surgical
treatment such as radiosurgery and endovascular treatment;
and (3) patients who have cerebral infarction or other
cerebrovascular diseases such as arteriovenous fistula and
cavernous hemangioma. The nidus types were divided into
cBAVMs and dBAVMs. In this study, a dBAVM was defined
as the nidus containing normal brain parenchyma interspersed
among the malformed vessels (Chin et al., 1992; Du et al.,
2007). Two experienced neurosurgeons (J.W. and P.J.) who
were blind to the clinical data documented the type of the
nidus according to T1-weighted, T2-weighted, and time-of-
flight magnetic resonance angiography (MRA) images, and
possible divergence was resolved by consulting with a senior
researcher (S.W.). Clinical information including age, gender,
and hemorrhage history were collected from the electronic
medical record system. Radiological features including nidus size,
location, deep venous drainage, and perforating artery supply
were identified on MRA and digital subtraction angiography
(DSA). The Spetzler–Martine (S-M) grade was calculated.

The BAVM samples were obtained during surgery after total
resection. All visible brain tissue and blood clot were removed,
and only the malformed vessels were collected. Besides, the
superficial temporal arteries (STA) of some patients (cases 1, 2, 3,
5, 8, and 9) were collected. Subsequently, each tissue sample was
washed with low-temperature phosphate-buffered saline (PBS) in
order to remove the blood cells within the vessels.

Isobaric Tags for Relative and Absolute
Quantification (iTRAQ) Labeling and
Nano-LC-MS/MS Analysis
Frozen tissue samples were homogenized with RIPA buffer
(Sigma-Aldrich, United States) by hand. The lysis buffers were
placed on ice for 30 min and then centrifuged for 20 min under
15,000 g to remove insoluble components. The concentration
of the extracted protein was quantitatively analyzed using the
Bicinchoninic acid method (BCA method). One hundred fifty
micrograms from each sample was alkylated and digested in the
centrifugal unit. Then, the protein of each pool was dissolved
with 1 M DTT for 1 h at 37◦C and kept in the dark with
1 M indole-3-acetic acid for 1 h at ambient temperature
after precipitating with acetone. Samples were dissolved and
centrifuged twice with 120 µl of UA (8 M urea in 0.1 M Tris–
HCl, pH 8.5) and then re-dissolved and centrifuged three times
with 100 mM lautyltrethylammonium bromide. The proteins
were digested with trypsin (Sigma-Aldrich, United States) and
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incubated at 37◦C overnight. Subsequently, each peptide pool
was passed through a 0.2-µm centrifugal filter for 20 min
under 12,000 g at 20◦C. Prepared peptide samples were labeled
using a 4-Plex iTRAQ Reagent Kit from AB SCIEX. cBAVMs,
dBAVMs, and STAs were labeled with iTRAQ tags, respectively.
The labeled peptide mixtures were separated and then trapped
on a PepMap100 C18, 5 µm, 100 µm × 2 cm column
(Thermo Scientific, United States) using the EASY-nLC 1000
system (Thermo Scientific, United States). Subsequently, the
peptides were separated on a PepMap100 RSLC C18, 2.4 µm,
75 µm × 15 cm analytic column by a 102-min mobile phase
gradient (from 5 to 90%). Spectra were recorded by the Orbitrap
Elite system (Thermo Scientific, United States). Full scan MS
spectra were obtained in the m/z range 400–1600 at a resolution
of 60,000; the top precursors were selected for high-energy
collision-induced dissociation with a collision energy of 35%; the
product ions were detected at a resolution of 15,000 by Data
Dependent Analysis.

Bioinformatics Analysis
First, the raw data were searched and discovered using Proteome
Discoverer 1.4 (Thermo Scientific, United States). Subsequently,
we excluded the proteins with unique peptide as 0 or described
as false-positive proteins in the Decoy database. Next, the
altered proteins with P value < 0.05 and fold value ≥2 or
≤0.5 between dBAVMs and cBAVMs were selected (selected
proteins). Then, the proteins whose difference was not obvious
between dBAVMs and STAs (fold value was between 0.5 and
2.0) were excluded from the selected proteins; meanwhile, the
remaining proteins were summarized as a new altered protein
database. Besides, CytoScape 3.6.1 (a free software) was used
for further bioinformatics analysis. According to this database,
pathway enrichment analysis was performed based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database using
ClueGo (a free plug-in in CytoScape). Gene Ontology (GO)
database was employed for the biological interpretation of the
identified protein using ClueGo. The differentially expressed
proteins of GO were stratified into two types, namely, molecular
function and cellular component. The function interaction
between different pathways was conducted based on the
REACTOME database. The protein–protein interaction (PPI)
analysis was conducted based on the STRING database.

Western Blot Analysis
Besides the 10 BAVM samples for iTRAQ analysis, another
6 BAVM samples were also collected for further validation.
Equal amounts of protein were separated by SDS-PAGE and
then electro-transferred to PVDF membranes. Subsequently,
membranes were blocked with the PBST containing 5% bovine
serum album (Sigma-Aldrich, United States) for 1 h and then
probed with primary antibodies at 4◦C overnight, including
rabbit anti-DCN antibody (Abcam, United Kingdom) at 1:1000,
rabbit anti-Smad2/3 antibody (Abcam, United Kingdom) at
1:100, rabbit anti-Col I antibody (Abcam, United Kingdom) at
1:1000, and rabbit anti-GAPDH antibody (Abclonal Technology,
Wuhan, China). After primary incubation and being washed with
PBST, membranes were incubated with secondary antibodies

at 1:5000 for 1 h at room temperature. Bands were visualized
by an ECL detection system (GeneSys, Alcatel, France). The
expression levels were quantified with ImageJ (version 1.8.0,
a free software). The expression levels of target proteins were
evaluated by performing densitometric analysis. Ratios of target
protein densitometric measurements to GAPDH were used for
further analysis.

Histological Staining
We performed histological staining in all 16 BAVM samples. The
samples with appropriate volume were taken before dehydration,
fixation, and paraffin embedding. For histology, sections were
stained with H-E (Hematoxylin–Eosin), Masson, and Sirius red
kit (Solarbio, China). For immunofluorescence (IF), sections
were blocked with Protein block (Abcam, United Kingdom)
after antigen retrieval and permeabilization. Then, sections were
incubated with primary antibodies at 4◦C overnight, including
rabbit anti-DCN (Abcam, United Kingdom) at 1:100, rabbit anti-
Smad 2/3 (Abcam, United Kingdom) at 1:100, rabbit anti-Col
I antibody (Abcam, United Kingdom) at 1:500, rabbit anti-Col
III antibody (Abcam, United Kingdom) at 1:1000, and rabbit
anti-Col VI antibody (Abcam, United Kingdom) at 1:500. After
being washed with PBST, sections were incubated with secondary
antibody (Alexa Fluor R© 488 Goat anti-rabbit IgG, Abcam,
United Kingdom, and Alexa Fluor R© 647 Goat anti-rabbit IgG,
Abcam, United Kingdom) at 1:500. Subsequently, sections were
stained with DAPI (4′,6-diamidino-2-phenylindole, Solarbio,
China) after being washed with PBST. Besides, a laser confocal
microscopy workstation (LSM 710, ZEISS, Germany) was used
to capture images. Identical conditions and set integration times
were applied to facilitate comparisons between samples.

The Masson staining was used to detect fibrosis in BAVMs.
Three random sections were measured by two investigators (Q.L.
and J.Y.) using ImageJ blinded to the type of BAVMs. The fibers
were stained blue, and the non-fibrotic area was stained red. We
defined the fibrotic area as the blue area/(blue area+ red area). As
for IF, ImageJ was used to calculate the integrated optical density
(IOD) and count the cell number based on the DAPI image. We
used the IOD/cell for further analysis.

Cell Culture and Decorin Treatment
The human umbilical vein endothelial cells (HUVECs) were
purchased from ScienCell (Carlsbad, CA) and maintained in
endothelial cell medium (ScienCell corporation) supplemented
with 5% fetal bovine serum (Gibco), 100 U/ml penicillin, and
100 µg/ml streptomycin. We used Recombinant Human Decorin
Protein (1 µg/ml, R&D Corporation) to treat HUVECs for
24 h. After appropriate treatment, the cells were used for
further analysis.

Tube Formation Assay
Tube formation assays were performed using Ibidi µ-Slide
angiogenesis (Ibidi Corporation) according to the manufacturer’s
protocol. A total of 1.5 × 104 HUVECs in 50 µl of complete
media were planted with Matrigel. The slides were subsequently
incubated at 37◦C for 24 h. The tube formation was observed
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using the Fluorescence Inversion Microscope system, and ImageJ
was used to calculate the number of meshes.

Statistical Analysis
All statistical analyses were conducted using GraphPad Prism
5 (GraphPad Software, American). Variables were compared by
the χ2 test, Fisher’s exact test, independent Student’s t test,
or Mann–Whitney U test. P < 0.05 was considered to be
statistically significant.

RESULTS

Demographic and Clinical
Characteristics of the Study Population
A total of 10 patients with BAVMs were recruited in this
study, including 5 dBAVMs and 5 cBAVMs (cases 1–10, see
Supplementary Figure 1). The clinical information of all cases
is listed in Table 1. Five patients were female and five were males,
with ages ranging from 16 to 41 years. The average diameter of
nidus was 4.81 cm (ranged from 3.71 to 5.69 cm). No significant
difference was found in age, sex, hemorrhage history, nidus size,
and S-M grade between the dBAVMs group and cBAVMs group.
Three patients who suffered from acute BAVM rupture received
early surgical treatment within 3 days after admission. The S-M
grade of these BAVMs was only II or III, because of the limited
chances of obtaining samples from grade I BAVMs and the rare
surgical cases of grade IV or V.

TGF-β Signaling Pathway Was
Associated With BAVM Diffuseness
Proteomic changes among the samples of five dBAVMs, five
cBAVMs, and six STAs were assessed using iTRAQ analysis.
A total of 84 significantly altered proteins were identified (defined
as fold value≥2 or≤0.5 and a P value < 0.05) from 3080 proteins.
Twenty-six proteins were then excluded for no significance

TABLE 1 | The demographic and clinical information of BAVM patients.

Characteristics cBAVMs n = 5 dBAVMs n = 5 P value

Age, years 29.3 ± 11.0 24.5 ± 8.1 0.548

Male, n (%) 2 3 0.690

Hemorrhage history, n (%) 2 1 0.690

Locations, n (%) 0.548

Temporal 3 2

Frontal 2 2

Occipital 0 1

Size, cm 5.2 ± 0.6 4.5 ± 0.8 0.841

Deep venous drainage, n (%) 3 3 1.000

Perforating artery supply, n (%) 2 3 0690

Spetzler–Martin grade, n (%) 1.000

2 1 1

3 4 4

cBAVMs, compact brain arteriovenous malformations; dBAVMs, diffuse brain
arteriovenous malformations.

between BAVMs and STAs (defined as fold value of 0.5 to 2.0).
Of the 58 altered proteins (see Figure 1A and Supplementary
Table 1), 33 proteins were upregulated, and 25 proteins were
downregulated (the Top 10 upregulated and downregulated
proteins are listed in Tables 2, 3, respectively).

An enrichment analysis was performed to elucidate the
functional implications of the altered proteins. Based on the GO
database, most of the altered proteins were located in the ECM,
presynapse, and axon part; moreover, the molecular function of
altered proteins included glycosaminoglycan binding and ECM
structural constituent conferring tensile strength (see Figure 1B).
The analysis based on REACTOME database showed that altered
proteins were mainly clustered in the degradation of the ECM,
microtubule-dependent trafficking of connexons from Golgi
to the plasma membrane, Serotonin Neurotransmitter Release
cycle, and Ca2 + pathway (see Supplementary Figure 2A).
Therefore, we supposed that the metabolism of ECM might
play an important role in the formation of dBAVMs, which
was determined to be the focus of our next analysis. The
analysis based on KEGG database showed several clusters related
to the TGF-β (transformation growth factor-beta) signaling
pathway, ECM–receptor pathway, protein digest and absorption,
relaxin signaling pathways, and gap junction (see Table 4 and
Figure 1C). The ECM proteins (CO6A6, CO3A1, and so on)
mainly enriches in ECM–receptor pathway, relaxin signaling
pathway, and protein digestion and absorption pathway. Our
further analysis showed that the TGF-β signaling pathway could
interact with the ECM–receptor pathway and relaxin signaling
pathway (see Supplementary Figure 2B). TGF-β signaling
pathway is associated with angiogenesis and metabolism of
ECM and is related to the diffuseness of BAVMs. Although our
analysis also confirmed the role of Relaxin signaling pathway,
this pathway mainly regulates the process of post-injury healing,
vasoconstriction, and inflammation (Dschietzig et al., 2012;
Moon et al., 2014; Valle Raleigh et al., 2017), which is related to
atherosclerosis, bone formation, and so on. During the process
of angiogenesis, the TGF-β signaling pathway could regulate
the endothelial cell and the metabolism of ECM. Among the
protein enriched in the TGF-β signaling pathway, the decorin
(DCN) was identified as the most strongly altered protein (see
Supplementary Figure 2C). DCN interacts with some major
component of ECM, which suggests that DCN may play an
important role in metabolism of ECM in BAVMs (see Figure 1D).
The expression of DCN in dBAVMs, cBAVMs, and STA was
found to be significantly differential by Western blot (see
Figure 1E and Supplementary Figure 3). The level of TGF-β was
not significant between cBAVMs and dBAVMs (Supplementary
Figure 3). These results suggested that inhibition of TGF-β
signaling pathway was associated with BAVM diffuseness, and
DCN might play an important role in this pathological process.

DCN Was Upregulated in Malformed
Vessels and Might Regulate the
Expression of Smad 2/3
To further validate the differential expression of DCN between
cBAVMs and dBAVMs, and to determine the distribution
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FIGURE 1 | Proteome profiles of diffuse and compact brain arteriovenous malformations (BAVMs). (A) Protein expression levels in diffuse and compact BAVMs
(P ≤ 0.05, fold change ≥2 or ≤0.5, and excluded the proteins with fold value of 0.5 to 2.0 between diffuse BAVMs and superficial temporal arteries). (B) The function
and biological process enriched by altered protein by Gene Ontology (GO) analysis. (C) Top 10 pathways enriched by protein upregulation in diffuse and compact
BAVMs by Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. (D) The protein–protein interaction network of altered proteins by STRING analysis; the
decorin (DCN) was highlighted by a red arrow. The proteins interacted with DCN were highlighted by a red circle. (E) Validation of DCN expression among superficial
temporal arteries, compact BAVMs, and diffuse BAVMs. A group of representative cases from each sample is shown; moreover, the level of DCN in each sample
was given in Supplementary Figure 3. ∗P < 0.05; ∗∗P < 0.01; ns, P > 0.05. STA, superficial temporal arteries; cBAVMs, compact brain arteriovenous
malformations; dBAVMs, diffuse brain arteriovenous malformations.

TABLE 2 | Top 10 proteins significantly upregulated in dBAVMs comparing with cBAVMs.

No. Protein Accession no. Gene name Protein function Fold change

1 Mast cell carboxypeptidase A CBPA3 CPA3 Metallocarboxypeptidase activity 2.43

2 Alpha-1-antichymotrypsin AACT SERPINA3 Serine-type endopeptidase inhibitor activity 2.42

3 Collagen alpha-2(I) chain A0A087WTA8 COL1A2 ECM structural constituent 2.38

4 Collagen alpha-1(I) chain CO1A1 COL1A1 ECM structural constituent 2.36

5 Protein S100-A10 S10AA S100A10 Calcium ion binding 2.31

6 Collagen alpha-6(VI) chain CO6A6 COL6A6 ECM structural constituent 2.29

7 Tubulin beta-1 chain TBB1 TUBB1 Structural constituent of cytoskeleton 2.28

8 Collagen alpha-1(III) chain CO3A1 COL3A1 ECM structural constituent 2.26

9 Decorin DCN PGS2 ECM structural constituent 2.20

10 Rho-related GTP-binding protein RHOA RHOA Protein binding 2.20

ECM, extracellular matrix.

characteristics of DCN, we performed IF and Western blot.
The information of another six patients was given in the
Supplementary Table 2. For another six BAVMs, the Western
blot showed that DCN was upregulated but Smad 2/3 were
downregulated in dBAVMs (see Figure 2A). For all 16
BAVMs, the IF showed that DCN was mainly detected in and
around malformed vessels and was upregulated in dBAVMs
(P < 0.001); moreover, as was mainly expressed by vascular
endothelial cells (which were marked by CD31), Smad 2/3

was downregulated as the DCN increased in dBAVMs (see
Figure 2B).

DCN Upregulation Promoted Endothelial
Cell Tube Formation by Regulating the
Production of ECM
As an extracellular protein, DCN can interact with transforming
growth factor (TGF) to inhibit the TGF-β pathways. To
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TABLE 3 | Top 10 proteins significantly downregulated in dBAVMs compared with cBAVMs.

No. Protein Accession no. Gene name Protein function Fold change

1 Proline-rich transmembrane protein 2 PRRT2 PRRT2 Protein binding 0.34

2 Ephrin type-A receptor 4 E9PG71 EPHA4 ATP binding 0.37

3 Cell adhesion molecule 2 CADM2 IGSF4D Cell adhesion 0.38

4 Neuronal membrane glycoprotein M6-a GPM6A M6A Calcium channel activity 0.39

5 Hyaluronan and proteoglycan link protein 2 Q9GZV7 HPLN2 Hyaluronic acid binding 0.39

6 Guanine nucleotide-binding protein G subunit alpha GNAO GNAO1 Protein binding 0.41

7 Tubulin beta-3 chain TBB3 TUBB4 Structural constituent of cytoskeleton 0.41

8 Excitatory amino acid transporter 2 EAA2 EAAT2 Glutamate: sodium symporter activity 0.41

9 Synaptic vesicle glycoprotein 2A SV2A KIAA0736 Protein binding 0.41

10 Visinin-like protein 1 VISL1 VISL1 Calcium ion binding 0.43

investigate the effect of DCN on TGF-β pathway and the role of
DCN in angiogenesis, we added exogenous DCN (1 µg/ml) to
HUVEC. After stimulating the HUVEC by DCN, both IF and
Western blot confirmed the downregulation of Smad 2/3 and
upregulation of Col I (see Figures 3A–C). ECM includes collagen,
laminin, fibronectin, and proteoglycans. In this study, we mainly
detected the expression of Col I, which is the major component of
collagen. Smad 2/3 is a cell-intrinsic regulator of TGF-β pathway
and can affect the process of angiogenesis; also, Col I is associated
with angiogenesis.

As DCN was upregulated in dBAVMs, we hypothesized
that DCN could promote the angiogenesis by stimulating
the overproduction of ECM. After DCN stimulation,
phosphorylated Smad 2/3 was significantly downregulated
in HUVECs compared to the HUVECs without DCN
treatment. Moreover, further study showed that the tube
formation of HUVECs was enhanced after treatment of
DCN (see Figure 3D). Collectively, these results showed that
DCN could promote the endothelial cell tube formation
by inhibiting the TGF-β pathway and stimulating the
overproduction of ECM.

Metabolic Disorder of ECM Might
Promote BAVM Diffuseness
To further investigate the composition and characteristics of
ECM in cBAVMs and dBAVMs, we performed histological

TABLE 4 | Top 10 enriched pathways identified by KEGG analysis.

No. Term Count ID P value

1 Relaxin signaling pathway 6 hsa04926 <0.001

Protein digestion and absorption 5 hsa04974 <0.001

2 Pathogenic Escherichia coli infection 5 hsa05130 <0.001

3 TGF-beta signaling pathway 4 hsa04724 <0.001

4 ECM–receptor interaction 4 hsa04512 <0.001

5 Gap junction 4 hsa04540 <0.001

6 AGE-RAGE signaling pathway in diabetic
complication

4 hsa04933 <0.001

7 Amyotrophic lateral sclerosis (ALS) 4 hsa05014 <0.001

8 Amoebiasis 4 hsa05146 <0.001

10 Glutamatergic synapse 4 hsa04724 <0.001

staining in all the 10 BAVMs. The results from the Masson
staining showed an obvious vascular fibrosis in cBAVMs
compared with dBAVMs; moreover, the Sirius red staining
showed a larger area of collagen I and less area of other
type of collagen (see Figures 4A,B). In proteomic analysis,
the result showed that only collagen I, III, and VI might be
significantly altered between the two groups. Subsequently,
we performed IFs to detect the differential expression of
collagen I, III, and VI between cBAVMs and dBAVMs. Our
findings showed that collagen I and collagen VI were both
significantly upregulated in dBAVMs (see Figures 4C,D).
These results demonstrated the dysregulation of ECM
in dBAVMs. The abnormal metabolism of collagen I and
collagen VI may lead to BAVM diffuseness during the process
of angiogenesis.

DISCUSSION

Although previous studies revealed several mechanisms
underlying BAVM genesis and rupture (Moftakhar et al., 2009;
Rangel-Castilla et al., 2014; Wang et al., 2017), the forming
mechanisms of dBAVMs remain unknown. Studying the
altered molecular of dBAVMs contributes to understanding the
vascular dysplasia in BAVMs and promoting the possibility of
medical treatment. In this study, we performed a proteomics
study using the iTRAQ method and revealed that metabolic
disorder mediated by DCN might play an important role in the
formation of dBAVMs.

In this study, after excluding similar proteins between
BAVMs and normal STAs, we found that there were a total
of 58 significantly altered proteins, including 33 upregulated
and 25 downregulated in dBAVMs compared with cBAVMs.
Interestingly, the altered proteins between dBAVMs and cBAVMs
are mainly involved in the ECM structural constituent and
metabolism of ECM, suggesting that the composition of ECM
may be different between different types of BAVMs. Moreover,
the majority of enriched pathways take part in regulating the
metabolism of ECM and interact with the TGF-β signaling
pathway. Previous studies found that TGF-β signaling pathway
plays an important role in the formation and clinical features of
BAVMs (Wang et al., 2018; Fu et al., 2020). According to the
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FIGURE 2 | The expression level of DCN and Smad 2/3 in BAVM tissues. (A) Western blot analysis further validated the upregulation of DCN and downregulation of
Smad 2/3 (Smad family member 2 and 3) in another six BAVM tissues (three cBAVMs and three dBAVMs; the information of these six BAVM patients was given in
Supplementary Table 2). ∗P < 0.05; ∗∗P < 0.01. (B) Histological staining was performed in all 16 BAVM samples. Two groups of representative images of
hematoxylin–eosin (H-E) and immunofluorescence staining for DCN, Smad 2/3, and CD31 in BAVM tissues. The histograms showed the semiquantitative grading of
DCN and Smad 2/3 expression levels in diffuse and compact BAVMs. The scale bar corresponds to 200 µm. ∗∗P < 0.01.

classical theory of angiogenesis, the formation of blood vessels
consists of two critical parts, vasculogenesis and angiogenesis,
which are induced by the orchestra effect of vascular cells and
ECM (Hanahan, 1997; Rangel-Castilla et al., 2014). Normal
metabolism of ECM is important for guaranteeing the process
of angiogenesis (Rangel-Castilla et al., 2014). Notably, in
addition to TGF-β pathway, we found the high expression
of collagen I, III, and VI (enriched in the ECM receptor
pathway) in dBAVMs, suggesting an overproduction of ECM in
dBAVMs compared to cBAVMs. Therefore, we supposed that
the metabolic disorder of ECM, presenting as overproduction
of and less degradation of ECM, inhibits the formation of

connections between vascular trunks, leading to the malformed
vessels to be immature, scattered, and mixed up with brain
tissues in dBAVMs.

The analyses based on the REACTOME and KEGG database
implied that the pathways related to metabolism of ECM
might play important roles in formation of dBAVMs. Previous
studies identified that the ECM–receptor interaction pathway
was important for BAVM genesis and development (Seker et al.,
2006; Wang et al., 2017). In another study, it was found that the
overgrowth of vessels activated by angiogenic factors might cause
an incomplete vascular structure containing massive collagen
(Hashimoto et al., 2005). Interestingly, after analyzing the

Frontiers in Aging Neuroscience | www.frontiersin.org 7 December 2020 | Volume 12 | Article 58483942

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-584839 December 3, 2020 Time: 12:52 # 8

Li et al. Proteomic Analysis of Diffuse BAVMs

FIGURE 3 | The effect of DCN upregulation on angiogenesis for human umbilical vascular endothelial cells (HUVECs). (A) Immunofluorescence staining for HUVECs
with and without DCN treatment. One representative experiment of 3 is shown. The scale bar corresponds to 50 µm. (B) The histograms showed the
semiquantitative grading of DCN and Smad 2/3 expression levels by immunofluorescence staining in HUVECs with and without DCN treatment. ∗P < 0.05;
∗∗P < 0.01. (C) Western blot analysis of total Smad 2/3, phosphorylated Smad 2/3 (p-Smad 2/3), and Col I in HUVECs with and without DCN treatment. One
representative experiment of 3 is shown. The histograms showed the semiquantitative grading of total Smad 2/3, p-Smad 2/3, and Col I expression levels in
HUVECs with and without DCN treatment. ∗∗P < 0.01. (D) Tube formation assays after different treatment. The scale bar corresponds to 50 µm. One representative
experiment is shown. ∗∗P < 0.01.

interaction among pathways, we found that the ECM–receptor
pathway was interacted with the TGF-β pathway. Considering
the TGF-β signaling pathway is associated with angiogenesis
and metabolism of ECM, we suggest that the dysregulation of
TGF-β signaling pathways can lead to metabolic disorder of

ECM, which may cause excessive proliferation of vasculature
and immature vascular development, resulting in tiny vessels
scattered within normal brain tissues. Based on these findings,
we further investigate the expression level of proteins in the
TGF-β pathway and found that DCN was the most strongly
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FIGURE 4 | Upregulation of DCN promotes the overproduction of extracellular matrix in diffuse BAVMs. (A) Masson and Sirius red staining for collagen deposition in
BAVM tissues. Fibronectin and collagen area indicated as blue. The scale bar corresponds to 200 µm. ∗∗P < 0.01. (B) The histograms showed the semiquantitative
grading of fibrotic area in diffuse and compact BAVMs. (C) Immunofluorescence staining for Col I and Col VI in BAVM tissues. Several representative images of
diffuse and compact BAVMs are shown. The scale bar corresponds to 200 µm. (D) The histograms showed the semiquantitative grading of Col I, Col III, and Col VI
in diffuse and compact BAVMs. ∗∗P < 0.01; ns, P > 0.05.

altered protein in dBAVMs compared to cBAVMs. Encoded
by PGS2, DCN is a small dermatan sulfate proteoglycan that
can interact with a variety of proteins associated with ECM
assembly (Hocking et al., 1998). Several biological functions
including cell migration, proliferation, and angiogenesis may
be regulated by this molecule (Nash et al., 1999; Merle et al.,
2015a,b). The biological effect of DCN is primarily suppressive
for cell proliferation but promotive for ECM production,
especially for collagen fibrils (Jarvelainen et al., 1991; Nili
et al., 2003; Salomaki et al., 2008). Thus, we hypothesized
that the metabolic disorder of ECM in dBAVMs might be
mediated by DCN.

Based on this assumption, we further validated the expression
level of DCN and Smad 2/3 (a cell-intrinsic regulator of TGF-
β pathway) in BAVM tissues. It was shown that DCN was
upregulated and Smad 2/3 was downregulated in dBAVMs;
moreover, the DCN was found within and around the malformed
vessels, and Smad 2/3 was mainly detected in vascular endothelial
cells. In addition, the expression of COL I was upregulated in

DCN treatment group. In further vitro study, we used exogenous
DCN to treat HUVECs. The result showed that the expression
of Smad 2/3 was inhibited after DCN treatment. Both Western-
blot and IF suggested that DCN could inhibit TGF-β pathway
and stimulate the expression of ECM, which was consistent with
previous studies (Yan et al., 2009; Cabello-Verrugio et al., 2012).
In a recent study, Jiang et al. found that DCN could interfere with
the interaction of TGF-β and TGF receptor and promote ECM
synthesis (Jiang et al., 2020). This pathological process could
promote the angiogenesis of vascular endothelial cell, which was
further verified by further functional assays where the ability
of tube formation was enhanced after being treated by DCN.
Subsequently, we determined the existing metabolic disorder in
dBAVMs, presenting as overproduction of collagen, especially
collagen I and VI. Collectively, the metabolic disorder of ECM
mediated by DCN may play an important role in the formation
of dBAVMs. The expression level of DCN is associated with the
formation of dBAVMs, which suggests that the level of DCN in
serum may be served as a non-invasive and quick biomarker
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to identify development of BAVM diffuseness. We suppose that
evaluating and correcting the expression level of DCN may
contribute insights into the diagnosis and treatment of dBAVMs.
Future in vivo experiments may help to verify our hypothesis.

LIMITATIONS

There were several limitations in the present study. First, due to
the difficulty of collecting BAVM samples, the proteomic analysis
based on limited samples might compromise the power of the
results. Meanwhile, selection bias may exist in the present study,
since we could not collect the STA samples of every patient for the
limited scope of surgery. Second, the confounding effects of blood
clot could not be completely excluded because the molecules such
as S100A10 were also involved in clot formation (Seker et al.,
2006). Nevertheless, since most of these molecules were involved
in the metabolism of ECM, we thought that these molecules
largely contributed to the metabolism of ECM. Finally, the other
proteins and pathways identified in this work still need to be
studied by further studies, since there may be other potential
mechanisms that were not discussed in this study.

CONCLUSION

This study is the first to explore the molecular mechanisms of
BAVM diffuseness at the protein level. In total, 58 significantly
altered proteins were identified in dBAVMs compared to
cBAVMs. These altered proteins were primarily enriched in
pathways related to the metabolism of ECM. TGF-β signaling
pathway inhibited by DCN in vascular endothelial cells is
related to BAVM diffuseness. The metabolic disorder of ECM
induced by DCN upregulation significantly contributed to
the formation of diffuse BAVMs. The definite association
between DCN and dBAVMs needs to be investigated by further
in vivo experiments. Our findings provide extra insights into
understanding the mechanisms and promoting the possibility of
medical treatment of dBAVMs.
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Facial fat grafting techniques often offer impressive surgical results. However, fatal

complications, such as irreversible cerebral ischemia, blindness, and hemiplegia are

associated with them. We have presented a case report of a patient who presented with

a massive cerebral infarction, a serious complication of facial autologous fat injection.

The patient was a 28-year-old female who experienced motor dysfunction of the left

extremities, which was accompanied with loss of consciousness immediately following

fat grafting for facial augmentation. Imaging studies suggested that the patient had a

large cerebral infarction on the right frontal, temporal, and parietal lobes due to complete

occlusion of her right external carotid artery. Emergency decompressive craniectomywas

completed in addition to multiple follow-up medical treatments. The patient recovered

after 4 months with reduced motor function in her left upper extremity. This report

further summarizes published cases of massive cerebral ischemia after facial injection

of autologous fat, as well as lists high-risk facial areas and critical warnings.

Keywords: autologous fat grafting, vascular embolization, massive cerebral ischemia, hemiparesis, carotid artery

INTRODUCTION

Massive cerebral infarction is a rare, but devastating complication that can occur after facial soft
tissue augmentation. It can cause permanent blindness and hemiplegia (Egro and Coleman, 2020).
We present a case of right massive cerebral infarction, which was secondary to autologous fat graft.

This report describes a 28-year-old female patient who presented with drowsiness and left limb
motor weakness after a facial autologous fat graft. Neuroimaging studies revealed that the patient
had a large cerebral infarction on the right frontal, temporal, and parietal lobes, as well as the basal
ganglia. Computed tomographic angiography (CTA) of the neck suggested that the right external
carotid artery was occluded.

Additionally, this report summarizes all similar published cases. The high-risk facial areas,
initial clinical characteristics, treatment modalities, and prognosis of this serious complication after
autologous fat facial injection were fully investigated.
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CASE PRESENTATION

A previously healthy 28-year-old woman underwent autologous
fat grafting for facial augmentation by a plastic surgeon at a
local clinic. A total volume of 77ml of fat was grafted for
the whole face under general anesthesia. Twenty ml fat was
injected into each temple, 20ml into the forehead, and 17ml
was injected in the cheeks. The patient experienced left limb
movement disorder and drowsiness following the procedure.
The patient was referred to the emergency room 24 h later with
Glasgow Coma Scale (GCS) 14 points (Eye 4+Verbal 5+Motor
5). The left limb muscle strength was grade 2 (muscle can move
only if the resistance of gravity is removed.), while the right
limb muscle strength was grade 5 (muscle contracts normally
against full resistance) at the time of admission. Emergency
computed tomography (CT) suggested that the patient had a
large cerebral infarction of the right frontal, temporal, and
parietal lobes, as well as the basal ganglia, causing a midline
shift to the left (Figure 1A). The neck CTA suggested that
the right external carotid artery was occluded (Figure 1B).
She underwent emergency decompressive craniectomy for
decompression of right massive cerebral infarction. Because the
arterial occlusion resulted from autologous fat embolization, it
would not respond to traditional pharmacologic thrombolysis.
The patient was transferred to the ICU after surgery, and was

FIGURE 1 | Imaging in different stages after cerebral infarction of this case. (A) Brain CT imaging of the patient shows massive cerebral infarction on the right frontal,

temporal, and parietal lobes, and basal ganglia. (B) The neck CTA suggested that the right external carotid artery was occluded. ICA, ECA, or jugular vein are pointed

out with arrows. (C) Post-surgery brain CT imaging of the patient. (D) Post-surgery Brain CT imaging of the patient 1 week post-surgery (2019-11-11). (E)

Post-surgery Brain CT imaging of the patient 12 days post-surgery (2019-11-16). Images show improvement of edema, emorrhage absorbed. (F) The follow-up

MRI-FLAIR performed 1 month after onset showed attenuated brain edema, and (G) MRA performed 2 months after onset showed vascular recanalization of

intracranial area. (H) MRI-SWAN performed 2 months after onset showed the hemorrhage was gradually decreased with no other obvious hemorrhage.

treated for dehydration, infection prophylaxis, gastric protection,
and seizure prophylaxis treatment, etc.

The post-surgery CT scan revealed a large cerebral infarction
on the right side, as well as hemorrhage and gas accumulation
in the operative field (Figure 1C). Patient was treated for 10
days with intravenous mannitol injection. A subsequent CT
examination, completed after 10 days of treatment mentioned
above, confirmed a reduction in brain edema and hemorrhage
(Figures 1D,E). Physical examination completed on day 11
revealed that the patient had a left limbmuscle strength of 2, with
numbness on the left limb, and no obvious abnormality on the
right side. The patient was transferred to a rehabilitation hospital
for further treatment.

The follow-up MRI-FLAIR (Figure 1F) showed attenuated
brain edema, and MRA (Figure 1G) showed vascular
recanalization of the intracranial area. An MRI-SWAN
(Figure 1H) scan performed 2 months after onset showed that
the hemorrhage was gradually decreased with no other obvious
hemorrhage. The patient achieved better motor function of the
left extremities (Her muscle strength recovered to grade 2+ on
the left distal upper extremity, grade 4+ on the left proximal
upper limb, and grade 5 on the left lower extremity) after 4
months of rehabilitation. Due to the outbreak of Corona Virus
Disease-19 (COVID-19), the patient was discharged from the
rehabilitation hospital in February. From that point forward, she
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TABLE 1 | Summary of facial autologous fat injection-induced cerebral ischemia.

References Age Gender Onset Location Volume

per side

Artery Onset symptoms Evolution

Huo et al.

(2018)

33 F 0 Glabella Not

mentioned

LICA, LMCA Right hemiparesis with loss of

consciousness

Motor aphasia, reduce

motor function on right

limbs

25 F 0 Glabella Not

mentioned

LMCA-M3, LACA Right hemiparesis with loss of

consciousness

Reduce motor function on

right limbs

24 F 2 h Periocular Not

mentioned

LACA, RCCA,

RICA, RMCA-M1,

M3, RPCA-P2

Seizure, left hemiparesis and

loss of consciousness

Died

19 M 1h Glabella Not

mentioned

LMCA Right hemiparesis with loss of

consciousness

Aphasia, reduce motor

function on right limbs

28 M 5h Glabella Not

mentioned

Not examined Seizure with loss of

consciousness

Died

Wang et al.

(2018)

22 F 0 Temporal Not

mentioned

RMCA Left hemiparesis with loss of

consciousness

Paralysis of the left limb,

ageusia and vision loss in

both eye

30 F 0 Temporal Not

mentioned

Right brain

hemisphere

Left limbs motor disturbance Recovery of the left limb

Liu et al. (2018) 29 F 0 Left forehead 15ml LOA, LMCA Left visual disturbance with no

light sensation and

right motor disturbance,

nausea and vomit

Left eye blindness

38 F 0 Left forehead 5ml LOA Left visual disturbance and

necrosis in the left

forehead skin

Left eye blindness and skin

scar

Kang et al.

(2016)

32 F 30min Glabella Not

mentioned

LACA, LMCA, LOA Right hemiparesis with loss of

consciousness

Left eye blindness and able

to walk and raise her arm

with minimal resistance

Shen et al.

(2016)

30 F 8 h Temporal

chin

Not

mentioned

RECA, RICA Left hemiparesis with loss of

consciousness

Reduce motor function on

right and left limbs

Thaunat et al.

(2004)

39 M 0 Temporal

Periocular glabella

17ml LACA, RACA,

AcoA

Confusion, hypertonia, high

blood pressure

Aphasia and paraplegia

Lee et al.

(2011)

44 F 2 h Periocular Not

mentioned

LOA, LMCA Left visual loss, dysarthria and

the skin necrosis

Left eye blindness and skin

scar

Hong et al.

(2014)

31 F 0 Glabella Not

mentioned

ROA, RMCA Right visual disturbance and

weakness in left arm

Decrease in visual acuity,

the weakness in left arm

improved to normal

Lee et al.

(2012)

26 F 13 h Face Not

mentioned

Not examined Right visual loss and left

hemiparesis

Not mentioned

Hu et al. (2011) 28 F 0 Temporal Not

mentioned

LMCA-M1 Drowsy, developed expressive

aphasia, right hemiparesis

Considerable neurologic

recovery (NIHSS score 6)

Yoon et al.

(2003)

39 F 1min Glabella 5ml LICA Drowsy, global aphasia, right

hemiparesis

Died

Danesh-Meyer

et al. (2001)

43 M 10min Nose

lip

Nasolabial groove

3ml LOA and MCA Left visual loss and right

hemiparesis

Left eye blindness

Wang et al.

(2014)

22 F 5 h Temporal

forehead

25 ml/24ml LICA, LACA, LMCA Right hemiparesis, aphasia, left

visual loss

Left eye blindness,

improvement in the aphasia

and

skin scar

Allali et al.

(2006)

49 F 24 h Glabella Not

mentioned

Multiple strips in

LOA

Left visual loss Left eye blindness

Feinendegen

et al. (1998)

45 M 7h Nasolabial folds

lower lip

chin

Not

mentioned

LMCA and ROA and

choroidal arterioles

Aphasia and mild right

sensorimotor hemiparesis

Not mentioned

Lee et al.

(1996)

42 F 0 Nasolabial groove 0.5ml LOA Left visual disturbance and

drowsy

Decrease in visual acuity

Dreizen and

Framm (1989)

44 F 0 Glabella Not

mentioned

ROA Right visual loss and right

hemicranial

Right eye blindness

M, male; F, female; LMCA, left middle cerebral artery; LACA, left anterior cerebral artery; RMCA, right middle cerebral artery; RACA, right anterior cerebral artery; RCCA, right common

carotid artery; RPCA, right posterior cerebral artery; RICA, right internal carotid artery; LICA, left internal carotid artery; RECA, right external carotid artery; LECA, left external carotid

artery; LOA, left ophthalmic artery; ROA, right ophthalmic artery; AcoA, anterior communicating artery.
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continued her rehabilitation training from home. No imaging
was performed on the patient at 4 months post-surgery. ’

DISCUSSION

Autologous fat grafting is a widely performed procedure in
facial surgery for soft-tissue correction, and was first published
by Coleman in 1995 (Egro and Coleman, 2020). Autologous
fat is an ideal filler for augmenting facial volume (Yoshimura
and Coleman, 2015), during transplantation, fat aliquots, within
0.1ml each pass, should be injected when the microcannula is
withdrawn (Egro and Coleman, 2020). Common complications
of this aesthetic surgery include volume under- or overcorrection,
contour irregularities, prolonged bruising and swelling, infection,
granulomas, and inflammation. However, severe complications,
such as ocular embolization with visual loss, cerebral arterial
infarct, and death are extremely rare (Yoshimura and Coleman,
2015; Cuzalina and Guerrero, 2018). Some complications may
occur due to improper operations, therefore, one purpose of
our case report is to remind the plastic surgeons paying more
attention to every procedures, especially the injection operation.

We present a rare case of a female patient who had a
severe cerebral infarction after autologous fat grafting, which
resulted from right external carotid artery occlusion. In this
case, we highly suspect that the fat tissue was injected into
the right superficial temporal artery, and was then forced
retrograde into the right external carotid artery (ECA). Given the
demonstrated occlusion of the ECA, the fat emboli managed to
travel retrograde from the right ECA to the carotid bifurcation
and then anterograde into the right internal carotid artery.
Finally, it caused right cerebral infarction in the right frontal,
temporal, and parietal lobes, as well as basal ganglia. We then
compared all the studies describing a massive stroke (excluding
simple ocular artery embolization) after fat grafting (Table 1).

Demographic Information
General information of the patients included in the literature
review is displayed, and of the 24 patients reported, 19 (79.17%)

were women and 5 (20.83%) were men; the ages of the sample
group ranged from 19 to 49 years (Mean = 32.9). Most of the
patients were young and otherwise healthy women.

Onset
In these cases, fat embolism after facial autologous fat injection
developed either immediately after surgery or up to 3 days
post-surgery. Patients who developed fat embolism experienced
sudden headache, visual disturbance, cutaneous signs (e.g., pale
skin), vomiting, and neurological symptoms (e.g., mental status
changes, aphasia, or hemiparesis). Coma and death were also
observed in some patients. As most cases of acute stroke with
major artery embolisms occur within 24 h after plastic surgery,
patients should be under professional medical observation for the
first 24 h post-surgery.

Location and Participating Arteries
The patient described in our case study had a very rare
occurrence of fat embolism in the external carotid artery,
which has not yet been reported. Embolic cerebral strokes
after autologous fat injection are primarily seen in common
carotid artery, internal carotid artery, anterior/middle/posterior
cerebral artery, and the ophthalmic artery (Table 1). A retrograde
intravascular fat emboli can be a significant contributor. In
other cases, the intravascular fat travels retrograde through
the communicating branches between the facial artery and the
internal carotid artery, eventually leading to a fat embolism of
major cerebral arteries or the ophthalmic artery. Potential blood
routes include the dorsal, nasal, angular, supraorbital arteries,
temporal superficial arteriovenous, or any anatomic variation.
This leads to necrosis of the brain tissue and the optic nerve
(Yoshimura and Coleman, 2015; Cuzalina and Guerrero, 2018;
Sisti et al., 2019; Egro and Coleman, 2020).

The most dangerous injection areas (high-risk for fat
embolism) were the glabella (angular and supraorbital arteries)
(41.67%) and temporal area (temporal superficial arteriovenous)
(29.17%). Areas with lower risk include the nose, lips, and chin.
The artery deserving of special attention with a high risk of

FIGURE 2 | Distribution of fat receiving areas in patients with cerebral infarction.
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fat embolism is consistent with the corresponding area listed in
Figure 2.

Volume and Surgical Technique
Previous studies have demonstrated that injection of 0.5–30ml
in one area can lead to complications. Compared with breast or
buttock augmentation, facial areas have a greater risk because
small volumes of fat grafts can enter through the arteries,
eventually flowing into the brain due to the rich vasculature. On
the other hand, the physician may need to fill a moderate volume
of fat in one area. Multiple dosages, number of injections, and
massagesmay damage the local vascular network and increase the
local pressure, which may increase the risk of arterial embolism.

A skilled surgical technique is essential to avoid post-surgical
complications. Surgeons need to inject the fat slowly with low
pressure, and they must ensure that there is no backflow of blood
into the delivering syringe. Use of excessive force and velocity
to administer injections may increase local pressure and the risk
of retrograde travel of fat (Egro and Coleman, 2020). The cases
described above provide evidence that minimal force should be
exerted, and that a minimal dose should be used to seed the fat in
tissue. Meanwhile, the use of a blunt cannula, withdrawn before
injection, is also key in preventing intra-arterial injections.

Outcome
Patients suffering from massive cerebral infarction in these
cases received comprehensive treatment. The artery embolized
with autologous fat particles did not respond to thrombolytic
agents. However, there were several effective treatments,
such as decompressive craniectomy paired with mannitol
treatment, hyperbaric oxygen therapy, intravenous infusion
of dextran glucose solution, hydrocortisone, anti-platelet
agents, and systemic neurotrophic factor therapy. If detected
early, vascular recanalization can be achieved via mechanical
thrombectomy. However, currently, there are no published
studies providing evidence of that. Partial recovery, aphasia,
blindness, hemiparesis, and death were the prognoses seen in the
patients analyzed in the literature review. Hence, the prevention
of fat embolism is of utmost importance.

CONCLUSIONS

To the best of our knowledge, this is the first paper summarizing
the serious complications of fat transplantation in facial cosmetic
surgery. Our understanding is that there might be a substantial
number of unreported cases with similar complications of fat
transplantation due to local legal issues. Therefore, it is of vital
importance for surgeons to discern the causes of, as well as
minimize, fatal complications.
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Background: More and more elderly patients are being diagnosed with arteriovenous

malformation (AVM) in this global aging society, while the treatment strategy remains

controversial among these aging population. This study aimed to clarify the long-term

outcomes of elderly AVMs after different management modalities.

Methods: The authors retrospectively reviewed 71 elderly AVMs (>60 years) in two

tertiary neurosurgery centers between 2011 and 2019. Patients were divided into four

groups: conservation, microsurgery, embolization, and stereotactic radiosurgery (SRS).

The perioperative complications, short-term and long-term neurological outcomes,

obliteration rates, annualized rupture risk, and mortality rates were compared among

different management modalities in the ruptured and unruptured subgroups. Kaplan-

Meier survival analysis was employed to compare the death-free survival rates among

different management modalities. Logistic regression analyses were conducted to

calculate the odds ratios (ORs) and 95% confidence intervals (CI) for predictors of

long-term unfavorable outcomes (mRS > 2).

Results: A total of 71 elderly AVMs were followed up for an average of 4.2

± 2.3 years. Fifty-four (76.1%) presented with hemorrhage, and the preoperative

annualized rupture risk was 9.4%. Among these patients, 21 cases (29.6%)

received conservative treatment, 30 (42.3%) underwent microsurgical resection, 13

(18.3%) received embolization, and 7 (9.9%) underwent SRS. In the prognostic

comparison, the short-term and long-term neurological outcomes were similar

between conservation and intervention both in the ruptured and unruptured

subgroups (ruptured: p = 0.096, p = 0.904, respectively; unruptured: p = 0.568,

p = 0.306, respectively). In the ruptured subgroup, the intervention cannot reduce

long-term mortality (p = 0.654) despite the significant reduction of subsequent

hemorrhage than conservation (p = 0.014), and the main cause of death in

the intervention group was treatment-related complications (five of seven, 71.4%).
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In the logistic regression analysis, higher admission mRS score (OR 3.070, 95% CI

1.559–6.043, p = 0.001) was the independent predictor of long-term unfavorable

outcomes (mRS>2) in the intervention group, while complete obliteration (OR 0.146,

95% CI 0.026–0.828, p = 0.030) was the protective factor.

Conclusions: The long-term outcomes of elderly AVMs after different management

modalities were similar. Intervention for unruptured elderly AVMs was not recommended.

For those ruptured, we should carefully weigh the risk of subsequent hemorrhage and

treatment-related complications. Besides, complete obliteration should be pursued once

the intervention was initiated.

Clinical Trial Registration: http://www.clinicaltrials.gov. Unique identifier:

NCT04136860

Keywords: arteriovenous malformation, elderly, outcomes, conservation, intervention

INTRODUCTION

Brain arteriovenous malformations (AVMs) were described
as cerebrovascular abnormalities with fistulous connections
between arteries and veins without normal intervening capillary
beds (Crawford et al., 1986; Solomon and Connolly, 2017;
Goldberg et al., 2018). Most AVMs were diagnosed in the
fourth and fifth decade of life (Perret and Nishioka, 1966), and
elderly AVMs were relatively uncommon in clinical practice.
Over the past three decades, neurosurgeons have not yet reached
a consensus on whether or not to intervene in these patients.
Initially, several studies suggested that the risk of rupture
decreases as a person reaches middle age, and these lesions are
relatively benign in elderly patients (Luessenhop and Rosa, 1984;
Heros and Tu, 1987). However, Harbaugh et al. suggested the
opposite (Harbaugh and Harbaugh, 1994). Several subsequent
studies reported that 35.7–65.6% of elderly AVMs presented with
hemorrhage, and they recommended microsurgical resection or
stereotactic radiosurgical surgery (SRS) for carefully selected
patients (Hashimoto et al., 2004; Nagata et al., 2006; Pabaney
et al., 2016; Burkhardt et al., 2018; Chen et al., 2018). However,
the previous studies only included a single treatment strategy for
analysis and did not compare the long-term outcomes of different
management modalities.

As life expectancy continues to increase in this global aging
society, more elderly AVMs are being diagnosed. We must clarify
the long-term outcomes of different management modalities
for these patients. The present study retrospectively reviewed
71 elderly AVMs from our multi-center retrospective database
of 2861 AVMs to specify the natural history and long-term
outcomes after different management modalities.

MATERIALS AND METHODS

Study Design and Participants
We retrospectively reviewed all elderly brain AVM patients
(>60 years) admitted to Beijing Tiantan Hospital and Peking
University International Hospital between April 2011 and July
2019. The inclusion criteria were as follows: (1) Diagnosed with

AVM by digital subtraction angiography (DSA) and/or magnetic
resonance imaging; (2) The patient’s age was 60 years or older
on admission. Exclusion criteria were: (1) Patient’s concomitant
diagnosis of hereditary hemorrhagic telangiectasia; (2) Patients
missing critical baseline information or those lost to follow-up;
and (3) Patients who received intervention before admission.
The study was carried out according to the Helsinki Declaration
guideline and was approved by the ethics committees of these
two hospitals.

A total of 88 elderly AVMs met the inclusion criteria
from our multi-center retrospective database of 2861 AVMs,
of which 17 patients were lost to follow-up. The baseline
characteristics were consistent between patients who were
lost to follow-up and patients who maintained followed
up (Supplementary Material 1). Finally, the remaining
71 elderly AVM patients were included in the statistical
analysis (Figure 1).

Data Collection and Variable Definition
The baseline clinical characteristics included age on admission,
sex, onset manifestation (hemorrhage, seizure, neurofunctional
deficits, and others), and neurological status. The hemorrhagic
presentation was defined as hemorrhage that could be ascribed
to AVM rupture. The definition of eloquent area and deep
venous drainage was consistent with the evaluation criteria
in the Spetzler-Martin (SM) Grading system (Spetzler and
Martin, 1986). Treatment modalities included conservation,
microsurgical resection, embolization, and SRS. The rupture risk
was represented by annualized rupture risk, and we defined the
observational interval of natural history as the first diagnosis of
AVM to admission (Chen et al., 2020). In-hospital complications
were defined as intracranial hemorrhage, epilepsy, new-onset
neurofunctional deficits, wound infection, intracranial infection,
lung infection, major adverse cardiac events (MACEs, with the
occurrence of an arrhythmia, myocardial infarction, acute heart
failure, and cardiac arrest), deep venous thrombosis (DVT),
and electrolyte disturbance. The neurofunctional status was
evaluated by the modified Rankin Scale (mRS), and mRS > 2 was
considered as neurological disabilities. Subsequent hemorrhage
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FIGURE 1 | The flow diagram of patient screening. Institution 1: Department

of Neurosurgery, Beijing Tiantan Hospital, Beijing, China; Institution 2:

Department of Neurosurgery, Peking University International Hospital,

Beijing, China.

was defined as any hemorrhage attributable to AVM rupture
during the follow-up.

Follow-up was conducted at the first 3–6 months and
annually by clinical visits and telephone interviews. Two
neurosurgeons with at least 5 years’ experience in clinical
practice evaluated all the clinical parameters. All the images
were independently interpreted by at least two radiologists who
worked more than 5 years in our institute’s radiology center.
Researchers who performed follow-up assessments were blinded
to treatment modalities.

Statistical Analysis
Categorical variables are presented as counts (with percentages);
continuous variables are presented as the mean ± standard
deviations (SD). Patients were divided into four groups based
on different management modalities. In the comparison of
the baseline characteristics, perioperative complications, short-
term and long-term outcomes among different management
modalities, the Pearson chi-square test, Fisher exact test, or
Kruskal-Wallis ANOVA test were used to compare categorical
variables as appropriate, and the two-tailed t-test or one-
way ANOVA test were employed to compare continuous
variables (normal distribution variables). Wilcoxon rank-sum
test was applied to compare non-normal distribution continuous
variables. Poisson rate test was used to compare the differences
in annualized rupture risk. Bonferroni correction was adopted in
the adjusted post-hoc analysis to avoid Type I errors in subgroup
analyses. The subgroup analyses were conducted to compare the
outcomes of different management modalities in the ruptured
and unruptured elderly AVMs. Kaplan-Meier survival analysis
was employed to compare the death-free survival rates (all causes,
AVM and treatment-related) among different management

modalities (only included patients in the first three-quarters
of the follow-up duration). Univariate and multivariate logistic
regression analyses were used to calculated odds ratios (ORs)
and 95% confidence intervals (CI) for predictors of long-term
neurological disabilities or death (mRS > 2). A forward stepwise
regression procedure was adopted in the multivariable model.
P-value < 0.05 was considered to be statistically significant.
Statistical analysis was performed using SPSS (version 25.0, IBM,
New York, USA).

RESULTS

Baseline Characteristics
A total of 71 elderly AVMs were included according to the
inclusion and exclusion criteria. Among them, 21 patients
(29.6%) took conservative management and 50 patients (70.4%)
received intervention, including 30 patients (42.3%) undergoing
microsurgery, 13 patients (18.3%) embolization, and seven
patients (9.9%) SRS. The average age was 64.7± 3.5 years (range,
60.0–75.2 years), and 34 patients (47.9%) were older than 65
years (Table 1). There were 54 patients (76.1%) presenting with
hemorrhage. The presentation, SM grade, and imaging features
between any two treatment strategies showed no significant
difference after adjusted post-hoc Bonferroni correction analysis.
From the first diagnosis to admission, 11 patients occurred 14
rupture events during the cumulative observational duration
of 148.9 patient-years, translating to the natural annualized
rupture risk of 9.4%. The mean admission mRS score was 1.4
± 1.3, and the microsurgery group had a significant higher
mRS score than conservation and SRS groups after adjusted
post-hoc Bonferroni correction analysis (p = 0.021, p = 0.013,
respectively), which may be caused by the fact that emergency
patients (with higher mRS scores) were more likely to receive
microsurgical resection.

Most of the elderly patients were classified as SM grade
I-III (61 cases, 85.9%). There was no significant difference in
the SM grade among different management modalities after
adjusted post-hoc Bonferroni correction analysis. Of the 53 DSA-
available elderly AVMs, the angiographic characteristics were
similar among these four management modalities.

Clinical Outcomes
The incidence of perioperative complications of microsurgical
resection was significantly higher than that of embolization
and SRS (p = 0.007, p < 0.001, respectively) (Table 2). In
the microsurgery group, 13.3% patients occurred intracranial
hemorrhage, 23.3% intracranial infection, 6.7% MACEs, and
20.0% DVT. In the embolization group, two patients (15.4%)
experienced intraoperative hemorrhage, which led to serious
perioperative complications, such as new-onset neurofunctional
deficits, lung infection, DVT, and electrolyte disturbance.
The discharge mRS scores were similar between different
management modalities after adjusting the post-hoc Bonferroni
correction analysis (p > 0.05).

All the 71 elderly AVMs were followed up clinically and
angiographically for an average of 4.2 ± 2.3 years (Table 2).
The microsurgery group had a significantly higher obliteration
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TABLE 1 | Baseline characteristics of the included elderly bAVMs.

Characteristics Total (n = 71) Conservation (n = 21) Microsurgery (n = 30) Embolization (n = 13) SRS (n = 7) p-value

Sex (male) 52 (73.2) 13 (61.9) 20 (66.7) 11 (84.6) 6 (85.7) 0.412

Age (years) 64.7 ± 3.5 64.5 ± 4.0 65.8 ± 3.5 64.1 ± 2.2 62.2 ± 1.9 0.060

Age (>65 years) 34 (47.9) 9 (42.9) 19 (63.3) 5 (38.5) 1 (14.3) 0.068

Onset manifestation (primary)

Hemorrhage 54 (76.1) 13 (61.9) 28 (93.3) 9 (69.2) 4 (57.1) 0.019*

Seizure 4 (5.6) 0 (0.0) 2 (6.7) 1 (7.7) 1 (14.3) 0.349

Neurofunctional deficit 4 (5.6) 2 (9.5) 0 (0.0) 1 (7.7) 1 (14.3) 0.189

Others 9 (12.7) 6 (28.6) 0 (0.0) 2 (15.4) 1 (14.3) 0.008*

No. of hemorrhagic events between

diagnosis and treatment

14 2 6 4 2

Annualized rupture risk 9.4% 6.3% 13.6% 8.4% 7.9%

Admission mRS score 1.4 ± 1.3 1.1 ± 0.9 2.0 ± 1.4 1.1 ± 0.6 0.6 ± 0.5 0.002*

Size (cm) 2.9 ± 1.5 3.0 ± 1.5 3.2 ± 1.4 2.8 ± 1.8 1.7 ± 0.5 0.021*

Eloquent area 41 (57.7) 13 (61.9) 14 (46.7) 10 (76.9) 4 (57.1) 0.290

Supratentorial location 51 (71.8) 15 (71.4) 24 (80.0) 8 (61.5) 4 (57.1) 0.496

Deep venous drainage 31 (43.7) 11 (52.3) 10 (33.3) 7 (53.8) 3 (42.9) 0.471

SM grade 0.620

I 15 (21.1) 3 (14.3) 8 (26.7) 2 (15.4) 2 (28.6)

II 22 (31.0) 6 (28.6) 10 (33.3) 3 (23.1) 3 (42.9)

III 24 (33.8) 8 (38.1) 7 (23.3) 7 (53.8) 2 (28.6)

IV 7 (9.9) 3 (14.3) 4 (13.3) 0 (0.0) 0 (0.0)

V 3 (4.2) 1 (4.8) 1 (3.3) 1 (7.7) 0 (0.0)

Follow-up duration (years) 4.2 ± 2.3 4.3 ± 2.3 4.3 ± 2.6 3.5 ± 1.9 4.5 ± 1.3 0.695

Angioarchitecture characteristics

(DSA available, n = 53)

n = 53 n = 20 n = 20 n = 12 n = 1

Drainage venous stenosis 27 (50.9) 10 (50.0) 13 (65.0) 4 (33.3) 0 (0.0) 0.207

Long venous drainage 32 (60.4) 12 (60.0) 16 (80.0) 4 (33.3) 0 (0.0) 0.346

Deep perforating arteries 17 (32.1) 8 (40.0) 3 (15.0) 5 (41.7) 1 (0.0) 0.053

Diffuse nidus 21 (39.6) 7 (35.0) 7 (35.0) 6 (50.0) 1 (100.0) 0.360

Aneurysms (flow-related) 11 (20.8) 2 (10.0) 7 (35.0) 2 (16.7) 0 (0.0) 0.235

AVM, Arteriovenous Malformation; DSA, Digital Subtraction Angiography; mRS, modified Rankin Scale; SM grade, Spetzler-Martin grade; SRS, Stereotactic Radiosurgery.

Values are expressed as number of cases (%) or mean ± standard deviation, unless otherwise indicated.

*Statistical significance (p < 0.05).

rate than embolization and SRS groups (p < 0.001, p = 0.007,
respectively). In terms of long-term mRS score, neurological
disabilities (mRS > 2), and worsened mRS, there were no
significant differences among the four management modalities
(p = 0.721, p = 0.431, p = 0.648, respectively). We showed
that 68.0% cases in the intervention group and 81.0% in the
conservation group could achieve favorable outcomes (mRS ≤

2). However, the Poisson rate test of annualized rupture risk for
conservation and intervention during follow-up was significant
(4.4 vs. 0.5%, p = 0.040). Twelve patients (16.9%) died during
295.1 patient-years clinical follow-up. The main cause of death
in the conservation group was subsequent hemorrhage (3 of
4, 75.0%), while the main cause of death in the intervention
group was treatment-related complications (5 of 7, 71.4%). One
patient in the conservation group and one in the embolization
group died of MACEs. The Kaplan-Meier analysis (Figure 2)
showed no significant difference in the death-free survival among

different managementmodalities (all causes, p= 0.924; AVM and
treatment-related, p= 0.970).

In the subgroup analysis, all prognostic parameters were
similar among different management modalities in the
unruptured subgroup, except for the obliteration rates. In
the ruptured group, the discharge mRS and long-term mRS
were similar among these four management modalities
after adjusted post-hoc Bonferroni correction analysis (p
= 0.096, p = 0.904, respectively) (Table 3). The same was
true for >65 years old ruptured AVMs (conservation vs.
intervention: p = 0.095, p = 0.892, respectively; conservation
vs. microsurgery: p = 0.106, p = 0.765, respectively)
(Supplementary Material 2). The Poisson rate test of
annualized rupture risk for conservation and intervention
during follow-up in the ruptured subgroup was significant
(p = 0.014). However, the Kaplan-Meier analysis (Figure 3)
showed no significant difference in the death-free survival
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TABLE 2 | Perioperative complications and long-term outcomes among different treatment modalities in the elderly AVMs.

Characteristics Conservation (n = 21) Microsurgery (n = 30) Embolization (n = 13) SRS (n = 7) p-value

Perioperative complications NA 18 (60.0) 2 (15.4) 0 (0.0) <0.001*

Intracranial hemorrhage NA 4 (13.3) 2 (15.4) 0 (0.0) 0.374

Epilepsy NA 1 (3.3) 1 (7.7) 0 (0.0) 0.614

New-onset neurofunctional deficit NA 6 (20.0) 2 (15.4) 0 (0.0) 0.249

Wound infection NA 2 (6.7) 1 (7.7) 0 (0.0) 0.622

Intracranial infection NA 7 (23.3) 0 (0.0) 0 (0.0) 0.019*

Lung infection NA 5 (16.7) 2 (15.4) 0 (0.0) 0.317

MACEs NA 2 (6.7) 1 (7.7) 0 (0.0) 0.622

DVT NA 6 (20.0) 2 (15.4) 0 (0.0) 0.249

Electrolyte disturbance NA 7 (23.3) 2 (15.4) 0 (0.0) 0.184

Discharge mRS 0.9 ± 0.7 1.7 ± 1.4 1.7 ± 1.7 0.6 ± 0.5 0.031*

Follow-up duration (years) 4.3 ± 2.3 4.3 ± 2.6 3.5 ± 1.9 4.5 ± 1.3 0.695

Obliteration 0 (0.0) 28 (93.3) 1 (7.7) 3 (42.9) <0.001*

Long-term mRS score 1.7 ± 2.3 2.1 ± 2.2 2.2 ± 2.3 1.1 ± 2.3 0.721

Neurological disability (mRS > 2) 4 (19.0) 11 (36.7) 4 (30.8) 1 (14.3) 0.431

Worsened mRS 4 (19.0) 7 (23.3) 5 (38.5) 2 (28.6) 0.648

No. of subsequent hemorrhage 4 1 0 0 0.073

Annualized rupture riska 4.4% 0.8% 0.0% 0.0%

Death 4 (19.0) 4 (13.3) 3 (23.1) 1 (14.3) 0.870

Annualized mortality (all causes) 4.4% 3.1% 6.6% 3.2%

Annualized mortality (AVM-related) 3.3% 0.8% 0.0% 3.2%

Annualized mortality (treatment-related) NA 2.3% 4.4% 0.0%

Annualized mortality (other causes) 1.1% 0.0% 2.2% 0.0%

AVM, Arteriovenous Malformation; DVT, Deep Vein Thrombosis; MACE, Major Adverse Cardiac Events; mRS, modified Rankin Scale; SM grade, Spetzler-Martin grade; SRS,

Stereotactic Radiosurgery.

Values are expressed as number of cases (%) or mean ± standard deviation, unless otherwise indicated.
aPoisson rate test of annualized rupture risk for conservation and intervention during follow-up is significant (p = 0.040).

*Statistical significance (p < 0.05).

FIGURE 2 | Kaplan-Meier plot. The Kaplan-Meier analysis showed no significant difference in the death-free survival among different management modalities (A: all

causes, p = 0.924; B: AVM and treatment related, p = 0.970; log-rank test).
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TABLE 3 | Perioperative complications and long-term outcomes among different treatment modalities in the ruptured and unruptured elderly AVMs.

Characteristics (Ruptured) Conservation

(n = 13)

Microsurgery

(n = 28)

Embolization

(n = 9)

SRS

(n = 4)

p-value

Age (years) 63.7 ± 4.2 65.8 ± 3.6 64.2 ± 1.8 62.3 ± 2.2 0.122

Age (>65 years) 5 (38.5) 18 (64.3) 3 (33.3) 1 (25.0) 0.166

Admission mRS score 1.1 ± 0.9 2.1 ± 1.4 1.0 ± 0.5 0.8 ± 0.5 0.010*

SM grade (IV-V) 3 (23.1) 5 (17.9) 0 (0.0) 0 (0.0) 0.173

Perioperative complications NA 18 (64.3) 2 (22.2) 0 (0.0) 0.005*

Intracranial hemorrhage NA 4 (14.3) 1 (11.1) 0 (0.0) 0.560

Epilepsy NA 1 (3.6) 0 (0.0) 0 (0.0) 0.679

New-onset neurofunctional deficit NA 6 (21.4) 2 (22.2) 0 (0.0) 0.398

Wound infection NA 2 (7.1) 0 (0.0) 0 (0.0) 0.456

Intracranial infection NA 7 (25.0) 0 (0.0) 0 (0.0) 0.050

Lung infection NA 5 (17.9) 2 (22.2) 0 (0.0) 0.435

MACEs NA 2 (7.1) 1 (11.1) 0 (0.0) 0.678

DVT NA 6 (21.4) 2 (22.2) 0 (0.0) 0.398

Electrolyte disturbance NA 7 (25.0) 2 (22.2) 0 (0.0) 0.345

Discharge mRS 0.8 ± 0.7 1.8 ± 1.5 1.9 ± 1.8 0.8 ± 0.5 0.096

Follow-up duration (years) 4.0 ± 2.1 4.3 ± 2.7 3.1 ± 1.8 4.1 ± 1.4 0.660

Obliteration 0 (0.0) 25 (89.3) 1 (11.1) 2 (50.0) <0.001*

Long-term mRS score 1.9 ± 2.4 2.2 ± 2.2 2.4 ± 2.7 1.5 ± 3.0 0.904

Neurological disability (mRS > 2) 3 (23.1) 11 (39.3) 3 (33.3) 1 (25.0) 0.748

Worsened mRS 4 (30.8) 7 (25.0) 3 (33.3) 1 (25.0) 0.957

No. of subsequent hemorrhage 4 1 0 0 0.034*

Annualized rupture riska 7.8% 0.8% 0.0% 0.0%

Death 3 (23.1) 4 (14.3) 3 (33.3) 1 (25.0) 0.654

Annualized mortality (all causes) 5.8% 3.3% 10.6% 6.1%

Annualized mortality (AVM-related) 5.8% 0.8% 0.0% 6.1%

Annualized mortality (treatment-related) NA 2.5% 7.1% 0.0%

Annualized mortality (other causes) 0.0% 0.0% 3.5% 0.0%

Characteristics (Unruptured) Conservation

(n = 8)

Microsurgery

(n = 2)

Embolization

(n = 4)

SRS

(n = 3)

p-value

Age (years) 65.7 ± 3.5 65.8 ± 1.0 64.0 ± 3.4 62.0 ± 2.0 0.380

Age (>65 years) 4 (50.0) 1 (50.0) 2 (50.0) 0 (0.0) 0.305

Admission mRS score 1.1 ± 1.0 1.0 ± 0.0 1.3 ± 1.0 0.3 ± 0.6 0.558

SM grade (IV-V) 0 (0.0) 0 (0.0) 1 (25.0) 0(0.0) 0.375

Perioperative complications NA 0 (0.0) 1 (25.0) 0 (0.0) 0.411

Intracranial hemorrhage NA 0 (0.0) 1 (25.0) 0 (0.0) 0.411

Epilepsy NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

New-onset neurofunctional deficit NA 0 (0.0) 1 (25.0) 0 (0.0) 0.411

Wound infection NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

Intracranial infection NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

Lung infection NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

MACEs NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

DVT NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

Electrolyte disturbance NA 0 (0.0) 0 (0.0) 0 (0.0) >0.999

Discharge mRS 1.0 ± 0.8 1.0 ± 0.0 1.3 ± 1.3 0.3 ± 0.6 0.568

Follow-up duration (years) 4.8 ± 2.5 4.4 ± 2.7 4.3 ± 1.9 5.1 ± 1.2 0.960

Obliteration 0 (0.0) 2 (100.0) 0 (0.0) 2 (66.7) 0.002*

Long-term mRS score 1.3 ± 2.1 0.0 ± 0.0 1.5 ± 1.0 0.7 ± 1.2 0.728

Neurological disability (mRS > 2) 1 (12.5) 0 (0.0) 1 (25.0) 0 (0.0) 0.618

(Continued)
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TABLE 3 | Continued

Characteristics (Unruptured) Conservation

(n = 8)

Microsurgery

(n = 2)

Embolization

(n = 4)

SRS

(n = 3)

p-value

Worsened mRS 0 (0.0) 0 (0.0) 2 (50.0) 1 (33.3) 0.090

No. of subsequent hemorrhage 0 0 0 0 >0.999

Annualized rupture risk 0.0% 0.0% 0.0% 0.0%

Death 1 (12.5) 0 (0.0) 0 (0.0) 0 (0.0) 0.664

Annualized mortality (all causes) 2.6% 0.0% 0.0% 0.0%

Annualized mortality (AVM-related) 0.0% 0.0% 0.0% 0.0%

Annualized mortality (treatment-related) NA 0.0% 0.0% 0.0%

Annualized mortality (other causes) 2.6% 0.0% 0.0% 0.0%

AVM, Arteriovenous Malformation; DVT, Deep Vein Thrombosis; MACE, Major Adverse Cardiac Events; mRS, modified Rankin Scale; SM grade, Spetzler-Martin grade; SRS,

Stereotactic Radiosurgery.

Values are expressed as number of cases (%) or mean ± standard deviation, unless otherwise indicated.
aPoisson rate test of annualized rupture risk for conservation and intervention during follow-up in the ruptured subgroup is significant (p = 0.014).

*Statistical significance (p < 0.05).

among different management modalities in the ruptured
subgroup (all causes, p = 0.751; AVM and treatment-related,
p= 0.964).

Predictors of Long-Term Unfavorable
Outcomes (mRS > 2)
During the clinical follow-up, 20 patients experienced long-term
unfavorable outcomes (mRS > 2), including four (20.0%) in
the conservation group, 11 (55.0%) in the microsurgery group,
four (20.0%) in the embolization group, and one (5.0%) in the
SRS group (Table 4). In the univariable regression analysis, age
(>65 years) (75.0 vs. 37.3%, p = 0.006), higher admission mRS
score (2.2 ± 1.4 vs. 1.2 ± 1.0, p = 0.003), and SM grade IV-
V (30.0 vs. 7.8%, p = 0.024) were associated with long-term
unfavorable outcomes (mRS > 2). In the multivariate logistic
regression analysis, age (>65 years) (OR 4.276, 95% CI 1.155–
15.839, p = 0.030), higher admission mRS score (OR 1.749, 95%
CI 1.048–2.920, p = 0.033), and SM grade IV-V (OR 6.079,
95% CI 1.182–31.258, p = 0.031) were significantly associated
with long-term unfavorable outcomes (mRS > 2) in the whole
cohort. The management modalities and complete obliteration
rate had no significant correlation with long-term unfavorable
outcomes (mRS > 2) (p = 0.431, p = 0.951, respectively). In
the intervention group, higher admission mRS score (OR 3.070,
95% CI 1.559–6.043, p = 0.001) and complete obliteration (OR
0.146, 95% CI 0.026–0.828, p = 0.030) were the independent
predictors of long-term unfavorable outcomes (mRS > 2).
In the microsurgical resection group, higher admission mRS
score (OR 4.010, 95% CI 1.321–12.175, p = 0.014) and SM
grade IV-V (OR 39.048, 95% CI 1.016–1500.618, p = 0.049)
were the independent predictors of long-term unfavorable
outcomes (mRS > 2).

DISCUSSION

As the life expectancy of the overall population continues
to increase in this global aging society, whether radical

interventions for elderly AVMs can achieve longer survival
time and better neurological functional state than conservative
management is an urgent problem to be solved (Harbaugh and
Harbaugh, 1994; Lanzino et al., 1997; Hashimoto et al., 2004;
Nagata et al., 2006; Tong et al., 2015; Burkhardt et al., 2018;
Chen et al., 2018). We conducted a multicenter retrospective
study involving multiple management modalities (conservation,
microsurgery, embolization, SRS) for elderly AVMs. Our study
found that elderly AVMs demonstrated an aggressive natural
history, with an annualized natural rupture rate of 9.4%. The
long-term outcomes and mortality in elderly AVMs were similar
among different management modalities in the ruptured and
unruptured groups. Although the intervention (microsurgery,
embolization, SRS) could significantly reduce the risk of
subsequent hemorrhage than conservation in the ruptured
subgroup, it should be noted that the main cause of death
in the intervention group was treatment-related complications.
Therefore, we do not recommend intervention for unruptured
elderly AVMs, and for those ruptured, we should carefully
weigh the risk of subsequent hemorrhage and treatment-related
complications. Besides, uncomplete obliteration was found to be
significantly associated with unfavorable outcomes (mRS > 2) in
the intervention group. Therefore, complete obliteration should
be a must if the intervention strategy were chosen.

Natural History
About 30 years ago, the elderly AVMs were considered relatively
benign, and the risk of bleeding would decrease as the patient
reached middle age (Luessenhop and Rosa, 1984; Heros and Tu,
1987; Goldberg et al., 2018). However, in recent decades, this view
was challenged by the increased sample size of elderly AVMs due
to the aging of population and the refinement of neuroimaging
modalities (Crawford et al., 1986; Brown et al., 1996; Hetts et al.,
2014; Pabaney et al., 2016; Burkhardt et al., 2018). Kim et al.
conducted a multicenter, individual patient-level meta-analysis,
and showed that increasing age is an independent predictor of
hemorrhage during follow-up (Kim et al., 2014). However, no
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FIGURE 3 | Kaplan-Meier plot. The Kaplan-Meier analysis showed no significant difference in the death-free survival among different management modalities in the

ruptured subgroup (A: all causes, p = 0.751; B: AVM and treatment related, p = 0.964; log-rank test).

previous study calculated the annualized rupture rate in elderly
AVMs. This study defined the observational duration of natural
history as the interval from the first diagnosis to admission.
Finally, we calculated an annualized rupture risk of 9.4% in the
elderly AVM cohort, which was higher than that in the overall
AVM cohort (2–4% per year) published in previous studies
(Itoyama et al., 1989; Goldberg et al., 2018). We demonstrated
that the elderly AVMs may be even more aggressive than young
AVMs, rather than benign lesions as reported.

Conservation or Intervention
Generally, SM grade I/II/III are amenable to intervention (SM
grade I/II: microsurgical resection, endovascular embolization,
SRS; SM grade III: multimodal approach), and SM grade IV/V
are recommended to be monitored unless ruptured (Derdeyn
et al., 2017). In reviewing the previous literature on elderly
AVMs, we found no subgroup analysis was performed in terms of
rupture and unruptured presentation. In 2014, a randomized trial
of unruptured brain AVMs (ARUBA) concluded that medical
therapy was superior in preventing stroke and death over a
follow-up period of 33 months (Mohr et al., 2014). In this study,
the long-term outcomes were similar (long-term mRS score
and mortality) among different management modalities in the
unruptured subgroup. No patients in the conservation group
occurred hemorrhage event during clinical follow-up. Therefore,
it may not be advisable to intervene for unruptured elderly
AVMs because of the low rupture risk and the relatively shorter
life expectancy.

In the ruptured elderly AVMs, the risk of severe complications
after intervention must be weighed against the natural re-rupture
risk of lesions. Previous studies have drawn ambiguous attitudes
about whether to intervene with elderly AVMs. Although
the rupture risk is positively correlated with age progression,
advanced age is also significantly correlated with a higher risk

of neurological disabilities and mortality after the intervention
(Ding and Liu, 2013). Hashimoto et al. reported that 69.6%
of the elderly AVMs could achieve satisfactory outcomes after
microsurgery, so they recommended microsurgical resection for
SM grade I-II AVMs (Hashimoto et al., 2004). One recent study
conducted by Burkhardt et al. proposed that 71% of elderly
AVMs could achieve favorable outcomes after microsurgical
resection, and they recommended microsurgical resection for
carefully selected patients (Burkhardt et al., 2018). However,
in Burkhardt’s study, it should be noted that 84% could
achieve favorable outcomes after conservation (higher than
intervention). Besides, several studies recommended SRS for
elderly AVMs because the advanced age does not reduce the
obliteration rate or increase the incidence of complications (Ding
et al., 2015; Chen et al., 2018; Hasegawa et al., 2018). In this
study, the long-term outcomes were similar (long-term mRS
score and mortality) among different management modalities
in the ruptured subgroup. On the one hand, intervention could
significantly reduce the risk of subsequent hemorrhage compared
with conservation in the ruptured elderly AVMs. Nevertheless,
on the other hand, we also found that the main cause of death in
the microsurgery and embolization group was treatment-related
complications. Therefore, the management modality selection
for ruptured elderly AVMs should be determined after carefully
weighing the risk of subsequent hemorrhage and treatment-
related complications.

Predictors of Unfavorable Outcomes
(mRS > 2)
Spetzler and Martin proposed the SM grading system to
predict the morbidity and mortality of the operative treatment
(Spetzler and Martin, 1986). Several previous studies indicated
that the SM grading system was also applicable to elderly
AVMs (Tong et al., 2015; Burkhardt et al., 2018). In this
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TABLE 4 | Univariate and multivariate logistic regression analysis for long-term unfavorable outcomes (mRS > 2).

Characteristics (Total) Univariate p-value Multivariate p-value

Present

(n = 20)

Absent

(n = 51)

OR (95% CI) OR (95% CI)

Sex (male) 15 (75.0) 37 (72.5) 0.881 (0.270–2.879) 0.834

Age (>65 years) 15 (75.0) 19 (37.3) 5.053 (1.583–16.125) 0.006* 4.276 (1.155–15.839) 0.030*

Hemorrhagic presentation 18 (90.0) 36 (70.6) 3.750 (0.772–18.209) 0.085

Admission mRS score 2.2 ± 1.4 1.2 ± 1.0 2.001 (1.260–3.179) 0.003* 1.749 (1.048–2.920) 0.033*

Supratentorial location 14 (70.0) 37 (72.5) 0.883 (0.283–2.752) 0.830

Size (cm) 3.3 ± 1.7 2.8 ± 1.4 1.024 (0.990–1.059) 0.168

SM grade (IV–V) 6 (30.0) 4 (7.8) 5.036 (1.243–20.397) 0.024* 6.079 (1.182–31.258) 0.031*

Management modalities 0.468

Conservation 4 (20.0) 17 (33.3) Ref.

Microsurgery 11 (55.0) 19 (37.3) 0.768 (0.191–3.089) 0.710

Embolization 4 (20.0) 9 (17.6) 0.288 (0.031–2.714) 0.277

SRS 1 (5.0) 6 (11.8) 0.406 (0.109–1.519) 0.181

Complete obliteration 8 (40.0) 20 (39.2) 1.033 (0.359–2.972) 0.951

Characteristics (intervention) Univariate p-value Multivariate p-value

Present

(n = 16)

Absent

(n = 34)

OR (95% CI) OR (95% CI)

Sex (male) 12 (75.0) 27 (79.4) 1.286 (0.316–5.235) 0.726

Age (>65 years) 12 (75.0) 13 (38.2) 4.846 (1.287–18.255) 0.020*

Hemorrhagic presentation 15 (93.8) 26 (76.5) 4.615 (0.525–40.577) 0.168

Admission mRS score 2.4 ± 1.5 1.2 ± 1.0 2.279 (1.319–3.939) 0.003* 3.070 (1.559–6.043) 0.001*

Supratentorial location 11 (68.8) 25 (73.5) 0.792 (0.215–2.915) 0.726

Size (cm) 3.3 ± 1.7 2.7 ± 1.4 1.024 (0.985–1.064) 0.232

SM grade (IV-V) 4 (25.0) 2 (5.9) 5.333 (0.862–32.997) 0.072

Management modalities 0.544

Microsurgery 11 (68.8) 19 (55.9) Ref.

Embolization 4 (25.0) 9 (26.5) 0.768 (0.191–3.089) 0.710

SRS 1 (6.3) 6 (17.6) 0.288 (0.031–2.714) 0.277

Complete obliteration 8 (50.0) 20 (58.8) 0.578 (0.177–1.882) 0.363 0.146 (0.026–0.828) 0.030*

Characteristics (Microsurgery) Univariate p-value Multivariate p-value

Present

(n = 11)

Absent

(n = 19)

OR (95% CI) OR (95% CI)

Sex (male) 8 (72.7) 14 (73.7) 1.050 (0.197–5.602) 0.954

Age (>65 years) 9 (81.8) 10 (52.6) 4.050 (0.685–23.949) 0.123

Hemorrhagic presentation 11 (100) 17 (89.5) 1.0*109 (0.000-) >0.999

Admission mRS score 3.1 ± 1.3 1.4 ± 1.1 2.775 (1.377–5.595) 0.004* 4.010 (1.321–12.175) 0.014*

Supratentorial location 9 (81.8) 15 (78.9) 1.200 (0.182–7.926) 0.850

Size (cm) 3.7 ± 1.7 3.0 ± 1.2 1.041 (0.985–1.099) 0.156

SM grade (IV-V) 4 (36.4) 1 (5.3) 15.000 (1.449–155.313) 0.023* 39.048 (1.016–1500.618) 0.049*

Complete obliteration 8 (72.7) 19 (100.0) 0.000 (0.000-) >0.999

CI, Confidence Intervals; mRS, modified Rankin Scale; OR, Odds Ratio; SM grade, Spetzler-Martin grade; SRS, Stereotactic Radiosurgery.

Values are expressed as number of cases (%) or mean ± standard deviation, unless otherwise indicated.

*Statistical significance (p < 0.05).

study, SM grade IV-V and higher admission mRS score
were found to be significantly associated with long-term
unfavorable outcomes (mRS > 2) both in the whole cohort
and microsurgery group, which was consistent with previous
studies (Tong et al., 2015). Burkhardt et al. and Nagata

et al. suggested that age >65 years was an independent
predictor of unfavorable outcomes after microsurgical resection
(Nagata et al., 2006; Burkhardt et al., 2018). In our study,
we only found a significant correlation between age >65
years and unfavorable outcomes in the whole elderly AVM
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cohort. In the intervention group, higher admission mRS scores
and uncomplete obliteration were correlated with unfavorable
outcomes, which means that we must obliterate the lesions
completely as we operated.

We acknowledge that our study has several limitations.
First, the selection bias exists due to the retrospective
nature of our study design. Many elderly AVMs with lower
rupture risk may be recommended for conservative treatment
without hospitalization, which would increase the number
of ruptured patients in the study cohort, and thus render
an overestimation of the aggressiveness of their natural
history. Second, the sample size was small, especially in
the embolization group and SRS group, impeding us from
conducting in-depth analysis in each management modality.
Third, it may not be appropriate to define the elderly as
>60 years old in today’s aging population. However, the
retirement age is 60 years old in China, and we thought
it is reasonable for us to define it as such in this study.
Fourth, the follow-up duration is relatively short (4.2 ±

2.3 years). Previous studies have confirmed that 5–10 years
after the first rupture may be the peak period of rebleeding.
Therefore, the similarity in long-term outcomes may be due
to the absence of rebleeding events in the conservation group
during our follow-up. Our study shows consistencies and
discrepancies compared with previous studies, and further
multicenter studies with larger sample sizes are needed to verify
our findings.

CONCLUSIONS

The natural history of elderly AVMs is not benign, with
an annualized natural rupture rate of 9.4%. The long-
term neurological outcomes and mortality of different
management modalities for elderly AVMs were similar
both in the ruptured and unruptured subgroup. Although
intervention could significantly reduce the risk of subsequent
hemorrhage than conservation in the ruptured subgroup,
the treatment-related complications were the main cause
of death in the intervention group. All in all, intervention
for unruptured elderly AVMs was not recommended. For
the ruptured elderly AVMs, we should carefully weigh
the risk of subsequent hemorrhage and treatment-related
complications before formulating individualized treatment
strategies. Besides, complete obliteration is required if we chose
to intervene.
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Background: Plasma neurofilaments light chain (pNfL) is a marker of axonal injury. The
purpose of this study was to examine the role of pNfL as a predictive biomarker for
post-stroke cognitive impairment (PSCI).

Methods: A prospective single-center observational cohort study was conducted at the
General Hospital of Western Theater Command between July 1, 2017 and December
31, 2019. Consecutive patients ≥18 years with first-ever acute ischemic stroke (AIS) of
anterior circulation within 24 h of symptom onset were included. PSCI was defined by
the Montreal Cognitive Assessment (MOCA) (MOCA < 26) at 90 days after stroke onset.

Results: A total of 1,694 patients [male, 893 (52.70%); median age, 64 (16) years]
were enrolled in the cohort analysis, and 1,029 (60.70%) were diagnosed with PSCI.
Patients with PSCI had significantly higher pNfL [median (IQR), 55.96 (36.13) vs. 35.73
(17.57) pg/ml; P < 0.001] than Non-PSCI. pNfL was valuable for the prediction of
PSCI (OR 1.044, 95% CI 1.038–1.049, P < 0.001) after a logistic regression analysis,
even after adjusting for conventional risk factors including age, sex, education level,
NIHSS, TOAST classification, and infarction volume (OR 1.041, 95% CI 1.034–1.047,
P < 0.001). The optimal cutoff value of the pNfL concentration was 46.12 pg/ml, which
yielded a sensitivity of 71.0% and a specificity of 81.5%, with the area under the curve
(AUC) at 0.785 (95% CI 0.762–0.808, P < 0.001).

Conclusion: This prospective cohort study showed that the pNfL concentration within
48 h of onset was an independent risk factor for PSCI 90 days after an anterior
circulation stroke, even after being adjusted for potential influencing factors regarded
as clinically relevant.

Clinical Trial Registration: www.chictr.org.cn, identifier ChiCTR1800020330.
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INTRODUCTION

Stroke survivors are at increased risk for cognitive impairment.
Studies have shown that even mild strokes can increase the risk
of cognitive impairment in survivors and affect their quality of
life (Fride et al., 2015). Epidemiological studies have shown that
stroke causes cognitive dysfunction in approximately one-third
of patients, but it is unknown which stroke patients will suffer
from cognitive impairment. Thus, the diagnosis and prediction
of post-stroke cognitive impairment (PSCI) functional recovery
by biomarkers has become a hot research topic. Previous studies
have indicated that inflammatory biomarkers, growth factors,
oxidative damage biomarkers, genetic biomarkers, and metabolic
biomarkers in the circulating blood of patients may be the
key determinants for the diagnosis and prediction of cognitive
impairment (Zhang and Bi, 2020). However, these markers
cannot reflect the mechanism of cognitive impairment caused
by a stroke. The direct pathological cause of PSCI is neuronal
damage in key brain regions, so looking for markers related
to neuronal damage may predict and reflect a decline in the
cognitive level.

Neurofilament light chain (NfL) is a neuron-specific structural
protein (Zetterberg, 2016) that has recently been suggested as a
marker of axonal injury and neurodegeneration with potential
applications for both patient monitoring and for observational
and interventional studies (Tiedt et al., 2018). In recent years,
with the development of the quantitative detection technology
of plasma NfL (pNfL), studies regarding the role of pNfL in
neurodegenerative diseases and brain injury have been increasing
(Gattringer et al., 2017; Guedes et al., 2020; Quiroz et al.,
2020). Recent studies have observed a significant correlation
among pNfL and the National Institutes of Health Stroke Scale
(NIHSS) upon admission (Traenka et al., 2015; Al-Khaled, 2018),
age-related white matter changes, infarct volume (Gattringer
et al., 2017; Tiedt et al., 2018; Onatsu et al., 2019) and clinical
outcome 90 days after stroke (Uphaus et al., 2019). A meta-
analysis showed that the pNfL was a promising predictive
biomarker for ischemic stroke outcome (Liu et al., 2020). The
pNfL concentration had also been considered to be related to
cognitive deterioration (Zetterberg et al., 2016; Mattsson et al.,
2017; Olsson et al., 2019). To date and to our knowledge, the
usefulness of pNfL for understanding PSCI is unclear. To address
this, a prospective single-center observational cohort study was
conducted to determine the association between pNfL and PSCI.

MATERIALS AND METHODS

Study Design and Participants
This was a prospective single-center observational cohort study
that included consecutive patients ≥18 years with first ever
AIS of the anterior circulation within 24 h of symptom onset
who were admitted to the General Hospital of Western Theater
Command between July 1, 2017 and December 31, 2019. AIS
was diagnosed according to the World Health Organization
criteria and confirmed using brain computed tomography (CT)
or magnetic resonance imaging (MRI). Patients were excluded

if they (1) had a pre-existing cognitive impairment (clinical
diagnosis or previous treatment or if the subject/caregiver
reported progressive forgetfulness), mental illness or were unable
to complete the cognitive assessments; (2) had issues combined
with other non-vascular causes of neural function defects
(brain injury, Alzheimer’s disease, Parkinson’s disease, and other
neurological diseases);(3) were accompanied by serious medical
diseases, tumor, hepatitis or an autoimmune disease; or (4) had
survived less than 3 months.

Stroke severity was assessed using the National Institutes of
Health Stroke Scale Score (NIHSS) and infarct volume (calculated
using the MRI-DWI). The DWI lesion volumes were determined
by the consensus of two experienced raters unaware of the
clinical and laboratory results. The lesion size was calculated
using the commonly used semiquantitative method (Broderick
et al., 1993). All of the cases were invited for a 90-day follow-up
visit. A physician blinded to the clinical data assessed changes in
cognition. Post-stroke cognitive impairment (PSCI) was defined
by the Montreal Cognitive Assessment (MOCA) (MOCA < 26)
at 90 ( ± 5) days (Lees et al., 2014) after stroke onset via
in-person interview.

Blood Sampling and Biomarker
Measurements
Venous blood samples were drawn upon admission or the next
morning (within 48 h of stroke onset), and the time from
stroke onset to blood collected was recorded. After centrifugation
for 20 min at 3,000 g at room temperature, plasma (from the
ethylene diamino tetraacetic acid (EDTA) tube) was aliquoted.
The tubes were frozen locally at –80◦C within 40 min after
collection. The pNfL was measured using a single-molecule assay
(SiMoA) platform (Quanterix, Lexington, MA, United States) as
described (Weston et al., 2017; Tiedt et al., 2018). An in-house
pool was used as an internal control and included in each assay
for evaluating the assay performance. Samples were analyzed in
duplicates, and the coefficient of variation (CV) was <11%.

Statistical Analysis
Discrete variables were expressed as counts (percentages) and
continuous variables as medians (interquartile range [IQR]).
For the univariate analysis, the Mann-Whitney U test or
chi-squared test was used to compare the demographic and
clinical characteristics of patients with and without PSCI, as
appropriate. The pNfL, MOCA, infarct volume, and NIHSS
scores were log transformed (based 10) to closely normal
distributions. In order to test for significant correlations between
the clinical characteristics of patients and the plasma data,
the Pearson correlational was used. The association of the
pNfL levels upon admission with cognitive impairment was
analyzed using a multiple logistic regression and adjusted for
the established predictors. Variables that were identified as
significant in univariate analyses (P < 0.1) were entered into
the regression analyses together with other clinically significant
variables. The optimal cutoff levels for the dichotomizing values
were selected as the situation maximizing the Youden index. The
receiver operating characteristic (ROC) analysis was performed
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TABLE 1 | Baseline characteristics of the participants.

Factors Total PSCI Non-PSCI P

Overall rate, n (%) 1, 694 (100) 1, 029 (60.74) 665 (39.26)

Sex, male, n (%) 893 (52.72) 538 (52.28) 355 (53.38) 0.658

Age (y), median (IQR) 64.00 (16.00) 66.00 (18.50) 62.00 (13.00) <0.001

Education level, <6 years, n (%) 900 (53.13) 561 (64.52) 339 (50.98) 0.154

BMI (kg/m2) 24.09 (1.53) 24.22 (1.59) 23.92 (1.43) <0.001

Vascular risk factors, n (%)

Hypertension 1, 015 (59.92) 630 (61.22) 385 (57.89) 0.172

Diabetes mellitus 566 (33.41) 346 (33.62) 220 (33.08) 0.817

Hyperlipidemia 385 (22.73) 249 (24.20) 136 (20.45) 0.072

Atrial fibrillation 371 (21.90) 267 (25.95) 104 (15.64) <0.001

Smoking 478 (28.22) 276 (26.82) 202 (30.38) 0.113

Drinking 318 (18.77) 194 (18.85) 124 (18.65) 0.915

NIHSS, median (IQR) 4 (7) 6 (8) 3 (3) <0.001

Infarct volume (ml), median (IQR) 15.83 (11.33) 15.99 (13.00) 15.10 (11.01) <0.001

TOAST classification, n (%) <0.001

Large-artery atherosclerosis 928 (54.78) 548 (53.26) 380 (57.14)

Cardioembolism 239 (14.11) 175 (17.01) 64 (9.62)

Small vessel occlusion 154 (9.09) 83 (8.07) 71 (10.68)

Other cause 68 (4.01) 45 (4.37) 23 (3.46)

Undetermined 305 (18.01) 178 (17.30) 127 (19.10)

Blood sampling time (h), median (IQR) 19.00 (19.00) 20.00 (19.25) 17.00 (19.00) 0.471

pNfL (pg/mL), median (IQR) 46.41 (36.26) 55.96 (36.13) 35.73 (17.57) <0.001

HbA1c (%), median (IQR) 5.9 (1.10) 5.9 (1.20) 5.9 (0.80) 0.901

HsCRP (mg/L), median (IQR) 3.58 (2.75) 3.51 (2.71) 3.61 (2.87) 0.332

HCY (µmol/L), median (IQR) 14.64 (9.45) 15.18 (9.24) 14.03 (10.15) <0.001

MOCA, median (IQR) 24 (7) 21 (8) 27 (2) <0.001

PSCI, post-stroke cognitive impairment; IQR, interquartile range; BMI, Body Mass Index; pNfL, plasma neurofilament light chain concentration; NIHSS, National Institutes
of Health Stroke Scale; and TOAST, Trial of ORG 10172 in Acute Stroke Treatment; HsCRP, high sensitivity C-reactive protein; HCY, homocysteine; MOCA, Montreal
Cognitive Assessment. Bold text indicates a statistically less than 0.05.

to determine the sensitivity, specificity, and area-under-the ROC
curve of the pNfL for detection of PSCI. In order to validate
the model, 5-fold cross-validation was employed using the RMS
package available on R statistical software. Other analyses were
performed using SPSS 22 (IBM, Chicago, IL). All of the tests were
2-sided, and a P < 0.05 was considered to be significant.

RESULTS

A comparison of the demographic and clinical variables in the
final dataset, including the pNfL data, is shown in Table 1. Of
the 1,896 patients who were initially screened for eligibility, 202
(10.65%) were excluded for reasons that included: 68 (3.59%)
death within 3 months, 45 (2.37%) combined with other central
nervous system diseases, 43 (2.27%) unable to complete the
cognitive assessments, 12 (0.63%) no plasma available, and 34
(1.79%) withdrew consent or were lost to follow-up. Finally,
a total of 1,694 patients [male, 893 (52.72%); median age, 64
(IQR, 16) years] were enrolled in the cohort analysis, the median
MOCA was 24 (IQR, 7), the median NIHSS was 4 (IQR, 7), the
median blood sampling time was 19 h (IQR, 19; range 2–48), and
the median pNfL was 46.41 (IQR, 36.26) pg/ml. A total of 1,029
(60.74%) were diagnosed with PSCI.

FIGURE 1 | Plasma neurofilament light chain (pNfL) concentration in the
diagnostic groups are shown as scatterplots. The pNfL concentration was
higher in the post-stroke cognitive impairment (PSCI) group compared with
the non-PSCI group (P < 0.001).

The PSCI and non-PSCI patients were well matched for
sex, education level, history of hypertension, hyperlipidemia,
diabetes, smoking, alcohol (all P > 0.05). However, the
participants with atrial fibrillation, of older age, more clinical
severity on the NIHSS, a larger infarction volume (ml), or a
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higher body mass index (BMI) were more common in the PSCI
group (P < 0.05). No significant difference was observed between
the two groups in terms of time to blood sampling (h), plasma
high sensitivity C-reactive protein (HsCRP) level, and HbA1c
levels (all P > 0.05). Compared with the non-PSCI group, the
PSCI group exhibited significantly higher levels of pNFL and
homocysteine (HCY) (both P < 0.05) (Table 1 and Figure 1).

Correlation analysis showed that the log10 pNfL levels
correlated with age (r = 0. 130, P < 0.001), log10 cerebral
infarction volumes (r = 0. 509, P < 0.001; Figure 2A), the log10
NIHSS score (r = 0.510, P < 0.001; Figure 2B), and the log10 time
to blood sampling (r = 0.261, P < 0.001; Figure 2C). The log10
pNfL levels were negatively correlated with cognitive impairment
defined by log10 MOCA (r = −0.523, P < 0.001; Figure 2D).

A multivariable logistic regression revealed that patients
with higher pNfL had a significantly higher risk of PSCI,
even after adjusting for conventional risk factors including age,
sex, education level, NIHSS score, TOAST classification and
infarction volume (P < 0.05). This result indicated that the pNfL
could be an independent risk factor for PSCI (Table 2).

The optimal cutoff value of the pNfL concentration as an
indicator for auxiliary diagnosis of PSCI was assessed using
the ROC curve. The optimal threshold was 46.12 pg/ml, which
yielded a sensitivity of 71.0% and a specificity of 81.5%, with the
AUC at 0.785 (95% CI, 0.762–0.808; P < 0.001; Figure 3). After
5-fold cross-validation, the c-statistic of the model was still 0.785.

The calibration curve was very close to the actual curve, which
showed that the model fits well.

DISCUSSION

This prospective cohort study showed that the pNfL
concentration within 48 h of onset was an independent risk
factor for PSCI within 90 days after an anterior circulation
stroke, even after adjustment for potential influencing factors
regarded as clinically relevant. In the present study, it was found
that PSCI patients exhibited higher pNfL and Hcy levels than
non-PSCI patients. Ages, BMI, atrial fibrillation, clinical severity
on the NIHSS, and the infarction volume were also associated
with cognitive function in post-stroke patients. The pNfL was
positively correlated with the NIHSS score, infarct volume and
the time to blood sampling time, negatively correlated with
the MOCA. The levels of pNfL showed significant diagnostic
accuracy in discriminating patients with PSCI from those
without PSCI. This is the first study that has investigated the
pNfL levels in patients with PSCI.

NfL, a neuron-specific structural protein (Zetterberg, 2016),
has recently been suggested as a marker of neuroaxonal injury
after ischemic stroke with potential application prospects for
patient monitoring, observation, and intervention studies (Tiedt
et al., 2018). Cerebrospinal fluid (CSF) NfL concentrations can

FIGURE 2 | Correlations of the plasma neurofilament light chain (pNfL) concentration with (A) the infarction volume (ml), (B) the National Institutes of Health Stroke
Scale (NIHSS), (C) the blood sampling time (h), and (D) the Montreal Cognitive Assessment (MOCA).
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TABLE 2 | Logistic regression analysis for the association of pNfL with PSCI at 90-days.

Variables OR 95%CI P

Unadjusted pNfL 1.044 1.038–1.049 <0.001

Model 1 pNfL 1.044 1.038–1.050 <0.001

Model 2 pNfL 1.041 1.034–1.047 <0.001

pNfL, plasma neurofilament light chain. Model 1 adjusted for age, sex, and education status. Model 2 adjusted for Model 1 and infarct volume, NIHSS and TOAST. Bold
text indicates a statistical significance of less than 0.05.

be used as markers of axonal damage in white matter and other
subcortical brain structures (Lycke et al., 1998; Zetterberg et al.,
2006). Previous studies have shown that NfL expression was
associated with dementia (Rosengren et al., 1999; de Jong et al.,
2007; Howell et al., 2017; Zhao et al., 2019), small vessel disease
(Gattringer et al., 2017), and other neurodegenerative diseases
(Ge et al., 2018; Khalil et al., 2018; Bridel et al., 2019; Gagliardi
et al., 2019; Gao et al., 2020). In addition, an increasing number
of studies have demonstrated that pNfL levels were associated
with clinical characteristics and outcome in stroke patients (Tiedt
et al., 2018; Uphaus et al., 2019; Nielsen et al., 2020), and the
CSF NfL increased months before the first dementia symptoms
appeared, suggesting it might serve as a preclinical marker
(Bacioglu et al., 2016). However, whether NfL expression is
related to the occurrence of PSCI is still unknown. This study is
the first to show that pNfL concentration was a blood marker of
PSCI and has significant diagnostic accuracy in discriminating
patients with PSCI from those without PSCI. The exclusion
criteria of this study were not harsh; for example, patients with
cortical infarction, large infarct size, or specific causes of stroke
were not excluded. Hence, these findings could be considered
representative of the spectrum of PSCI.

This study was the first to reveal the correlation between
the NfL expression in plasma and the occurrence of PSCI.
Previous studies have shown that the expression of NfL in the
cerebral spinal fluid (CSF) was correlated with cognitive function,
including Alzheimer’s disease (AD) (Weston et al., 2017), and
frontotemporal dementia (FTD) (Rohrer et al., 2016), even in
a small sample of vascular dementia (VaD) studies (Rosengren
et al., 1999; Skillbäck et al., 2014). A network meta-analysis
further demonstrated a significant increase in the CSF NfL
expression level in dementias that engage the subcortical brain
regions, such as VaD, than other types of dementia (Skillbäck
et al., 2014; Zhao et al., 2019). Because the CSF collection is
relatively complex, especially for stroke patients, the development
of blood biomarkers (such as exosomes) is particularly important,
and it is an important target for the future study of PSCI
markers. The recent development of methods to quantify NfL
in plasma had demonstrated that the pNfL concentration was
closely correlated with cerebrospinal fluid NfL and directly
reflected neurodegeneration within the central nervous system
(Palermo et al., 2020). Consistent with what would be expected
of a marker of neuronal damage, results from these studies
showed a higher pNfL in patients with PSCI and correlations
between pNfL and PSCI were observed (Gattringer et al., 2017;
Tiedt et al., 2018). In agreement with earlier studies, it was
found in this study that the severity of cognitive impairment
increased with increasing pNfL levels (Gendron et al., 2020),

FIGURE 3 | Receiver operating characteristic (ROC) curve for the plasma
neurofilament light chain. AUC, area under curve.

making pNfL an easily accessible biomarker of the progression
of neurodegenerative dementia diseases (Mattsson et al., 2017;
Weston et al., 2017; Olsson et al., 2019).

In this study, a prospective cohort study was designed to show
that pNfL was an independent risk factor for PSCI. Previous
small-sample case-control studies only observed increased NfL
expression in CSF of VaD patients (Sjögren et al., 2001; Wallin
and Sjögren, 2001; Skillbäck et al., 2014; Zhao et al., 2019). In
this study, by using a prospective cohort design, the regression
analysis showed that pNfL expression was an independent risk
factor for PSCI. The risks of PSCI were associated with age
and vascular risk factors, such as atrial fibrillation, which was
consistent with a previous study (Pendlebury et al., 2019). Also,
stroke severity and infarction volume should be considered
(Tiedt et al., 2018). In this study, all parameters were included
when assessing the correlation of PSCI and pNfL. Nevertheless,
after controlling for the confounders, the pNfL level displayed
as an independent predictor of PSCI. The role of NfL in
the pathophysiology of PSCI might be through some possible
signaling pathways. pNfL is related to stroke severity (NIHSS
score and lesion volume) and clinical outcomes (Onatsu et al.,
2019; Pedersen et al., 2019), which are independent predictors of
PSCI. However, pNfL still was a predictor for PSCI after adjusting
for the NIHSS score and lesion volume, which was consistent
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with the results of a recent study (Gendron et al., 2020). The
potential reasons behind why pNfL adds an additional predictive
value apart from stroke severity should be considered. Acute
infarcts further induce secondary neurodegeneration outside the
infarct area, such as white matter tracts connected to the infarct.
That secondary damage could contribute to poor cognitive and
blocked neurotransmitter synthesis that leads to PSCI.

This study identified the correlation between pNfL and PSCI
within 48 h of onset. There is evidence that pNfL increases
with the time from symptom onset to blood-draw (Traenka
et al., 2015; Gattringer et al., 2017; Tiedt et al., 2018), illustrating
that the time point of measurement is of great importance
when evaluating pNfL (Al-Khaled, 2018; Tiedt et al., 2018). To
control the influence of blood collection time on the results,
blood was collected within 48 h after the onset of the disease. It
should be noted that patients within 24 h after stroke symptoms
onset were included in this study. However, as some patients
had their blood collected the next morning, the overall blood
collection time was 48 h. This study showed that there was
weak correlation between the concentration of pNfL and the
blood collection time, and there was no difference in the blood
collection time between groups. In contrast to a previous study
that showed an association among functional outcomes 90 days
after ischemic stroke and pNfL measured 7 days after symptom
onset (Al-Khaled, 2018; Tiedt et al., 2018), as well as NfL
that was independently correlated with the Mini-Mental State
Examination at 0–8 days (Gendron et al., 2020), it was possible
to already show a predictive effect of the NfL measured in
plasma collected within 48 h after symptom onset. This was
consistent with recent studies (Pedersen et al., 2019; Uphaus
et al., 2019). This is especially important, as biomarker-based
decision-making might be mandatory before the 7-day time point
(Uphaus et al., 2019).

This study had several limitations. First, single-center cohorts,
the exclusion of patients with aphasia or other severe conditions
and patients in whom measurement of the pNfL levels failed
may have led to an underestimation of the actual incidence of
PSCI. Second, pNfL was measured only once. It may be essential
to conduct a longitudinal study that measures at multiple time
points after stroke to provide better prognostic information.
Third, the centrifugal operation process was slightly different
from the current standard guidelines (Tiedt et al., 2018), and
the results should be further validated in future studies. Finally,
single biomarkers may not be sufficient, and multiple biomarkers
combined with a machine-learning algorithm should be used to
automatically diagnose and predict PSCI.

CONCLUSION

In conclusion, in this study, it was demonstrated that high pNfL
levels within 48 h after first-ever anterior circulation stroke were
associated with the development of PSCI 90 days after an acute
ischemic stroke (AIS). In addition, this study showed significant
diagnostic accuracy for discriminating patients with PSCI from
patients without cognitive impairment. Further studies are
needed to verify this association.
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White matter lesions (WMLs) are a type of cerebrovascular disorder accompanied by

demyelination and cognitive decline. Dl-3-n-butylphthalide (D1-NBP) is a neuroprotective

drug used for the treatment of ischemic cerebrovascular diseases, although the function

of DI-NBP on WML is still not clear. This study aims to investigate whether DI-NBP

affects cognitive function and ameliorates demyelination in a model of WML. The bilateral

carotid artery stenosis (BCAS) mouse model and in vitro brain slice cultures with low

glucose and low oxygen (LGLO) treatment were adopted. The Dl-NBP was administered

intragastrically for 28 days after BCAS or added at a dose of 50µm for 48 h after LGLO.

Spatial learning and memory were evaluated by an eight-arm radial maze. Demyelination

was detected using a TEM. Mitochondrial dynamics were assessed by time-lapse

imaging in the cultured brain slices. The function of the synapse was evaluated by the

patch clamp technique. In BCAS mice, obvious demyelination and cognitive decline

were observed, while both were significantly relieved by a high-dose D1-NBP treatment

(100 mg/kg). Along with demyelination, mitochondrial accumulation in the axons was

significantly increased in the BCAS mice model, but with the treatment of a high-dose

D1-NBP, mitochondrial accumulation was mitigated, and the anterograde/retrograde

transport of mitochondria was increased. Following the improved anterograde/retrograde

transport of mitochondria, the synapse activity was significantly upregulated while the

reactive oxygen species (ROS) generation was remarkably decreased in the cultured

brain slices. In addition, we identified syntaphilin (SNPH) as the downstream target of

D1-NBP. The overexpression of SNPH mediated the effects of D1-NBP in mitigating

axonal mitochondrial accumulation. In conclusion, the D1-NBP treatment significantly

relieved demyelination and improved spatial learning and memory in the WML model

by promoting mitochondrial dynamics. These neuroprotective effects of D1-NBP were

mediated by inhibiting the mitochondrial arching protein, SNPH, which provided a

potential therapeutic target for WML.

Keywords: Dl-3-n-butylphthalide, white matter lesions, mitochondria dynamics, demyelination, cognitive

impairment
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INTRODUCTION

White matter lesions (WMLs) are one of the major contributors
that lead to cognitive decline and vascular dementia (VaD),
especially among the elderly (Alber et al., 2019). The WML is
usually caused by a modest, but chronic, reduction of blood
flow, accompanied by a shortage of oxygen supply through small
vessels (Ben-Ari et al., 2019). Demyelination is a characteristic of
the pathological changes in WML, which accounts for the worse
clinical outcomes and impaired cognitive function in patients
(Datta et al., 2017). It is, therefore, urgent to figure out how to
alleviate the demyelination damage and mitigate the impaired
brain function.

In 2002, the FDA of China approved the use of Dl-3-n-
butylphthalide (Dl-NBP), a compound extracted from the seeds
of celery in treating ischemic stroke (Wang et al., 2018; Chen
et al., 2019; Yang et al., 2019). It is also undergoing a Phase II
trial for the treatment of ischemic stroke in the USA (Cui et al.,
2013; Xue et al., 2016). Previously, more attention was given
to the acute phase of stroke, and the neuroprotective effects of
Dl-NBP on stroke are supported widely by both clinical and
basic research (Chen et al., 2020). Mechanically, studies have
shown that the Dl-NBP could inhibit the apoptosis of neurons,
endoplasmic reticulum stress, and oxidative stress and improve
hemodynamics as well as neurogenesis (Sun et al., 2017; Wang
et al., 2018, 2019). However, as a promising molecular compound
in treating ischemic injuries of the brain, the function of Dl-
NBP in WML and demyelination is neither clear nor has it
been confirmed.

From the limited studies on WML, evidence shows that the
Dl-NBP could promote the cognitive function in VaD models
caused by chronic hypoperfusion (Li et al., 2019). The normal
cognitive function requires a relatively normal electronic signal
and a synaptic signal, which rely on intact myelin, as well as
cholinergic neurotransmission (Feng et al., 2020b). The beneficial
effects of Dl-NBP on VaD were demonstrated by improving
remyelination and enhancing the function of the cholinergic
system (Tian et al., 2020). Yet, remyelination happens at the late
stage ofWML injury and the function of the cholinergic system is
closely related to the electronic signal from the axons (Lema et al.,
2017).Whether the Dl-NBP can benefit the electronic function of
synapse or alleviate myelin breakdown at the early stage remains
to be determined.

Under hypoperfusion, mitochondria are the most sensitive
organisms in neurons that sense ischemia/hypoxia and quickly
change their dynamics and metabolism (Bargiela et al.,
2018). Axons suffer ischemic damage and display abnormal
mitochondrial dynamics, showing disturbed fission–fusion
transport in axons (Chen et al., 2018; Thomas and Ashcroft,
2019). The reduced retrograde transport of dysfunctional
mitochondria can block mitophagy and cause unfavorable
reactive oxygen species (ROS), which is harmful to myelin

Abbreviations: WMLs, white matter lesions; APs, action potentials; BCAS,

bilateral common carotid artery stenosis; LGLO, low glucose and low oxygen;

mEPSC, miniature excitatory postsynaptic current; MS, multiple sclerosis; SNPH,

syntaphilin; TEM, transmission electron microscopy; VaD, vascular dementia.

(Palikaras et al., 2015). The anterograde of mitochondria is vital
for the supply of energy to the synapse for neurotransmitter
release (Zheng et al., 2019). Therefore, we speculated that the
Dl-NBP might relive demyelination in WMLs by regulating
mitochondrial dynamics. In the present study, we investigated
the effects of Dl-NBP on mitochondrial dynamics and
demyelination using a WML model.

MATERIALS AND METHODS

Animals
C57BL/6J male mice (9–12 weeks, 25–30 g) were purchased from
Charles River Laboratories and housed in the Experimental
Animal Center of Fudan University, Shanghai, China in a
temperature- and humidity-controlled specific-pathogen-free
laboratory with a 12/12 h light/dark cycle. All procedures were
performed in accordance with the Guide for the National Science
Council of the People’s Republic of China, and the study was
approved by the Ethics Committee of Fudan University (IRB
approval number 20190972A259). This manuscript was written
in accordance with the Animal Research: Reporting of in vivo
Experiments (ARRIVE) guidelines.

The BCAS Model and DI-NBP Treatment
The bilateral carotid artery stenosis (BCAS) model was
performed as described previously (Feng et al., 2020b). Briefly,
the mice were anesthetized using 4% isoflurane in 28% O2 and
68% N2 and maintained on 2% isoflurane in 29% O2 and 69% N2

by a mask. After making a midline skin incision on the neck, the
bilateral common carotid arteries were isolated and subsequently
stenosed using 0.18mm steel micro coils (Wuxi Samini/Sawane
Spring Co., Ltd., Hamamatsu City, Japan). For sham-operated
mice, a similar procedure was followed, whereas micro-coils were
not used for the induction of BCAS. For the D1-NBP treatment,
a low-dose treatment of DI-NBP (L-NBP, 50 mg/kg/day) and a
high-dose treatment of D1-NBP (H-NBP, 100 mg/kg/day) were
intragastrically administrated 1 day after the BCAS surgery for
28 days.

All experimental groups were randomized, and all outcome
analyses were carried out by independent investigators blinded
to the treatment conditions and mouse types. Randomization
of each experimental group was performed before the surgical
procedure by using the random number generator in GraphPad.
The preliminary data from the TEM and the eight-arm maze
experiments indicated that 6 and 12 animals per group,
respectively, would be sufficient to obtain 80% power at a
significance level of < 0.05 with a two-sided test.

The Cerebellum Slice Culture and the
D1-NBP Treatment
For cerebellar organotypic slice culture, the postnatal day 8–9
(P8-9) mice were used. About 400µm P8-9 mouse cerebellum
parasagittal slices were obtained using a vibratome (ZQP-86,
Zhixin Co., Ltd., Shanghai, China). The slices were placed on cell
culture inserts (Millipore, Bedford, MA, USA) and were cultured
in 50% Dulbecco’s modified eagle’s medium (DMEM) with 25%
Hanks’ balanced salt solution (HBSS), 25% horse serum, and 5
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mg/ml glucose (Invitrogen, Carlsbad, CA, USA) in cell culture
chambers at 37◦C.

The low glucose and low oxygen (LGLO) (2%O2 and 1 mg/ml
glucose) treatment was used to give a chronic hypoperfusion
environment to the slices for 48 h. The D1-NBP, at a dose
of 50µm, was added to the cultured slices before the LGLO
treatment, which is a relatively high dose consistently used with
previous studies (Li et al., 2019). Experiments and data analyses
were performed in a double-blinded manner.

The Overexpression of Syntaphilin
The overexpression (OE) of syntaphilin (SNPH) plasmid and
adeno-associated virus (AAV) 2/9 or lentivirus was constructed
by Genomeditech (Genomeditech, Shanghai, China). For
culturing cerebellum slices, lentivirus was added to the
medium of the slice at 1∗1010 gene copies, 5 days before the
LGLO treatment.

For mice, AAV 2/9 SNPH-OE plasmid or AAV empty vector
was stereoscopically injected into lateral ventricles. The mice
were anesthetized using 4% isoflurane in 30% O2 and 70% N2

and maintained on 2% isoflurane in 30% O2 and 70% N2 by a
mask. The AAV vectors were infused into the left lateral ventricle
(coordinates from bregma: AP, −0.2mm; ML, +1.0mm; DV,
−2.3mm). The genome copies of size 5 × 1011 were infused at
a rate of 1 µl/min. After injection, the needle was left in place for
2min to prevent backflow before the withdrawl.

Time-Lapse Imaging Using Confocal
Microscopy
As described previously (Lin et al., 2017), the mitochondria were
labeled with MitoTracker Red CMXRos, M7512 (Thermofisher
Scientific, USA) for 3 h after the brain slices were treated with
LGLO. After an extensive wash, the slices were placed in an
airstream incubator at 37◦C and imaged by an Olympus inverted
confocal microscope using a 60× 1.3 NA oil immersion objective
with 512× 512-pixel resolution (FV1200, Olympus).

Upon imaging, a total of 5min with 15 s intervals were imaged
for each experiment. The total live imaging time was restricted
to 20min to minimize phototoxic damage. The length, area,
and diameter of the axonal mitochondria were measured by the
ImageJ program (NIH, USA). The number and mean velocity of
motile mitochondria were analyzed by kymographs. Stationary
sites in this study were defined as CMXRos-positive profiles that
were stationary during a 5-min period. To measure the size of
the stationary mitochondria, a pair of image stacks, including all
CMXRos-positive profiles of each axon, were obtained at the time
periods 0 and 5 min.

Immunofluorescence
Brain slices were fixed overnight in 4% paraformaldehyde (PFA)
and then in 30% sucrose for 2 days at 4◦C. Subsequently, the
slices were blocked with 5% bovine serum albumin (BSA) for 1 h
and permeabilized with 0.1% Triton X-100 in phosphate buffered
saline (PBS) for 15min. Primary antibodies, diluted in a blocking
buffer, were added to the slices and were incubated overnight
at 4◦C. The primary antibodies used in this experiment were
anti-NF (1:50, ab8135, Abcam, USA) and anti-maltose binding

protein (MBP) (1:200, ab40390, Abcam, USA). The slices were
washed three times with PBS and labeled with a fluorescence-
conjugated secondary antibody for 1 h at room temperature
(Alexa Fluor 488 and 594, 1:1,000, Life Technologies). Nuclei
were visualized by mounting with DAPI (28718-90-3; Sigma
Aldrich, USA).

For ROS staining in mitochondria, the MitoSOXTM Red
mitochondrial superoxide indicator (M36008, ThermoFisher,
USA) was used to label ROS in mitochondria. The MitoSOX
was diluted according to the manufacturer’s instruction and
incubated with the slices for 3 h. After an extensive wash
with PBS, the slices were replenished with the indicated
culture medium.

Western Blot
Brain slices were collected and lysed in the
radioimmunoprecipitation assay (RIPA) buffer [50mm
Tris-HCl, pH 7.5, 150mm NaCl, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), 0.5% deoxycholate] with a
protease inhibitor. Equal amounts of proteins, measured by
the BCA method, were loaded on 15% Bris-Tris NuPAGE,
electrophoresed, and transferred into 0.22µm nitrocellulose
membranes. After blocking with 5% BSA in TBST for 1 h, the
membranes were incubated overnight at 4◦C with the following
primary antibodies: anti-SNPH (ab69992, Abcam, USA), anti-
Miro1 (ab188029, Abcam, USA), anti-Trak1 (ab28751, Abcam,
USA), anti-HSP60 (ab190828, Abcam, USA), and anti-β-actin
(ab115777, Abcam, USA) at a dilution of 1:1,000 (Tris-buffered
saline with 0.1% Tweenr 20 detergent).

Transmission Electron Microscope
The TEM was performed as described previously (Guo et al.,
2019). In short, the brain samples were perfused with PBS and 4%
paraformaldehyde (PFA). Dissected tissues (1mm in thickness)
were postfixed in buffered OsO4, dehydrated in graded alcohol
solutions and propylene, embedded in Epon, and examined by
light microscopy after staining with toluidine blue. Thin sections
cut on using formvar-coated slot grids and stained with uranyl
acetate and lead citrate were examined using a JEOL 1200
electron microscope. G-ratios were determined as the inner to
outer axonal circumference ratio using the ImageJ program.

The Eight-Arm Radial Maze Test
The eight-arm radial maze test was performed as described
previously (Xu et al., 2019). The maze consisted of a central
platform (24 cm in diameter) with eight arms that extended
radially. The mouse was allowed to visit each arm to eat eight
pellets in food cups placed near the end of each arm. Each test
animal was trained once per day to memorize the apparatus. The
performance of the test animals in each trial was assessed using
the two parameters, namely the number of correct choices in
the initial eight chosen arms and the number of errors (defined
as choosing arms that had already been visited). When the test
animals had made seven or eight correct choices with no more
than one error in three successive sessions, they were deemed to
have memorized the maze.
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Whole-Cell Patch-Clamp Electrophysiology
As described previously (Feng et al., 2020a), the cultured brain
slices were transferred to the patch-clamp bath solution for
1 h prior to recording. The bath solution contained 126mm
NaCl, 2.5mm KCl, 26mm NaHCO3, 1.25mm NaH2PO4,
2mm CaCl2, 2mm MgCl2, and 11mm glucose bubbled
with 95% O2 + 5% CO2. The temperature of the bath
solution was maintained at 32◦C. For miniature excitatory
postsynaptic current (mEPSC) recordings, patch pipettes
containing 126mm K-gluconate, 4mm KCl, 4mm ATP-Mg,
0.3mm GTP-Na2, 10mm PO creatine, 10mm HEPES, and
0.2–0.5% biocytin (pH 7.3 adjusted using KOH, 300 mOsm
maintained using sucrose) with a tip resistance of 6–8 M�

were used. During mEPSC recording, tetrodotoxin (TTX)
(0.5µm) was administered to silence the network activity
through the inhibition of voltage-sensitive sodium channels, and
bicuculline (10µm) was given to block the GABA-A-mediated
inhibitory signaling.

For the recording of action potentials (APs), patch
pipettes containing 140mm K-gluconate, 5mm ethylene
glycol-bis(β-aminoethyl ether) (EGTA), 0.5mm CaCl2,
2mm ATP-Mg, 0.3mm guanosine-5′-triphosphate (GTP)-
Na2, 10mm sucrose, 10mm HEPES, and 0.2–0.5%

biocytin (pH 7.3 adjusted using KOH, 300 mOsm
maintained using sucrose) with a tip resistance of 6–8 M�

were used.
Series resistance was monitored at an interval of 2min,

and recordings were excluded if the series resistance and
leak current changed significantly and/or exceeded 40 M� or
200 pA, respectively.

Golgi Silver Staining
Golgi silver staining was performed as described previously
(Du, 2019). The mice were sacrificed and perfused with 4%
PFA. The brain was dissected, cut into half at the junction
between the cortex and midbrain, and further incubated
in the PFA solution for a further 10min, followed by the
immersion in the Golgi solution (FD Neurotechnologies,
Rapid Golgi Kit). The Golgi solution was changed after
6 h, and the brain was kept immersed as such for 2
weeks before development as per the instructions of
the manufacturer.

Statistical Analysis
Data were analyzed using SPSS Statistics 22 and graphed
with GraphPad Prism 8.0. The sample size was calculated

FIGURE 1 | (A) High-dose treatment of Dl-3-n-butylphthalide (D1-NBP) mitigated demyelination and improved the cognitive impairment in the bilateral carotid artery

stenosis (BCAS) model. (A–C) Representative TEM images (A) and quantitative analysis of the G-ratio (B,C) in Sham+Placebo, Sham+L-NBP, Sham+H-NBP,

BCAS+Placebo, BCAS+L-NBP, and BCAS+H-NBP groups. Scale bar, 2µm. A one-way ANOVA with Tukey’s correction. n = 80 myelinated axons (20 axons per

mouse, 4 mice per group). (D–F) Working and reference memory were assessed by the eight-arm radial maze. Impaired working memory in the BCAS mice was

remitted by a high-dose administration of DI-NBP, as evidenced by the less revisiting errors (D) and more different choices (E) in the BCAS+H-NBP group. There is no

significant difference in the spatial reference memory between different groups (F). A two-way ANOVA with the Dunnett’s post-hoc test, n = 11 mice in each group.

Data are represented as means ± SD (**p < 0.01; ***p < 0.001; ns: non-significant differences). L-NBP, low dose of DI-NBP; H-NBP, high dose of D1-NBP.
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based on the power as 0.95 and α as 0.05. All data from
the mice are represented as the mean ± SD and the
data from the brain slices are represented as mean ±

SEM. Different treatment groups were evaluated using
a one-way ANOVA with the Tukey’s test for multiple
comparisons. The null hypothesis was rejected when p-value
was <0.05.

RESULTS

DI-NBP Mitigates Demyelination and
Improved Cognitive Impairment in the
BCAS Model
To study the therapeutic potential of D1-NBP in mitigating
demyelination and cognitive impairment caused by whole-brain

FIGURE 2 | Alleviated demyelination and cognitive impairment by a high-dose treatment of D1-NBP was accompanied by decreased mitochondrial accumulation

among the axons. (A–D) Representative TEM images of mitochondrial load in axons (A) and quantitative analysis of mitochondrial number per area (/µm2 ) (B),

mitochondrial length (C) and mitochondrial diameter (D) in Sham+Placebo, Sham+L-NBP, Sham+H-NBP, BCAS+Placebo, BCAS+L-NBP, BCAS+H-NBP groups.

Scale bar, 2µm. A one-way ANOVA with Tukey’s correction. For mitochondrial load per area analysis, n = 20 visual fields (4 visual fields per mouse, 5 mice per group).

For mitochondrial length analysis, n = 50 (10 mitochondria per mouse, 5 mice per group). For mitochondrial diameter analysis, n = 50 (10 mitochondria per mouse, 5

mice per group). (E,F) Immunoblot (E) and quantitative analysis (F) of syntaphilin (SNPH), Miro1, and Milton in different groups. A one-way ANOVA with Tukey’s

correction, n = 8 mice per group. Data are represented as means ± SD (*p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant differences).
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FIGURE 3 | (A) High-dose treatment of D1-NBP alleviates mitochondrial accumulation by promoting mitochondrial dynamics. (A–D) Representative kymograph (A)

and quantitative analysis of the percentage of stationary, anterograde, and retrograde mitochondria in the axons (B), mitochondrial load per 50µm (C), and

mitochondrial size (D) in cerebellum slices subjected to Ctrl+ phosphate buffered saline (PBS), Ctrl+NBP, Ctrl+SNPH OE, Ctrl+SNPH OE+H-NBP, low glucose and

low oxygen (LGLO)+PBS, LGLO+NBP, LGLO+SNPH OE, LGLO+SNPH OE+H-NBP. The high-dose treatment of D1-NBP alleviated the LGLO-induced impairment

of retrograde and anterograde mitochondrial transport. A one-way ANOVA with Tukey’s correction. For the percentage stationary, anterograde, and retrograde

mitochondria analysis, n = 60 mitochondria per group. For mitochondrial load per 50µm analysis, n = 20 axons per group. For mitochondrial size analysis, n = 400

per group. Scale bar, 50µm and 5min, respectively. Data are represented as means ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant differences).

Frontiers in Aging Neuroscience | www.frontiersin.org 6 March 2021 | Volume 13 | Article 63237476

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Feng et al. Dl-3-n-Butylphthalide Alleviates Demyelination in WML

FIGURE 4 | Enhanced retrograde transport of mitochondria by a high-dose treatment of D1-NBP alleviated demyelination by decreasing the ROS production among

the axons. (A–C) Representative confocal images (A) and quantitative analysis of the ROS expression (B) and the number of ROS positive axons (C). Scale bar,

(Continued)
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FIGURE 4 | 100µm. The high-dose treatment of D1-NBP mitigated LGLO-induced ROS generation. A one-way ANOVA with Tukey’s correction, n = 8 slices per

group. (D–G) Representative confocal images (D) and quantitative analysis of maltose binding protein (MBP) (green) expression (E), NF (red) expression (F), and the

MBP/NF ratio (G). High dose of DI-NBP treatment alleviated LGLO-induced demyelination. Scale bar, 50µm. A one-way ANOVA with Tukey’s correction. n = 8 slices

per group. Data are represented as means ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant differences).

hypoperfusion, we used the BCAS mouse model in which
coils were placed around the bilateral common carotid arteries.
After BCAS modeling, demyelination and cognitive impairment
were significant at day 28 after BCAS, indicating the successful
modeling of hypoperfusion-induced VaD (Figures 1A–F). For
the D1-NBP treatment group, the mice were given daily
intragastric administration of Dl-NBP or Placebo 1 day after
BCAS until sacrifice. The status of myelination of the different
treatment groups was evaluated by TEM. It could be observed
that the whole-brain hypoperfusion by BCAS changed the overall
axonal G-ratio distribution to a higher G-ratio rate, which is
accompanied by a significant increase of G-ratio in the BCAS
group. Although a low-dose treatment of D1-NBP (L-NBP, 50
mg/kg/day) did not retrieve demyelination, an increased dose
of D1-NBP treatment (H-NBP) to a 100 mg/kg/day robustly
alleviated the BCAS-induced demyelination (Figures 1A–C).

We further evaluated the therapeutic effect of D1-NBP on
BCAS-induced cognitive impairment, which is tested by the
eight-arm radial maze. In the BCAS treatment group, the mice
exhibited higher revisiting errors and a lower different arm choice
in the first eight entries, indicating a significant impairment of
working memory in the BCAS mice. Reference memory errors
showed that reference memory was not influenced by BCAS.
Consistent with the previous results, the high dose DI-NBP
treatment significantly mitigated the impaired working memory
by BCAS (Figures 1D–F). Altogether, we found that a high-dose
treatment of DI-NBP enabled the retrieval of demyelination and
cognitive impairment induced by whole-brain hypoperfusion.

Alleviated Demyelination and Cognitive
Impairment by DI-NBP Treatment Is
Accompanied With Decreased
Mitochondrial Accumulation Among the
Axons
Compared to myelin, the axons are more vulnerable to
the hypoxic-ischemic environment (Cui et al., 2020). Since
mitochondria and its related mitochondrial dynamics are the
major therapeutic targets of D1-NBP in various models of
diseases, we reasoned that the therapeutic targets of D1-NBP
on hypoxic-ischemic demyelination are done by regulating the
axonal mitochondrial dynamics in the BCAS mice. By detecting
the mitochondrial load among the axons using TEM, we found
that the mitochondrial load among the axons was significantly
increased in the BCAS group, which was accompanied with
abnormal mitochondrial morphology. However, a high-dose
treatment of DI-NBP significantly mitigated the mitochondrial
load and alleviated the abnormal mitochondrial morphology in
the BCAS mice (Figures 2A–D).

Mitochondrial load among the axons was further determined
by mitochondrial dynamics and motor proteins that underlie the

changes in the mitochondrial dynamics. We probed the protein
changes related to mitochondrial dynamics. Although motor
proteins, such as Miro and Milton, did not show significant
changes after BCAS, SNPH, which anchored the mitochondria
to the microtube, showed significant elevation after BCAS.
Interestingly, a high-dose treatment of D1-NBP significantly
mitigated the SNPH expression, indicating that a high-dose
treatment of DI-NBP mitigated mitochondrial accumulation
probably by inhibiting the expression of SNPH (Figures 2E,F).

DI-NBP Alleviates Mitochondrial
Accumulation by Promoting Mitochondrial
Dynamics
To further clarify the mechanisms underlying the mitigated
mitochondrial accumulation by D1-NBP, we established an
in vitro model of hypoperfusion by supplying chronic LGLO
conditions in the culture containing slices of cerebellum. We
used lentivirus to overexpress SNPH, and the slices of cerebellum
were transfected 72 h before the LGLO treatment. Right after the
LGLO treatment, D1-NBP, at a dose of 50µm, was added to the
culture medium and the mitochondrial dynamics were assessed
48 h later.

We found that the LGLO treatment significantly increased
the mitochondrial load, which was accompanied with decreased
mitochondrial dynamics, as evidenced by increased stationary
mitochondria after LGLO. Interestingly, the DI-NBP treatment
rescued the dynamic drop by LGLO and alleviated the
mitochondrial load among the axons. Since we found that a
high-dose treatment of DI-NBP mitigates mitochondrial load
by inhibiting the expression of SNPH in vivo, we further
overexpressed the SNPH on the cultured slices and found that
the alleviated mitochondrial load by a high dose of DI-NBP was
abolished by the SNPH OE (Figures 3A–D).

Enhanced Mitochondrial Dynamics by
DI-NBP Alleviates Demyelination by
Decreasing ROS Production Among the
Axons
Functional mitochondrial dynamics plays a critical role
in maintaining mitochondrial homeostasis. Impaired
transportation of mitochondria and mitochondrial overload
in the axons are harmful to neurons, especially in terms of
disrupted clearance of malfunctioning mitochondria through
retrograde transport (López-Doménech et al., 2018). Increased
ROS production has also been reported to damage myelination
in the model of multiple sclerosis (MS) (Su et al., 2013). We,
therefore, detected mitochondrial ROS production after LGLO.
We found that the production of ROS was elevated after
LGLO, but the D1-NBP treatment significantly decreased the
ROS among axons and mitigated the overall ROS production
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FIGURE 5 | Enhanced anterograde transport of mitochondria by a high-dose treatment of D1-NBP retrieved impaired neuronal synapse signaling. (A–C)

Representative firing responses (A) to depolarizing (175 pA) and hyperpolarizing (−50, −135, and −200pA) current injections and quantitative analysis percentage of

control firing rates and (B) firing rate responses to a series of linear current injections (−200 to −50pA) (C) in different treated cerebellum slices. A two-way ANOVA

with the Dunnett’s post-hoc test. For the percentage of the control firing rate analysis, n = 9 neurons per group (3 neurons per slices). For firing rate responses to a

series of linear current injection analysis, n = 9 neurons per group (3 neurons per slices). (D–H) Representative mEPSC traces (D) and quantitative analysis of

(Continued)
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FIGURE 5 | miniature excitatory postsynaptic current (mEPSC) frequency (E), amplitude (F), and cumulative distribution of inter-mEPSC interval (G) and

mEPSCamplitude (H). Under LGLO conditions, impaired intrinsic neuronal excitability and synapse function showed remarkable improvement by H-NBP treatment.

For mEPSC frequency and amplitude, one-way ANOVA with Tukey’s correction. For cumulative distribution of inter-mEPSC interval and mEPSC amplitude, the

Mann–Whitney test. For mEPSC frequency, n = 30 per group. For mEPSC amplitude, n = 30 per group. For cumulative distribution of inter-mEPSC interval, n =

4,291 per group. For cumulative distribution of mEPSC amplitude, n = 4,319 per group. Scale bar, 10 pA and 100ms, respectively. Data are represented as means ±

SEM (***p < 0.001; ns, non-significant differences).

(Figures 4A–C). Thus, the impaired mitochondrial dynamics
were responsible for the mitochondrial accumulation and it
significantly increased the production of ROS among the axons.
This is harmful for myelination, as evidenced by the significantly
decreased MBP expression, NF expression, and MBP/NF ratio in
the LGLO group. The DI-NBP mitigated myelination, which is
dependent on SNPH (Figures 4D–G).

Together, the DI-NBP treatment decreased the ROS
production among axons and rescued myelination, which is
related to the improved mitochondria retrograde transport
of mitochondria.

Enhanced Dynamics of Mitochondria by
DI-NBP Retrieves Impaired Neuronal
Synapse Signaling
Anterograde transport of mitochondria replenishes fresh
mitochondria necessary for synaptic function (Hollenbeck and
Saxton, 2005; Lovas and Wang, 2013). Since we detected an
increased anterograde mitochondrial transport, we then tested
the changes in the synapse signaling after DI-NBP treatment
and under LGLO by patch-clamp. The LGLO treatment resulted
in a remarkable drop in firing rate at all injection amplitudes
and the most significant drop in firing rate was observed
in relatively small current injections. However, the DI-NBP
treatment rescued the neuronal intrinsic excitability and SNPH
OE abolished the therapeutic effect of D1-NBP to some extent
(Figures 5A–C). We further tested the changes in the synaptic
signaling after LGLO. Both mEPSC amplitude and frequency
decreased dramatically after the LGLO treatment, whereas a
high dose of DI-NBP retrieved the drop of mEPSC amplitude
and frequency, and SNPH OE abolished these therapeutic
effects (Figures 5D–F). A cumulative mEPSC distribution
curve analysis showed that the D1-NBP treatment built up a
significantly more abundant mEPSC amplitude and smaller
inter-mEPSC intervals (Figures 5G,H). These results indicated
that D1-NBP promoted the neuronal intrinsic excitability
and synapse function, which is related to mitochondrial
anterograde transportation.

DI-NBP Mitigates Demyelination and
Cognitive Impairment by Inhibiting SNPH
in vivo
Based on our in vitro findings that SNPH OE abolished the
effects of DI-NBP in promoting mitochondrial dynamics, we
further validated whether SNPH underlies the effects of DI-
NBP in mitigating demyelination and cognitive impairment
in the BCAS model. An AAV 2/9 overexpressing SNPH was
stereoscopically injected into lateral ventricles in neonatal mice.

A BCAS surgery was performed at 2 months of age. We
found that SNPH OE significantly abolished the therapeutic
effect of D1-NBP on mitigating demyelination, as indicated
by the elevated G-ratio after SNPH OE in the high-dose DI-
NBP treatment group (Figures 6A,B). Meanwhile, decreased
mitochondrial load and recovered mitochondrial morphology in
the high-dose DI-NBP treatment group were also diminished by
SNPHOE (Figures 6C–E). Moreover, increased synapse through
a high-dose treatment of D1-NBPwas lost in the DI-NBP+SNPH
OE group, which was accompanied by fewer mushroom-shaped
synapses (Figures 6F–H). Improved working memory by DI-
NBP was abandoned by SNPH OE (Figures 6I–K).

From the above results, we could draw the conclusion that
the therapeutic potential of D1-NBP onmitigating demyelination
and cognitive impairment in hypoxic–ischemic demyelination
was done by abolishing SNPH elevation among the axons,
which retrieved the malfunctioned mitochondrial dynamics
and promoted the anterograde mitochondrial transport for
synapse signaling and retrograde mitochondrial transport for
ROS alleviation by mitophagy.

DISCUSSION

The results of the present study have demonstrated the effects
of Dl-NBP on mitigating demyelination as well as the effects
of Dl-NBP in promoting axonal mitochondrial dynamics in
WMLs using a BCAS mice model as well as an in vitro brain
slice culture treated with LGLO. Our results demonstrated
that the mitochondrial dynamics were suppressed while the
static mitochondria accumulated in the axons after an injury
to ischemia/hypoxia, which was mediated by the elevated
expression of SNPH, an axonal specific arching protein. A
high-dose treatment of Dl-NBP improved the anterograde and
retrograde transport of mitochondria and reducedmitochondrial
accumulation in axons, thus arresting myelin disruption and
improving the electrical function of the synapse. The high-dose
treatment of Dl-NBP also improved the number of synapses and
cognitive function. In addition, we investigated the mechanism
of Dl-NBP and revealed that a high-dose treatment of Dl-NBP
suppressed the expression of SNPH. SNPH OE abolished the
protective function of Dl-NBP in reducing demyelination and
improving the cognitive function.

White matter lesions, also termed leukoaraiosis, are very
common and are considered as an important contributor to
cognitive decline, especially in the elderly (Alber et al., 2019). The
primary cerebrovascular pathologies that cause WMLs include
multi-arteriolosclerosis, carotid stenosis, or occlusion, which lead
to cerebral hypoperfusion in deep white matter regions (van
Norden et al., 2011). White matter, composed of bundles of
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FIGURE 6 | (A) High-dose treatment of D1-NBP mitigated demyelination and cognitive impairment by rescuing mitochondrial dynamic in vivo. (A–E) Representative

TEM images depicting myelination status (Upper panel) and mitochondrial load in the axons (A) and quantitative analysis of the G-ratio (B), mitochondrial load per

(Continued)
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FIGURE 6 | area (C), mitochondrial length (D), and mitochondrial diameter (E) in BCAS+Placebo, BCAS+H-NBP, BCAS+SNPH OE, and BCAS+SNPH OE+H-NBP

groups. The therapeutic effects of H-NBP on mitigating demyelination and cognitive impairment were dependent on mitochondrial dynamics. Scale bar, 2µm. A

one-way ANOVA with Tukey’s correction. For G-ratio, n = 80 myelinated axons. For mitochondrial load per area analysis, n = 20 visual fields (4 visual fields per

mouse, 5 mice per group). For mitochondrial length analysis, n = 50 (10 mitochondria per mouse, 5 mice per group). For mitochondrial diameter analysis, n = 50 (10

mitochondria per mouse, 5 mice per group). (F–H) Representative silver staining images. (F) Quantitative analysis of the number of spines per 10µm. (G) Different

kinds of spine morphology in different groups (H). A one-way ANOVA with Tukey’s correction. For the number of spines per 10µm analysis, n = 10 axons per mouse,

5 mice per group. For different kinds of spine morphology analysis, n = 10 axons per mouse, 5 mice per group. Scale bar, 10µm. (I–K) Working and reference

memory were assessed by the eight-arm radial maze. The improvement of working memory by H-NBP in BCAS mice was abolished by SNPH OE, as evidenced by

the increased revisiting errors. (I) Less different choices (J) in the BCAS+H-NBP+SNPH OE group. There is no significant difference in the spatial reference memory

between different groups (K). A two-way ANOVA with the Dunnett’s post-hoc test, n = 11 mice in each group. Data are represented as means ± SD (*p < 0.05; **p <

0.01; ***p < 0.001; ns, non-significant differences).

myelinated axons, plays a vital role in signal transmission. It has
been reported that the Dl-NBP treatment improved the learning
and memory deficits induced by chronic cerebral hypoperfusion
in the animal model (Li et al., 2019). We speculate that Dl-
NBP improves cognitive function in hypoperfusion partly by
preventing the disruption of myelin and increasing the signal
transmission. In the present study, we also observed that the
Dl-NBP treatment improved the cognitive impairment in the
BCAS model. Next, we examined the effects of Dl-NBP on
demyelination because the intact and functional myelin is the
structural foundation of the electrical signal traveling from the
body of the cell down the synapse of the axon. Results showed
that a high-dose treatment of Dl-NBP significantly mitigated
demyelination compared with the BCAS model group. Further,
we evaluated the synapse signaling, which is related to the activity
of the central cholinergic system. Results indicated that a high
dose of Dl-NBP promoted neuronal intrinsic excitability and
synapse function compared with the BCAS model group. These
two neuroprotective aspects of Dl-NBP eventually benefited the
cognitive function recovery after BCAS.

White matter is more susceptible to chronic cerebral
hypoperfusion than gray matter, which involves both axonal
and myelin components (Wakita et al., 2002). Myelin is
produced by oligodendrocytes, which are attached to the axons
and, therefore, could interact with the axons in the central
nervous system. During the process of demyelination caused
by hypoperfusion, the axonal changes are non-ignorable. It
was reported recently that the degradation of axons was
accompanied by mitochondrial shortening in the in vitro
model of WML (Cui et al., 2020). While in our study, we
observed abnormal-shaped mitochondria in the BCAS mice
showed an increased length and a reduced diameter. After
a high-dose treatment of Dl-NBP, the morphological changes
of mitochondria recovered significantly. Mitochondria are the
most sensitive organisms to hypoxia and respond quickly
upon ischemial insult. Normally, mitochondria undergo massive
fusion and fission events, as well as transportation along the
axons, to continuously maintain their function and maintain
the energy supply to cells (Youle and van der Bliek, 2012;
Lee and Yoon, 2016; Meyer et al., 2017). An impaired
balance of mitochondrial dynamics occurs under hypoperfusion.
Meanwhile, we observed an increased number of abnormal
mitochondria accumulated in the axons of BCAS mice, but
a high-dose treatment of Dl-NBP reduced their accumulation.

These results indicated that Dl-NBP targets axonal mitochondria
in alleviating demyelination damage.

Syntaphilin is a major mitochondrial anchoring protein
targeting the axons (Joshi et al., 2019). The SNPH deletion
produces striking benefits in the MS demyelination model by
prolonging survival, reducing cerebellar damage, suppressing
oxidative stress, and improving mitochondrial health (Joshi
et al., 2015). Later, we examined the SNPH levels and found
a high expression of SNPH in BCAS mice, accompanied with
increased stationary mitochondria in the axons. A high-dose
treatment of Dl-NBP inhibited the SNPH levels, which then
promoted both the anterograde and retrograde transport of
mitochondria. Through SNPH OE, the protective effects of
Dl-NBP on mitigating demyelination disappeared. Further, the
protection of cognitive function was abolished as well. Thus, we
found SNPH to be a novel target of Dl-NBP in hypoperfusion-
induced WML.

One of the primary roles of mitochondria is to produce
ATP. The anterograde transport of mitochondria will increase
mitochondrial respiration and ATP production (Roger et al.,
2017; Rangaraju et al., 2019). The increased anterograde
transport of mitochondria might help the axons to maintain
energy stability, and this is likely to underlie the improved
synapse signaling function in a high-dose Dl-NBP treated group.
The retrograde transport of mitochondria causes mitophagy
of dysfunctional mitochondria, which alleviated the ROS
production. Since myelin is sensitive to ROS, the reduced ROS
production in Dl-NBP treated mice may explain the protection
of myelin and keep the structure of the synapses intact.

In conclusion, our results indicate that a high dose of Dl-NBP
inhibited the expression of SNPH, which is an axonal specific
mitochondrial arching protein. The SNPH inhibition by Dl-NBP
alleviates mitochondrial load among the axons and promotes
the anterograde and retrograde mitochondrial transport, which
then rescued demyelination and cognitive function in the WML
model. These findings of our study suggest that Dl-NBP is a
promising treatment for alleviating the cognitive dysfunction and
alleviating demyelination in WML.
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Background and Purpose: The aim of this study was to compare the different subtypes

of anterior choroidal artery (AChoA) aneurysm based on a new classification and to

analyze the risk factors according to individual endovascular treatment (EVT).

Methods: In the new classification, AChoA aneurysms are classified into independent

type (I type) and dependent type (II type) based on the relationship between the AChoA

and the aneurysm. II type aneurysms have three subtypes, IIa (neck), IIb (body), and

IIc (direct). We retrospectively analyzed 52 cases of AChoA aneurysm treated in our

center between 2015 to 2019. There were 13 (25.0%) I type aneurysms, 24 (46.2%)

IIa aneurysms, 15 (28.8%) IIb aneurysms, and no IIc type; 28 cases had a subarachnoid

hemorrhage. According to our preoperative EVT plan for the different subtypes: II type

should achieve Raymond-Roy Occlusion Class 1 (RROC 1) where possible. To protect

the AChoA, it is best to preserve the neck of the IIa type aneurysms (RROC 2), and RROC

3 is enough for IIb type.

Results: Ten asymptomatic cases with minimal aneurysms were treated conservatively.

Of the other cases, 42 were treated with individualized EVT (26 with a simple coil, 6 with

balloon-assisted coiling, 7 with stent-assisted coiling, and 3 by flow diverter. Different

subtypes had different RROC (Z = 14.026, P = 0.001). IIb type aneurysms (χ2 = 7.54,

P= 0.023) were one of the factors related to temporary or permanent AChoA injury during

surgery. Overall, two patients (IIa = 1, IIb = 1) developed contralateral hemiparesis.

Conclusions: The new classification diagram clearly shows the features of all types of

AChoA aneurysm and makes EVT planning more explicit. The II type (particularly IIb) was

a potential risk factor for AChoA injury.

Keywords: anterior choroidal artery aneurysm, classification, endovascular intervention therapy, risk,

embolization

INTRODUCTION

Anterior choroidal artery (AChoA) aneurysms are rare, accounting for approximately 2–5% of
all intracranial aneurysms (Locksley et al., 1966; Kim et al., 2009; Aoki et al., 2016). Compared
with clipping, endovascular treatment (EVT) is an established treatment option for intracranial
aneurysms with shorter hospital stays and better recovery specially in the elderly people (Sadamasa
et al., 2014).When dealing with such aneurysms, it is important to pack the aneurysmmore densely
tomaintain AChoA patency, however, the delicate AChoA can be easily injured, resulting in serious
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complications (Friedman et al., 2001; Kim et al., 2008; Kang et al.,
2009; Andre et al., 2018).

Over the last few decades, several different classifications for
AChoA aneurysms have been suggested; however, they have
usually been based on the surgeon’s subjective feeling. Some are
used for clipping (Friedman et al., 2001; Heros, 2010; Li et al.,
2012) and some only for EVT (Kim et al., 2008; Kang et al., 2009;
Senturk et al., 2009). No unified standard has been established
and the treatment of these aneurysms is still challenging. In this
study, we propose a new classification of AChoA aneurysms and
provide a comprehensive analysis of clinical efficacy and the risk
factors for EVT based on the new classification.

METHODS

Clinical Data
From January 2015 to October 2019, 52 patients with a diagnosis
of AChoA aneurysm were recruited in our single center. The
patients’ mean age was 53.8 ± 9.4 years, and there were 21
males and 31 females. Twenty-eight cases (53.8%) presented
as subarachnoid hemorrhage (SAH). Of these, 15 cases were
Hunt-Hess grade I, 10 cases were grade II, and 3 were grade III.

The New Classification of AChoA
Aneurysms
The definitive diagnosis was made by digital subtraction
angiography (DSA) and 3D-DSA in all patients. The aneurysms
were divided into two types according to the relationship between
the aneurysm and AChoA. The independent type (I type) and
dependent type (II type) in the new classification are shown in
Figure 1. In the I type, the aneurysm is located independently at
the AChoA section of the internal carotid artery (ICA). In the II
type, the aneurysm has a common trunk with the AChoA. In the
IIa subtype the neck of the aneurysm is the origin of the AChoA
(neck type), while in the IIb type the AChoA originates from the
body of aneurysm (body type). The IIc type aneurysm is located
directly at the AChoA (direct type). Of the 52 cases, 13 aneurysms
(25.0%) were I type, 24 (46.2%) were IIa, 15 (28.8%) were IIb and
there were no IIc type aneurysms (0%).

Interventional Methods
First, having identified the subtype of aneurysm, the EVT target
was determined. For I type aneurysms, as with other side-wall
aneurysms, the aim was to reach Raymond-Ray Occlusion Class
(RROC) 1 where possible. For II type aneurysms, however, it
is more important to maintain AChoA patency; the neck must
be preserved (RROC 2) for IIa, and RROC 3 is enough for
IIb. For ruptured aneurysms, simple coiling and balloon-assisted
coiling (BAC) would be the chosen method. Other features
of the aneurysm, such as shape, neck width, height (neck-
dome), height/width ratio, for example, were considerations for
personalized EVT.

Assessment and Follow Up
The degree of embolism, by RROC, was evaluated by DSA and
CTA/MRA (Mascitelli et al., 2015). The clinical score was assessed
by the modified Rankin Scale (mRS).

Statistical Analysis
All data was analyzed by Social Science Version 25.0 forWindows
(SPSS, Chicago, Illinois, USA) and presented as mean and
SD for continuous variables or as number and percentage for
categorical variables. Univariate analysis was performed using
Pearson’s χ2 (categorical variables) or one-way analysis of
variance for three groups and independent samples T test for
two groups (continuous variables, normal distribution), Mann–
Whitney U test (abnormal distribution). P < 0.05 was taken as
statistical significance.

RESULTS

Operational Results
The ten asymptomatic cases (9.5%) with minor aneurysms (≤
2.0mm) were followed up without intervention. Of the 42 cases
treated with EVT, the maximum aneurysm height varied from
1.5mm to 5.5 (mean 3.51± 1.26mm), the maximum neck width
ranged from 1.5 to 5.3mm (mean 3.26 ± 1.09mm). Concerning
shape, 81% (34/42) of aneurysms were regular and saccular, eight
were irregular (fusiform, Gaussian-like shape, or biphasic shape).
Multiple aneurysms occurred in 17 cases (40.5%, 17/42), while
13 (31%, 13/42) had a posterior communicating artery (PCA)
aneurysm, 2 had an ophthalmic artery aneurysm, and 2 had a
middle cerebral artery aneurysm. Thirty cases (71.4%, 30/42)
were treated with simple coiling, 3 cases (7.9%, 3/42) with a flow
diverter (FD-Tubridge, MicroPort Medical Company, Shanghai,
China) and 9 cases (71.4%, 9/42) with stent-assisted coiling
(SAC). States), and the other three cases, with Enterprise (Cordis
Neurovascular, Miami Six of these were treated with Low-profile
Visualized Intraluminal Support (MicroVention, Tustin, CA,
United Lakes, FL, United States).

Based on the new classification, the different aneurysm types
had different RROCs (Z = 14.046, P = 0.001, shown in Table 1).
In addition, compared with unruptured aneurysms treated with
SAC, ruptured aneurysms were embolized by coiling or BAC (Z
= −2.833, P = 0.005, shown in Table 2). Five patients (four IIb
type, one IIa type) suffered AChoA flow reduction or occlusion
during the procedure and four were improved by adjusting the
coils. The IIb type had the highest risk of AChoA injury (χ2 =

7.54, P = 0.023). After EVT, two patients (all II type) presented
with focal infarction of the AChoA area confirmed by CT or
MRI, after showing AChoA-related symptoms and none of the
AChoA aneurysm treated with flow diversion complicated with
AChoA infarct.

Follow Up
All cases were followed up (from 7 to 62 months, mean
25 months) with assessment by MRA, CTA, or DSA. Three
aneurysms (2 IIa, and 1 IIb) had degradation (two at the neck
growth, and one at coil extrusion).

By the third postoperative month, two patients presented with
progressive neurological improvement, with reductions in their
mRS score from 5 to 3 and 3 to 1. During follow up, there
were no recurrences of SAH, and no patients got worse or died.
The AChoA aneurysms managed without EVT remained stable
during follow up.
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FIGURE 1 | The new classification of AChoA aneurysms includes I type (dependent type) and II type (independent type). The II type is further divided into three

subtypes: IIa type, (neck), where the AChoA originates from the neck of the aneurysm; the IIb type (body), where the AChoA originates from the body of the aneurysm;

and the IIc type (direct), where the aneurysm originates directly from the AChoA.

DISCUSSION

The terminal fields of supply of the AChoA are the posterior
limb of the internal capsule, the beginning of the optic radiation,
the lateral geniculate body, medial globus pallidus, and middle
third of the crus cerebri (Rhoton et al., 1979; Champeaux et al.,
2016; Ghali et al., 2018). If the AChoA is acutely occluded, it can
lead to severe complications such as hemiplegia, hemianesthesia,
homologous hemianopsia, and dysarthria, (called AChoA-
syndromes), because of weak collateral circulation (Friedman
et al., 2001). In 1968 and 1978, Drake and Yasargil, respectively,
described the relationship between aneurysms and the AChoA
according to their experience of a few cases treated by clipping
(Drake et al., 1968; Yasargil et al., 1978). Because of technical
limitations, the surgery treatment had not raised markedly at that
period. In 2001, Friedman delineated three common anatomical
variations of AChoA aneurysm according to the origins of
AChoA and its spatial position in relation to the aneurysm
(Friedman et al., 2001). In 2010, Heros classified the aneurysms
into four types based on the spatial position of the aneurysm
dome; these were the anterolateral, superolateral, posterolateral,
and direct types (Heros, 2010). In 2012, Jin Li et al., summarized

two groups based on the relationship between the AChoA and
the aneurysm neck. In Group 1, the aneurysm originates from
the ICA or the junction of the ICA and AChoA origin. In Group
2, the aneurysm originates entirely or in part from the AChoA
itself. They found that Group 2 aneurysms had a higher risk of
complications (Li et al., 2012). All the above classifications had
significant differences and were based on the surgeons’ subjective
view. However, classifications based on spatial location does not
assist EVT based on 3D-DSA.

Over the last decade, the use of EVT has gradually increased.
The most common classification of aneurysms has two types (the
independent type, and dependent type) (Kim et al., 2008; Kang
et al., 2009; Senturk et al., 2009). In 2008, Cho added one more
type, the direct type, in which the aneurysm originates entirely
from the AChoA (Cho et al., 2008). In 2016, Aoki designated
four types. In type A, the AChoA arises directly from the ICA,
in type B, the AChoA arises from the aneurysmal neck, in type C,
it arises from the aneurysmal dome, and in type D (truncal type)
the aneurysms originate in a part of the AChoA itself. There are
also several subtypes of B and C groups, according to the number
of AChoA, which are too complicated for general classification
criteria (Aoki et al., 2016). In our new classification, referring
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TABLE 1 | The characteristics of the different types.

I-type (n = 13) IIa-type (n = 24) IIb-type (n = 15) Test value P value

Female (n) 6 11 9 1.255* 0.534

SAH (n) 6 13 9 1.129* 0.569

Multiple (n) 4 8 5 1.105* 0.949

EVT methods

Coiling 6 13 7 4.028△ 0.379

SAC 2 3 2

BAC 1 1 1

FD 1 1 1

RROC 14.026△ 0.001

1 8 0 0

2 3 17 0

3a 0 2 10

3b 0 0 2

Complications

AChoAOcclusion 0 1 4 7.54* 0.023

Infarction 0 1 1 0.898* 0.638

DSA follow up

Improve 1 7 6

Stable 9 10 5 1.54△ 0.215

Worsen 0 2 1

*Pearson’s χ2, △one-way analysis of variance.

to the above classifications, we thought the first hierarchy must
include the independent type (I type) and the dependent (II
type). In the dependent type, it is important to differentiate the
neck type (IIa), body type (IIb), and direct types (IIc). The new
classification is clear and simple and could be applied for surgical
clipping and EVT. We believe it will help to further establish a
common, extensive, enforceable guideline.

According to the characteristics of the different subtypes, we
redesigned the individual EVT plans. For I type, like the other
side-wall aneurysms (Patel et al., 2014), 72.7% achieved complete
obliteration without AChoA injury (shown in Figures 2A–D)
and had a good clinical outcome (Andre et al., 2018). Based on
protecting the AChoA, reaching RROC 2 in IIa type (shown in
Figures 2E–H), and RROC 3a or 3b in IIb type were the goals
(shown in Figure 3). To achieve the target, techniques such as
double microcatheter, BAC, SAC or a combination of the above
could be employed (Kim et al., 2010; Gimonet et al., 2016; Sheen
and Suh, 2017). Even so, in this study, five II type (4 IIb, and
1 IIa) AChoA aneurysm cases suffered temporary or permanent
injury, and two II type cases (4.8%, 2/42) developed the AChoA-
syndrome. We found that II type, in particular IIb, had the
highest risk (χ2 = 7.54, P = 0.023).

The IIc type aneurysms are extremely rare. We did not find
this subtype in our study, which was a different result than Cho,
who reported 24.5% (13/53) (Cho et al., 2008). We speculate that
most of the IIc type aneurysms may be dissecting, fusiform, or
dolichoectatic (Rutledge et al., 2019). The FD device may be a
good choice for these, if there is no SAH.

It has been proven that the FD device is effective for
aneurysm occlusion and the protection of perforated vessels

in intracranial aneurysms. A multicenter experience showed
that 83.3% of AChoA aneurysms achieved major occlusion
and all AChoA were protected at follow up with the Pipeline
embolization device (PED) (Srinivasan et al., 2018). Bhogal
reported 30 cases of AChoA aneurysm treated by PED. Complete
occlusion was reached in 50% of aneurysms immediately, and
during follow up, 76.6% had also achieved it. All AChoAs
were retained (Bhogal et al., 2019). In this study, three cases
with a Turbridge stent in the ICA also achieved good results.
The experience with FD devices in our center are as follows:
the small II type aneurysms which were difficult to treat by
conventional techniques (particularly the IIb and IIc type);
those coexisting with adjacent multiple aneurysms (shown in
Figure 4), and dissecting or fusiform aneurysms, and those
without SAH.

At craniotomy, the AChoA may be more difficult to
identify under the microscope, especially after SAH (Cho
et al., 2008; Winkler et al., 2019), even with microvascular
Doppler sonography (Shibata et al., 2000), intraoperative
indocyanine green (Spiotta et al., 2011), or an intraoperative
angiography device (Torne et al., 2019). SAH could lead
to serious vasospasm and cerebral ischemia (Lee et al.,
2018). In this cohort, four patients with SAH had AChoA
injury, although this was not a statistically significant
difference, SAH cannot be excluded as a risk factor.
Based on the new classification, the long-term clinical
effect of all treatment plans and relative risks need to be
further researched.

Referring to the related literature (Senturk et al., 2009)
and our 52 cases, the AChoA aneurysms have the following
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TABLE 2 | The characteristics of ruptured and unruptured aneurysms.

Ruptured (n = 28) Unruptured (n = 14) Test value P value

Female (n) 16 10 0.808* 0.368

Age (year) 55.39 + 10.48 50.79 + 7.60 1.46△ 0.152

Maximum height (mm) 3.61 + 1.26 3.31 + 0.65 0.853△ 0.399

Maximum height (mm) 3.20 + 0.99 3.38 + 0.56 −0.613△ 0.543

Multiple (n) 14 3 0.791* 0.374

EVT methods −3.951# 0.00

Coiling 24 2

SAC 0 7

BAC 4 2

FD 0 3

RROC −1.017# 0.309

1 4 4

2 13 7

3a 10 2

3b 1 1

Complications

AChoA occlusion 4 1 0.875* 0.352

Infarction 1 1 0.263* 0.608

DSA follow up −0.485* 0.628

Improve 9 6

Stable 18 6

Worsen 3 2

*Pearson’s χ2, △T test, #Mann–Whitney U test.

FIGURE 2 | (A–D) A 63-year-old female who suffered with an SAH for 2 days. (A,B) showing a I type aneurysm. (C) RROC 1 was achieved using the double

microcatheter technique and the AChoA (arrow) was well-protected. (D) One year later, the aneurysm was still at RROC 1 with a normal AChoA (arrow). (E–H) A

61-year-old female, suffered with SAH for 4 days. (E,F) showing a IIa type aneurysm (arrow). (G,H) The aneurysm was packed with the double microcatheter

technique, reaching RROC 2. The AChoA (arrow) was well-protected.
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FIGURE 3 | A 55-year-old female, with an aneurysm found on routine examination. (A,B) showing a IIb type aneurysm (red arrow) and an ipsilateral ophthalmic artery

aneurysm (white arrow). (C–F) two aneurysms were treated by SAC (Enterprise stent), and partially packed (RROC 3a). The AChoA was well-preserved (yellow arrow).

FIGURE 4 | A 52-year-old female, with a three-month history of dizziness. (A–C) showing a I type aneurysm (red arrow) and an adjacent PCA aneurysm (white arrow).

(D–F) two aneurysms were covered by an FD (Tubridge stent), the AChoA aneurysm was barely visible (red arrow). The PCA aneurysm (white arrow) showed obvious

retention of contrast media, while the AChoA (yellow arrow) was patent.
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characteristics: more female patients (61.9%); a younger age
(mean 53.9 years); a lower degree of SAH (84.6%, 25/28,
Hunt-Hess I or II); a more regular shape (78.6%) and smaller
size (41 cases ≤ 4mm, 78.8%); more often associated with
multiple aneurysms (32.7%, 17/52) (Senturk et al., 2009),
especially with ipsilateral PCA aneurysm (76.5%, 13/17). As
the number of cases and the length of follow up have
increased, the features and outcomes of AChoA aneurysms will
become clearer. There is another kind of AChoA aneurysm,
the distal AChoA aneurysm. This is located at the distal
part of the choroid point of the AChoA, and is rarely seen,
except in conditions such as moyamoya disease (Choulakian
et al., 2010). Because of its different pathogenic mechanism,
lower risk, and treatment methods (Tanriover et al., 2014;
Rutledge et al., 2019), this aneurysm is not included in the new
classification. The new classification can also be called “AChoA
originating aneurysms.”

Study Limitations
The sample size here was small and follow-up was not long. In
the future, these results based on new classification should be
confirmed with a larger sample size and longitudinal follow up.

CONCLUSIONS

The new classification diagram was simple and clear. We
firstly and systematically differentiated the dependent
type of AChoA aneurysm into IIa, IIb, and IIc type and
summarized their features. The II type (specially IIb)

was one of potential risk factors for AChoA injured
during operation.
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Introduction: White matter degeneration may contribute to clinical symptoms

of parkinsonism.

Objective: We used fixel-based analysis (FBA) to compare the extent and patterns

of white matter degeneration in different parkinsonian syndromes—including idiopathic

Parkinson’s disease (PD), multiple system atrophy (MSA), and progressive supranuclear

palsy (PSP).

Methods: This is a retrospective interpretation of prospectively acquired data of patients

recruited in previous studies during 2008 and 2019. Diffusion-weighted images were

acquired on a 3-Tesla scanner (diffusion weighting b= 1000 s/mm2–applied along either

64 or 30 non-collinear directions) from 53 patients with PD (men/women: 29/24; mean

age: 65.06 ± 5.51 years), 47 with MSA (men/women: 20/27; mean age: 63.00 ± 7.19

years), and 50 with PSP men/women: 20/30; mean age: 65.96 ± 3.14 years). Non-

parametric permutation tests were used to detect intergroup differences in fixel-related

indices—including fiber density, fiber cross-section, and their combination.

Results: Patterns of white matter degeneration were significantly different between PD

and atypical parkinsonisms (MSA and PSP). Compared with patients with PD, those

with MSA and PSP showed a more extensive white matter involvement—noticeably

descending tracts from primary motor cortex to corona radiata and cerebral peduncle.

Lesions of corpus callosum were specific to PSP and absent in both MSA and PD.
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Discussion: FBA identified specific patterns of white matter changes in MSA and PSP

patients compared to PD. Our results proved the utility of FBA in evaluation of implied

biological processes of white matter changes in parkinsonism. Our study set the stage

for future applications of this technique in patients with parkinsonian syndromes.

Keywords: fixel-based analysis, white matter, Parkinson’s disease, multiple system atrophy, progressive

supranuclear palsy, diffusion weighted Imaging

INTRODUCTION

Parkinsonism is a progressive neurodegenerative disorder
characterized by resting tremor, rigidity, bradykinesia/akinesia,
and postural instability (McFarland, 2016). Although idiopathic
Parkinson’s disease (PD) is the most common form of
parkinsonism, this condition also comprises multiple system
atrophy (MSA) and progressive supranuclear palsy (PSP)—two
atypical parkinsonian syndromes that tend to have a more
rapid functional deterioration compared with idiopathic PD
(McFarland and Hess, 2017). Apart from the pathogenetic
changes in basal ganglia, neuroimaging studies in PD have shown
various extents of atrophy affecting different brain regions—
including a reduced gray matter volume in the frontal (Burton
et al., 2004), and pre-frontal lobes (Biundo et al., 2011). Atrophy
in the cortical and subcortical areas and noticeably in the
cerebellum has been reported in patients with PSP (Giordano
et al., 2013), whereas cerebellar white matter atrophy has been
described in MSA(Matsusue et al., 2009). Extensive involvement
of different brain regions is accompanied by white matter
degeneration, which may result in a clinically relevant functional
decline (Whitwell et al., 2011).

Although diffusion tensor imaging (DTI) has been
previously applied to investigate white matter changes in
patients with parkinsonism, this technique suffers from several

shortcomings. Erroneous interpretations in DTI may result from
oversimplification of the underlying anatomical structures (Mori

and Zhang, 2006; Chen et al., 2019), especially in regions with
crossing fibers (Jbabdi et al., 2010). In this scenario, fixel-based

analysis (FBA) has emerged as a novel approach based on a
higher-order diffusion model to compute fiber orientation

density function (Raffelt et al., 2017). FBA allows investigating
the micro- and macrostructural properties of individual fiber
populations within each voxel—with a single fiber population
within a voxel termed fixel (Pecheva et al., 2019). Three fixel-
based indices can be derived, which are fiber density (FD)—the
volume of intra-axonal space of particular fixel; fiber cross-
section (FC)—the cross-sectional area of particular fixel; and the
combination of fiber density and cross-section (FDC) (Pecheva
et al., 2019).

Previous studies supported the clinical usefulness of FBA
in investigating white matter degeneration in patients with
neurodegenerative diseases (Mito et al., 2018; Rau et al.,
2019). Understandings of white matter changes in parkinsonism
may provide new insights into the pathogenesis of motor
and non-motor symptoms in these clinical entities, which
may eventually lead to more personalized care in terms
of diagnosis and treatment. The study is original by using

FBA, which is a novel development and could provide new
interpretation of the underlying changes in the brain as
measured by diffusion. We therefore designed this retrospective
analysis of prospectively collected data. We used fixel-based
analysis to compare the extent and patterns of white matter
degeneration in different parkinsonian syndromes—including
idiopathic Parkinson’s disease, multiple system atrophy, and
progressive supranuclear palsy.

MATERIALS AND METHODS

This is a retrospective interpretation of prospectively acquired
data of diffusion MRI. Both diffusion tensor imaging and
structural images (as acquired from T1 weighted MPRAGE
sequence) were extracted during the period of 2008 and 2019
from medical records. The study protocol complied with the
tenets of the Helsinki declaration, and ethical approval was
granted by the Chang Gung Medical Foundation Institutional
Review Board. Owing to the retrospective nature of the study, the
need for informed consent was waived.

Patients
Images were obtained from 53 patients with PD (29 men and
24 women; mean age: 65.06 ± 5.51 years), 47 with MSA (20

TABLE 1 | Demographic and clinical variables.

PD MSA PSP p-value

Number of subject 53 47 50

Sex (M/F) 29/24 20/27 20/30 0.277

Age (years) 65.1 ± 5.5 63.0 ± 7.2 66.0 ± 3.1 0.069

Duration (months) 77.9 ± 52.5a 49.3 ± 31.4 62.9 ± 37.7 0.004

MHY <0.001

1 15 0 0

1.5 4 0 1

2 8 1 1

2.5 10 2 2

≥3 12 29 46

UPDRS III 22.8 ± 15.2b,c 37.2 ± 17.2 37.3 ± 17.8 <0.001

N/A* 4 15 0

*Data was not available in both MHY and UPDRS III. PD, Idiopathic Parkinson’s disease;

MSA, Multiple system atrophy; PSP, Progressive supranuclear palsy; MHY, Modified

Hoehns and Yahr staging scale; UPDRS III, Motor subscale of Unified Parkinson’s Disease

Rating Scale.
aPD vs. MSA, p = 0.001.
bPD vs. MSA, p < 0.001.
cPD vs. PSP, p < 0.001.
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men and 27 women; mean age: 63.00 ± 7.19 years), and 50 with
PSP (20 men and 30 women, mean age: 65.96 ± 3.14 years).
Eighty-five participants were involved in prior publications,

FIGURE 1 | Differences in fixel-related indices in PSP compared to PD

(column a), MSA compared to PD (column b) and PSP compared to MSA

(column c). The involved regions included corona radiata (white arrows in

column a and column b) and cerebral peduncle (dashed arrows in columns a,

b). Corpus callosum is specifically involved when compared PSP to PD

(arrowhead in column a). In PSP group when compared to MSA (column c),

the regions with reduced FDC and FD were mainly located in corpus callosum

and regions with reduced FC can be found in midbrain and cerebral peduncles

(blue). In MSA group when compared to PSP (column c), the regions with

reduced FDC, FD and FC were located in middle cerebellar peduncles (red).

The streamline showed p-values (family-wise error corrected p < 0.05,

indicated by the colorbar).

which focused on the analysis of diffusion tensor imaging and
its application in the diagnosis and prognosis of patients with
Parkinsonism, as well as longitudinal FBA analysis in patients
with PD (Wang et al., 2010, 2011; Wai et al., 2012; Lu et al.,
2016; Rau et al., 2019b; Chen et al., 2020; Tsai et al., 2020). The
current submission employed patients with PD, MSA, and PSP,
which investigated white matter difference by FBA analysis. A list
of references was added in the Supplementary Table 1. Patients
were clinically diagnosed made by two senior neurologists (CSL
and YHW, 28 and 21 years of experience, respectively) according
to commonly accepted criteria for PD (Hughes et al., 1992), MSA
(Gilman et al., 1999), and PSP (Litvan et al., 1996), respectively.
The acquisition should be consisted of both diffusion tensor
imaging and high-resolution T1-weighted anatomical images.
99mTc-TRODAT-1, which binds to the dopamine transporter,
was used to image the dopaminergic system in all participants.
Exclusion criteria were as follows: (1) moderate-to-severe
dementia; (2) severe dyskinesia; (3) major systemic medical
conditions; (4) documented brain abnormalities based on MRI
or 18FDG PET findings; (5) history of intracranial surgery;
(6) significant neuropsychiatric disorders established by the
corresponding diagnostic criteria, including stroke, brain tumor,
demyelinating diseases of central nervous system (CNS), major
depression, schizophrenia, and Alzheimer’s disease; and (7)
pharmacotherapy lasting for >10 years or treatment with
drugs capable of crossing the blood-brain-barrier (the only
exception being medications for parkinsonian syndromes). The
Modified Hoehn and Yahr Staging (Goetz et al., 2004) and
the motor subscale of Unified Parkinson Disease Rating Scale
(UPDRS III) (Martinez-Martin et al., 1994) were used to assess
clinical severity.

FIGURE 2 | Fixel-related indices in patients with PSP compared to that with PD. Reduction of FDC in the main white matter tracts, from superior region of corona

radiata (upper row, white arrows), corpus callosum (upper row, black arrow) to posterior limbs of internal capsules (upper row, dashed arrows) and cerebral peduncles

(upper row, arrowhead). Reduced FD was identified in corona radiata (middle row, white arrows), corpus callosum (middle row, black arrow) and the fornix (middle row,

black curved arrows), which were symmetrical in the supratentorial compartment. Reduced FC was noticed in corona radiata to posterior limbs of internal capsules

(bottom row, white curved arrow) and cerebral peduncles (bottom row, white arrowhead). The streamline showed p-values (family-wise error corrected p < 0.05,

indicated by the colorbar).
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TABLE 2 | Comparison of fiber tracts between patients with PSP and PD.

Fixel-related

indices

Name of tracts Cluster

size

Peak

p-value

FDC Body of corpus callosum 2532 0.00020

Posterior limb of internal capsule L 1025 0.00020

Superior corona radiata L 992 0.00040

Posterior limb of internal capsule R 896 0.00020

Superior corona radiata R 743 0.00040

Cerebral peduncle R 658 0.00020

Cerebral peduncle L 643 0.00020

Anterior limb of internal capsule R 259 0.00040

Superior cerebellar peduncle L 251 0.00020

Superior cerebellar peduncle R 246 0.00020

Corticospinal tract L 204 0.00180

Pontine crossing tract 190 0.00020

Corticospinal tract R 137 0.00180

Medial lemniscus L 86 0.00020

Medial lemniscus R 63 0.00040

Anterior limb of internal capsule L 54 0.01440

External capsule R 39 0.02460

Crura of fornix R 31 0.02620

FD Body of corpus callosum 3130 0.00020

Superior corona radiata R 489 0.00080

Superior corona radiata L 271 0.00100

Crura of fornix R 171 0.00160

Superior cerebellar peduncle R 162 0.00200

Crura of fornix L 152 0.00720

Superior cerebellar peduncle L 88 0.00300

Cerebral peduncle L 82 0.01700

Cerebral peduncle R 78 0.02600

Anterior limb of internal capsule R 63 0.00500

Posterior limb of internal capsule L 55 0.02100

Genu of corpus callosum 33 0.02920

Posterior limb of internal capsule R 27 0.02400

Medial lemniscus R 21 0.01200

Corticospinal tract R 14 0.03300

Corticospinal tract L 14 0.02100

Medial lemniscus L 11 0.02800

FC Superior corona radiata L 1549 0.00020

Posterior limb of internal capsule L 1194 0.00020

Posterior limb of internal capsule R 1086 0.00820

Cerebral peduncle L 611 0.00020

Cerebral peduncle R 564 0.00020

Superior corona radiata R 552 0.00020

Superior cerebellar peduncle L 261 0.00020

Body of corpus callosum 258 0.00040

Pontine crossing tract 235 0.00080

Corticospinal tract L 234 0.00500

superior cerebellar peduncle R 231 0.00020

posterior corona radiata L 131 0.00340

anterior limb of internal capsule R 127 0.00020

corticospinal tract R 109 0.00500

middle cerebellar peduncle 103 0.00220

(Continued)

TABLE 2 | Continued

Fixel-related

indices

Name of tracts Cluster

size

Peak

p-value

medial lemniscus L 82 0.00020

medial lemniscus R 58 0.00060

inferior cerebellar peduncle L 23 0.00200

anterior limb of internal capsule L 11 0.00140

inferior cerebellar peduncle R 10 0.00020

Two neuro-radiologists (YLC and YMW, 21 and 11 years of
experience, respectively), who were blinded to the diagnosis, read
the structural MR images independently.

Data Acquisition
All images were acquired on a 3.0-Tesla scanner (Trio
Magnetom; Siemens, Erlangen, Germany) using a 12-channel
head coil. Diffusion-weighted imaging was performed using two
protocols characterized by a different diffusion-sensitive spin-
echo EPI sequence. In brief, images with a diffusion weighting
b = 1000 s/mm2 were acquired along 64 or 30 non-collinear
directions. The voxel size was either 2 × 2 × 2 mm3 or 2 ×

2 × 3 mm3. High-resolution T1-weighted anatomical images
were obtained using magnetization-prepared rapid gradient-
echo (MPRAGE) sequences with the following parameters: TR,
2000ms; inversion time (TI), 900ms; TE, 2.63ms; voxel size, 1×
1× 1 mm3.

Image Processing
FBAwas carried out on diffusionMRI usingMRtrix 3.0 following
the recommendations of Raffelt et al. (2017). Pre-processing
included denoising by principal component analysis (Veraart
et al., 2016), removal of Gibbs ringing (Kellner et al., 2016), as well
as correction formotion, distortion, and bias field (Tustison et al.,
2010; Andersson and Sotiropoulos, 2015, 2016). Multi-tissue
constrained spherical deconvolution was used to estimate fiber
orientations distribution in each voxel (Jeurissen et al., 2014). A
study-specific template was created by spatial normalization in all
of the study patients using symmetric non-linear transformation
fiber orientations distribution-based registration. Fiber density
and fiber bundle cross-section were calculated within each voxel.
A combined measure of fiber density and cross-section (FDC)
was computed by multiplying FD by FC (10). For comparison,
both Fractional Anisotropy (FA) and Mean Diffusivity (MD)
from diffusion tensor imaging were analyzed by using Tract
Based Spatial Statistics (TBSS) (Smith et al., 2006) following the
recommended procedure.

Statistical Analysis
Differences in fixel-related indices between the three study
groups were assessed using non-parametric permutation testing
and connectivity-based fixel enhancement as implemented in
MRtrix 3.0. Age, sex, and different imaging protocol was used as
potential confounding factors. A family-wise error corrected p-
value < 0.05 was considered statistically significant (Nichols and
Holmes, 2002).
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FIGURE 3 | Fixel-related indices in patients with MSA compared to that with PD. Reduced FDC were identified in the main descending white matter pathways, from

left corona radiata (upper row, white arrow) to bilateral posterior limbs of internal capsule (upper row, white dashed arrows), cerebral peduncles, transvers pontine

fibers (upper row, white arrowhead), and bilateral middle cerebellar peduncles (upper row, black arrows). Reduce FD was found in bilateral cerebral peduncles (middle

row, white arrows) and middle cerebellar peduncles (middle row, black arrows). Left corona radiate and middle cerebellar peduncle are more affected than the right

side. The streamline showed p-values (family-wise error corrected p <0.05, indicated by the colorbar).

RESULTS

Demographic and Clinical Variables
Table 1 depicts the general characteristics of the study patients.
Age and sex did not differ significantly among the three study
groups. Disease duration was longer in patients with PD than in
those with MSA (p= 0.001). UPDRS III scores were significantly
higher in the two atypical parkinsonian syndromes than in
patients with PD (p < 0.001).

Fixel-Related Indices in the Three Study
Groups
Figure 1 displays the changes in fixel-related indices in patients
with atypical parkinsonian syndromes (column a: PSP; column
b: MSA) compared with PD. All indices were consistently
reduced. A 3D visualization of the affected regions with the
color encoded the direction of the major fiber bundles are shown
in Supplementary Figure 1 (PSP) and 2 (MSA), respectively.
With respect to PD, atypical parkinsonian syndromes were
characterized by a significant involvement of white matter tract
from corona radiata (white arrows in columns a and b) to cerebral
peduncle (dashed arrows in columns a and b). Body of corpus
callosum was found to be affected when PSP was compared with
PD (arrow head in column a).

A comparison of PSP and MSA revealed a differential
involvement of various brain areas (column c).
Supplementary Figure 3 showed the 3D visualization of
the affected regions (color blue: reduction in PSP; color red:
reduction in MSA). Regions characterized by reduced FDC
(upper row) and FD (middle row) in patients with PSP were
chiefly located in the body of corpus callosum, whereas midbrain
and cerebral peduncles showed a reduction in FC (blue, bottom
row). Regions displaying reduced FDC, FD, and FC values in

patients with MSA were localized in the superior cerebellar
peduncles (red).

Comparison of Patients With PSP and PD
Figure 2 compares fixel-related indices of patients with PSP
and PD. Reductions of FDC (upper row) were evident in the
main descending white matter tracts from the superior region
of corona radiata (from motor cortex) (white arrows) through
body of corpus callosum (black arrow) to posterior limbs of
internal capsules (dashed arrows) and into the cerebral peduncles
(arrow head). The regions with changes are consistent with
that of reduced FD (middle row), noticeably in corona radiata
(white arrows), and corpus callosum (black arrow). There was
involvement of the medial thalamus (black curved arrow)—with
a symmetrical involvement of the supratentorial compartment.
Similar regions of reductions in FC (bottom row) were evident
from corona radiata to the posterior limbs of internal capsules
and cerebral peduncles (arrow head). Regions with a concomitant
reduction of both FD and FC were generally overlapping to those
with a reduced FDC. However, an isolated decreased of FD was
evident in the thalamus. The names of tracts with significant
difference, together with the cluster sizes and the peak p-values
were summarized in Table 2.

Comparison of Patients With MSA and PD
Figure 3 compares fixel-related indices of patients with MSA
and PD. Reductions of FDC (top row) were evident in
the main descending white matter pathways from the left
corona radiata (white arrows) to bilateral posterior limbs of
internal capsule (white dashed arrows), cerebral peduncles,
transverse pontine fibers (white arrow head), and bilateral
middle cerebellar peduncles (black arrows). FD was found to be
significantly reduced (middle row) in bilateral cerebral peduncles
(white arrows) and middle cerebellar peduncles (black arrows).
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TABLE 3 | Comparison of fiber tracts between patients with MSA and PD.

Fixel-related

indices

Name of tracts Cluster

size

Peak

p-value

FDC Posterior limb of internal capsule L 1027 0.00020

Posterior limb of internal capsule R 931 0.00020

Middle cerebellar peduncle 800 0.00020

Cerebral peduncle R 768 0.00020

Cerebral peduncle L 701 0.00020

Superior corona radiata L 378 0.00760

Corticospinal tract L 321 0.00020

Corticospinal tract R 305 0.00020

Pontine crossing tract 293 0.00020

Superior cerebellar peduncle R 178 0.00180

Superior cerebellar peduncle L 149 0.00680

Anterior limb of internal capsule R 125 0.00060

Medial lemniscus L 83 0.00320

Medial lemniscus R 58 0.00200

Retrolenticular part of internal capsule L 52 0.00080

Posterior corona radiata L 52 0.02280

Inferior cerebellar peduncle L 49 0.00120

Retrolenticular part of internal capsule R 49 0.00180

Anterior limb of internal capsule L 29 0.01380

Superior corona radiata R 14 0.01500

FD Middle cerebellar peduncle 411 0.00020

Cerebral peduncle R 368 0.00020

Cerebral peduncle L 273 0.00040

Posterior limb of internal capsule R 192 0.00660

Corticospinal tract L 171 0.00040

Posterior limb of internal capsule L 135 0.00620

Corticospinal tract R 132 0.00140

Pontine crossing tract 67 0.00640

Retrolenticular part of internal capsule R 29 0.00600

Superior_part_cingulum_R 27 0.02400

Superior cerebellar peduncle R 24 0.02000

Crura of fornix L 17 0.03800

Crura of fornix R 14 0.02900

FC Posterior limb of internal capsule L 1139 0.00020

Posterior limb of internal capsule R 1024 0.00020

Superior corona radiata L 991 0.00100

Middle cerebellar peduncle 792 0.00020

Cerebral peduncle R 662 0.00020

Cerebral peduncle L 633 0.00020

Corticospinal tract L 334 0.00020

Corticospinal tract R 326 0.00020

Pontine crossing tract 269 0.00020

Superior cerebellar peduncle L 124 0.00460

Posterior corona radiata L 117 0.00700

Superior corona radiata R 96 0.01180

Anterior limb of internal capsule R 71 0.00340

Superior cerebellar peduncle R 66 0.00480

Inferior cerebellar peduncle L 56 0.00440

Medial lemniscus L 21 0.00700

Anterior limb of internal capsule L 18 0.00700

Interestingly, regions with reduced FC (bottom row) almost
invariably overlap with those showing a reduction in FDC. The
names of tracts with significant difference, together with the
cluster sizes and the peak p-values were summarized in Table 3.

Comparison of Patients With PSP and MSA
Figure 4 compares fixel-related indices of patients with PSP and
MSA. Reductions of FDC and FD in patients with PSP were
evident in body of corpus callosum (white arrows), whereas FC
was found to be lowered in the midbrain (white dashed arrows).
All fixel-related indices (FDC, FD, and FC) of patients with MSA
were reduced in middle cerebellar peduncles (Figure 4, black
arrows). The names of tracts with significant difference, together
with the cluster sizes and the peak p-values were summarized in
Table 4.

Tract-Based Spatial Statistics in Patients
With PSP or MSA, as Compared to PD
For comparison to conventional diffusion tensor imaging,
Figure 5 shows the result from tract-based spatial statistics
relative to patients with PD. In patients with PSP, reduced FA
(panel a) and increased MD (panel b) can be found in bilateral
corona radiata, internal capsules, superior longitudinal fasciculi,
posterior thalamic radiation, as well as genu and splenium of
the corpus callosum. In patients with MSA, only increased
MD (panel c) was found, which was located in the bilateral
cerebellar peduncle.

DISCUSSION

Main Findings
FBA was used to assess the patterns of white matter changes
in three different forms of parkinsonism. Our findings revealed
profound differences in terms of white matter involvement
among groups—with affected regions being more extensive
in MSA and PSP than in PD. These results are consistent
with the notion that both PSP and MSA portend a higher
burden of clinical disability. Further, brain regions affected by
white matter changes were in accordance with the current
models of disease pathogenesis (Boxer et al., 2017; Meissner
et al., 2019). Our analysis method might provide an interesting
insight into the pathophysiology of various parkinsonisms. Taken
together, our data indicate that the distribution and severity of
white matter involvement in patients with PSP and MSA are
characteristically different.

The identified regions can be overlapped between FBA
and conventional DTI analysis using TBSS. Both techniques
might provide complementary information regarding to the
underlying microstructural changes. However, because different
post-processing procedures may lead to either false-positive or
false-negative results (Kuchling et al., 2018), the choice of the
analysis approach might depend on the research question of
interest. Our study demonstrated the use of fixel-related indices
as potential biomarkers of disease progression. It may set the
stage for future applications of this technique in patients with
parkinsonian syndromes.
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FIGURE 4 | Fixel-related indices in patients with PSP and MSA. Reduced FDC and FD were noticeable in corpus callosum (white arrows), while reduced FC were

found in midbrain (white dashed arrows) in patients with PSP. On the other hand, the regions with reduced FDC, FD and FC were found in middle cerebellar peduncles

(black arrows) in patients with MSA. The streamline showed p-values (family-wise error corrected p < 0.05, indicated by the colorbar).

TABLE 4 | Comparison of fiber tracts between patients with PSP and MSA.

Fixel-related

indices

Name of tract Cluster

size

Peak

p-value

FDC Body of corpus callosum 1048 0.01360

Middle cerebellar peduncle 118 0.03000

Superior corona radiata R 110 0.01340

Corticospinal tract L 40 0.02140

Superior corona radiata L 35 0.01700

Corticospinal tract R 25 0.02740

Cerebral peduncle L 11 0.02400

FD Body of corpus callosum 1196 0.00640

Superior corona radiata R 55 0.01040

Superior corona radiata L 22 0.02940

Corticospinal tract L 18 0.02680

Cerebral peduncle L 17 0.02000

Middle cerebellar peduncle 13 0.03260

Corticospinal tract R 10 0.03080

FC Middle cerebellar peduncle 58 0.03160

Superior cerebellar peduncle R 48 0.01680

Superior cerebellar peduncle L 45 0.01340

Medial lemniscus L 38 0.01080

Medial lemniscus R 32 0.01680

PSP: From Corpus Callosum, Internal
Capsules, Thalamic Radiation to Midbrain
The corpus callosum consists of white matter fibers that
interconnect the motor areas of the two hemispheres. When
compared to patients with PD, reductions of FDC in the corpus
callosum of PSP overlapped considerably with FD declines.
Similarly, when compared to patients with MSA, a reduced
FDC in the corpus callosum can be noticed, a change which
was chiefly driven by a decline in FD rather than in FC.
Reductions of FD may be related to a lowered intra-axonal
volume as a result of axonal degeneration (Raffelt et al., 2017).

In this scenario, our findings might reflect the occurrence of
Wallerian degeneration in the affected descending pathways–
possibly secondary to cortical gray matter atrophy (Worker
et al., 2014). Our findings support the early-stage white matter
involvement in corpus callosum in PSP, which may aid in our
understanding of the difference in pathogenesis between PSP
and MSA.

Previous studies have reported that patients with PSP display
abnormal diffusion metrics in the main white matter tract in
addition to corpus callosum—for example, the internal capsule

(Padovani et al., 2006; Agosta et al., 2012). Our findings of altered
fixel-related indices in these regions suggest that the previously

reported abnormalities are likely the results of microstructural
white matter injury. Patients with PSP have a reduced FDC in

both the corona radiata and internal capsules. Such alterations
are in line with the higher severity of motor deficits observed in
patients with PSP than in those with PD (Alster et al., 2020).

Notably, regions with reduced FDC in the corona radiata,
internal capsules, and midbrain had broad overlaps with those
showing diminished FC. The latter alteration can be attributed
to a narrowing of extra-axonal space followed by axonal loss
and disruption of myelin sheaths as a result of white matter
atrophy (Raffelt et al., 2017). Interestingly, regions with reduced
FD was found in bilateral medial thalami. These fibers are
parts of thalamic radiation which connect the thalami with the
cortex via internal capsule (Sun et al., 2018). Reduced FD, rather
than FC, might imply early changes within these fibers. Similar
regions have been reported in a quantitative study of histology,
which showed vacuolation and glial inclusion in descending
white matter tract from frontal cortex through the internal
capsules and midbrain (Armstrong, 2013). Our findings suggest
the involvement of the thalamic radiation in PSP, which may help
distinguishing this disease from PD and MSA.

Taken together, these results suggest that the severity of
white matter damage in internal capsules, thalamic radiation and
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FIGURE 5 | Result of Tract-Based Spatial Statistics in patients with PSP or MSA as compared to PD. This figure shows the analysis from tract-based spatial statistics

in patients with PSP or MSA, when compared to PD. Reduced fractional anisotropy (FA, Result of Tract-Based Spatial Statistics in patients with PSP or MSA as

compared to PD. This figure shows the analysis from tract-based spatial statistics in patients with PSP or MSA, when compared to PD. Reduced fractional anisotropy

(FA, A) and increased mean diffusivity (MD, B) in patients with PSP was found in bilateral corona radiate (arrows), internal capsules (dashed arrow), superior

longitudinal fasciculi, posterior thalamic radiation, as well as genu and splenium of the corpus callosum (arrowhead). Increased MD in patients with MSA (C) was found

in in bilateral cerebellar peduncle (black arrows). Color indicated the p-value, with color code included. Color Green: the identified white matter skeleton.) and

increased mean diffusivity (MD, B) in patients with PSP was found in bilateral corona radiate (arrows), internal capsules (dashed arrow), superior longitudinal fasciculi,

posterior thalamic radiation, as well as genu and splenium of the corpus callosum (arrowhead). Increased MD in patients with MSA (C) was found in in bilateral

cerebellar peduncle (black arrows). Color indicated the p-value, with color code included. Color Green: the identified white matter skeleton.

midbrain in PSP is more pronounced than in PD. Our findings
suggest that the previously reported abnormalities are likely the
results of microstructural white matter injury.

MSA: Corona Radiata, Internal Capsule,
and Middle Cerebellar Peduncles
MSA is specifically characterized by an involvement of themiddle
cerebellar peduncles (Poewe andWenning, 2002). When patients
with MSA were compared to those with PD, we found significant
reductions of both FDC and FC in the main descending
white matter pathways. A previous DTI study identified large
areas characterized by reduced FA and increased MD in white
matter tracts—especially in the supratentorial and infratentorial
compartments (Tha et al., 2010). Here, we provide evidence of a
substantial axonal loss in the white matter located in these areas.

When compared with those with PD as well as PSP, we
found significant reductions of FDC in the middle cerebellar
peduncles—which was accompanied by parallel declines in
both FD and FC. Increased diffusivity has been previously
reported in this region (Tsukamoto et al., 2012). Our results
indicate that these regions, characterized by a reduced FDC,
were driven by a concomitant decline in both FD and FC
suggesting that axonal degeneration is likely themain contributor
to microstructural damage. MSA can be associated with a
more severe axonal neurodegeneration and white matter atrophy
in these areas compared with either PD or PSP. Previous
postmortem pathology study showed that the white matter
atrophy of the cerebellum in patients with MSA can be attributed
to the loss of myelinated fibers and gliosis (Matsusue et al.,

2009b). Our observation of reduced FD and FC, as explained
by the simultaneous presence of axonal loss and white matter
atrophy, might ultimately reflect more severe derangements as
related to the motor deficits in patients with MSA than in those
with PD.

Significant reductions of both FDC and FC were also found
in the main descending white matter pathways, namely the
left corona radiata, bilateral posterior limbs of internal capsule,
cerebral peduncles, and ventral and dorsal transverse pontine
fibers. Concomitant reduction of all three fixel-related indices in
these regions implies severe white matter damages. This is in line
with the more severe morbidity of MSA in comparison to PSP
and PD. Here, we provide image-based evidence of a substantial
axonal loss in the white matter located in these areas.

Limitation
Our findings should be interpreted in the context of some
limitations. In this study, patients with PD was used as a
“parkinsonian control” group with which both the patients
with MSA or PSP were compared to. In the future study
when using a prospective design, we will recruit the healthy
control in our study for a comprehensive understanding of
the white matter involvement in Parkinsonism. Secondly, it
may be argued that the study groups were different in terms
of imaging protocols. However, the effect from this variable,
together with age and sex, has been considered and controlled in
the statistical analysis. Provided the acquisition and the analysis
pipeline are the same, these measures can be quantifiable to
allow for assessment of disease severity within study. However,
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it would be necessary to perform advanced statistical analysis
to determine the sensitivity and specificity before its potential
application in early-stage therapeutic trials, or to monitor disease
progression. More radiologic—pathologic correlation studies are
necessary to scrutinize the biologic mechanisms of these fixel-
related indices’ alteration. These caveats notwithstanding, we
successfully applied FBA and identified specific patterns of
white matter degeneration that distinguished PD from atypical
parkinsonisms (MSA and PSP).
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Intracerebral hemorrhage (ICH) is the most fatal subtype of stroke with high disability
and high mortality rates, and there is no effective treatment. The predilection site of ICH
is in the area of the basal ganglia and internal capsule (IC), where exist abundant white
matter (WM) fiber tracts, such as the corticospinal tract (CST) in the IC. Proximal or distal
white matter injury (WMI) caused by intracerebral parenchymal hemorrhage is closely
associated with poor prognosis after ICH, especially motor and sensory dysfunction.
The pathophysiological mechanisms involved in WMI are quite complex and still far from
clear. In recent years, the neuroprotection and repairment capacity of mesenchymal
stem cells (MSCs) has been widely investigated after ICH. MSCs exert many unique
biological effects, including self-recovery by producing growth factors and cytokines,
regenerative repair, immunomodulation, and neuroprotection against oxidative stress,
providing a promising cellular therapeutic approach for the treatment of WMI. Taken
together, our goal is to discuss the characteristics of WMI following ICH, including the
mechanism and potential promising therapeutic targets of MSCs, aiming at providing
new clues for future therapeutic strategies.

Keywords: intracerebral hemorrhage, white matter injury, mesenchymal stem cells, corticospinal tract, cell
therapy

INTRODUCTION

Intracerebral hemorrhage (ICH) is triggered by the spontaneous rupture of blood vessels, wherein
the blood constituents penetrate the brain parenchyma following a path of least resistance and thus
destroy both gray and white matter (GM and WM) structures (Qureshi et al., 2009). ICH is the most
lethal form of stroke characterized by high morbidity, high disability, and high mortality with no
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effective treatment. It was demonstrated that more than 77%
of ICH patients suffered WM injury (WMI), and a better
understanding of WMI and remyelination may shed new light on
the treatment of ICH (Smith et al., 2004).

Damage to WM fibers which establish connections among
different regions impairs brain connectivity, leading to
functional deficits. Dysfunction following cerebral parenchymal
hemorrhage derives not only from neuron or synapse losses,
but also from primary damage to the WM axons. The area of
the basal ganglia where abundant WM fiber tracts cross is the
predominant location of hematoma in human ICH. The internal
capsule (IC), which lies between the putamen (embraced in
the basal ganglia) and the thalamus, contains both descending
and ascending fiber bundles conducting sensory, motor, and
visual information. Once bleeding occurs in this region, the
physiological structure and function of the WM are interrupted
to varying degrees, leading to various complications and
dysfunctions, such as hemiplegia, hemianopia, hemidysesthesia,
and aphasia (Kusano et al., 2009; Balami and Buchan, 2012; Keep
et al., 2012; Wu et al., 2017). The corticospinal tracts (CSTs) and
corticonuclear tracts’ damage can cause contralateral hemiplegia.
Destruction of the optic radiation following deep basal ganglia
ICH leads to hemianopia, while hemidysesthesia is caused due to
lesions of the central thalamic radiations. It is worth mentioning
that IC injury can present all these three clinical manifestations
resulting in serious sensorimotor dysfunction in human ICH.
WMI is considered the major cause of motor-sensory disorders
commonly seen in ICH patients. Therefore, reducing WMI
or repairing WM after ICH is critical for reducing long-term
neurological deficits, especially for motor function recovery.

In the past few decades, stem cell therapy has been actively
explored for the treatment of stroke. Mesenchymal stem cells
(MSCs) are pivotal to tissue homeostasis, repair, and regeneration
for their self-renewing and multipotent characteristics, which are
emerging as the most promising means of allogeneic cell therapy.
Basic and clinical research clarify that MSCs are not antigen-
presenting cells and would not cause activation of the host’s
immune system (Tse et al., 2003). These cells can be harvested
and expanded from a variety of adult and perinatal tissues, such
as bone marrow, adipose tissue, peripheral blood, fetal tissues,
umbilical cord tissues, and placental tissues. The neuroprotection
and repairment capacity of MSCs has been widely investigated
after ICH. MSCs exert many unique biological effects in
tissue replacement, neurotrophy, neurogenesis, angiogenesis,
anti-apoptosis, and immunomodulation (Caplan and Dennis,
2006; Mine et al., 2013; Galipeau and Sensebe, 2018; Song
et al., 2020), which provides a promising therapeutic strategy
in the treatment of WMI. MSCs participate in both innate
immunity and adaptive immunity. Their immunomodulatory
functions are exerted mainly via the release of bioactive factors
and interactions with immune cells, which then change the
damaged microenvironment by shifting the balance from toxic
to protective regenerative events.

Herein, this review is primarily focused on the
pathophysiology and onset mechanism of post-ICH WMI
and potential therapy methods of MSCs, in hopes that it can
benefit clinical treatment.

COMPOSITION AND THE MAIN
FUNCTION OF BRAIN WM

White matter comprises over 40% of the total volume of adult
brain tissue and takes an indispensable part in distributed neural
networks that are responsible for neurobehavioral management
(Bedell and Narayana, 1998; Herndon et al., 1998). The two main
parts- myelinated axon tracts and supporting glial cells including
oligodendrocytes (OLs), astrocytes, and microglia- are embraced
in WM. The axons (nerve fibers) are surrounded by multiple
dense myelin membranes produced by mature OLs (Kang and
Yao, 2019), the molecular structure integrity of which makes
axons insulated from each other, thus promising the quick and
efficient conduction of electrical nerve impulses (transmitting the
action potentials) and protecting the nerve fibers from injury
(Roncagliolo et al., 2006).

Specifically, three parts constitute WM fiber bundles:
projection tracts, commissural tracts, and association tracts
(Gerrish et al., 2014). Projection tracts transmit nerve signals
from the cortex to other regions of the central nervous system
(CNS) (Ge et al., 2002). For instance, CST is the dominant
pathway responsible for conveying descending information
from the cerebral cortex to the spinal cord. The commissural
tracts allow the communication between the left and right
cerebral hemispheres (Ge et al., 2002). The association tracts
build up connections among cortical lobes within the ipsilateral
hemisphere. All these tracts form networks between different
regions and serve diverse functions (Ge et al., 2002). Up to now,
a large amount of research has clarified the brain functions
associated with WM, such as cognitive function, motor function,
reading, and practicing abilities (Schmahmann et al., 2008;
Carreiras et al., 2009).

PATHOPHYSIOLOGY OF WMI AFTER ICH

The pathophysiology change of WMI after ICH is mainly
characterized by demyelination, axonal injury, and death of
OLs. OLs are the sole source of myelin in the adult CNS,
and generally form insulating myelin sheaths marked by myelin
basic protein (MBP), enhancing the propagation of action
potentials and supporting neuronal and axonal integrity through
metabolic coupling under physical circumstances (Bacmeister
et al., 2020). OLs contain a high level of iron and are especially
sensitive to iron overload, which makes them quite vulnerable
to hemorrhagic insults; meanwhile, missed OLs leave axons
susceptible to degeneration (Windrem et al., 2020). With the
degradation of hemoglobin released from dead erythrocytes,
there is a sharp increase in intracellular Fe2+ destroying OLs,
and iron chelator can inhibit this oxidative toxicity in OLs. Both
apoptosis and necrosis are involved in the mechanism of OLs
loss. With the onset of ICH, OLs’ expression of caspase-3 in
the lesion increases and most of the damaged cells undergo
necrosis. Mitochondrial dysfunction is also attributed to OLs
apoptosis. Fortunately, OLs maintain the capacity of regeneration
and repair after damage to the CNS. OLs death is accompanied
by oligodendrocyte progenitor cells (OPCs) proliferation during
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the acute period in the perihematomal WMI, which is responsible
for generating new OLs to remyelinate denuded axons and
reconstruct neuronal function.

Dramatical demyelination and axonal damage were first
observed at the perihematomal site within three days after
ICH, and the axonal damage gradually extended to the adjacent
parenchyma over time (Wasserman and Schlichter, 2008). These
pathologic changes are highly related to brain edema and
neurologic dysfunction, indicating that WMI plays a critical
role in neurologic impairment. Hijioka et al. (2016) has
investigated the exact relationship between axon pathology and
impaired sensorimotor functions; the former mainly referred to
axonal transport deficits and structural destruction. The axonal
dysfunction in the IC was confirmed to be strongly linked with
early motion disturbance after ICH in mice (Hijioka et al.,
2016). Remyelination and axonal regeneration are considered
valid repair forms in WMI (Joseph et al., 2016). Remyelination
is defined as adult OPCs differentiating into new myelin-forming
OLs in a regenerative process after CNS demyelination (Gensert
and Goldman, 1997; Fancy et al., 2004; Kang and Yao, 2019).
To successfully regenerate, damaged axons must reseal denuded
stumps, rebuild the cytoskeleton, colligate and transport building
substrates, package axon modules, and form growth cones, which
is a highly energy-demanding process (Bradke et al., 2012; Lu
et al., 2014; He and Jin, 2016). Based on this, Han et al.
(2020) raised the “energy deficit” definition and proved that
enhancing mitochondrial transport and energetic metabolism
can dramatically stimulate axonal regeneration, promoting
functional restoration in a spinal cord injury (SCI) animal
model. Ultrastructural features of collagenase-induced ICH have
been systematically examined in mice over time (Li et al.,
2018). Obvious axonal demyelination and degeneration, and the
presence of dystrophic neurites in the axons, were demonstrated
but OLs proliferation was also observed, which is responsible
for the myelination of axons (Li et al., 2018). They first showed
a robust inflammatory response of erythrophagocytosis by
microglia and macrophages after ICH by transmission electronic
microscope (TEM) (Li et al., 2018). Myelination could also
be regulated by the growth factor neuregulin (NRG) through
binding to the transmembrane tyrosine kinase receptors (ErbB)
on unsheathing OLs. Collectively, severe changes of myelin
destruction and swelling axons are clear in the ICH animal
models, but the exact mechanisms contributing to the loss of
motor function are uncertain.

PATHOPHYSIOLOGY MECHANISM OF
WMI AFTER ICH

The influx of blood from vessels into the brain destroys GM
and WM. Increasing studies have focused on the implicated
pathophysiology of WMI after ICH (Wasserman and Schlichter,
2008; Gerrish et al., 2014; Chen W. et al., 2019; Chen Z.
et al., 2019). It is demonstrated that the mass effect and
barotrauma during hematoma formation present immediate
compression of adjacent brain tissue the moment of ICH onset,
which is defined as the primary brain injury. Soon afterward,

secondary brain injury- excitotoxicity, oxidative stress, and
neuroinflammation- aggravate the WMI leading to neurological
deterioration (Aronowski and Zhao, 2011; Babu et al., 2012; Duan
et al., 2016; Lan et al., 2017b), accompanied by a succession
of pathologic changes which contain hemodynamic changes
resulted from ischemia, increased cerebral edema, disruption of
the blood–brain barrier (BBB) function, effects of erythrocytes
decomposition products, and apoptosis (Aronowski and Zhao,
2011; Keep et al., 2012; Zhou et al., 2014; Chen S. et al.,
2015). And it was shown that intracerebral hematoma extended
via perivascular spaces and the perineurium (Yin et al., 2013).
All these pathologic changes make the nerve fibers within the
hematoma lesion distend, distort, and finally disrupt to a point
at which they cannot be rescued (Figure 1). Those located
in the perihematomal, meanwhile, exert varying degrees of
impairment, exactly where researchers continuously focus on and
try to intervene.

Immune Inflammatory Response
Complex immune and inflammatory cascades characterized by
the mobilization and activation of inflammatory molecules are
triggered at the moment the blood composition is released into
the substance, which plays a pivotal role in ICH-induced brain
injury (Lan et al., 2017b), especially during the secondary WMI.
The primary and secondary damage usually mutually affect the
whole developing process. The leakage of BBB after ICH is mainly
derived from endothelial cell activation and vascular ONOO−
formation, leading to the reduction of key tight junction proteins
which generally promise the BBB permeability such as claudin-
5, occludin, and zonula occludens (ZO)-1 (Abbott et al., 2010).
There is increasing evidence that an inflammatory response
can promote the formation of edema by increasing the BBB
permeability near the hematoma, thereby aggravating the mass
effect, enhancing the process of cell death through secondary
ischemia, and further causing inflammatory damage to the
surrounding brain tissue (Chu et al., 2014; Wang T. et al., 2015).
Many inflammatory cells have been demonstrated to be involved
and work in concert to modulate the inflammatory response
both in ischemic stroke and ICH. Herein, we introduce several
immune cells involved in inflammation in detail as follows.

Microglia
Microglia, the resident myeloid phagocytes in the brain
parenchyma, constantly and rapidly monitor the brain
microenvironment for threats and damage and play a critical
role in maintaining homeostasis in the brain by removing
pathogens and injured brain tissue debris, and reconstructing
the extracellular matrix and synapses, just like a “cop.” When
encountered with ICH, they can be activated within minutes
and migrate to the lesion together with peripheral macrophages
(Lan et al., 2017b), and become highly phagocytic to respond
to factors secreted by necrotic neurons or astrocytes, like
adenosine triphosphate (ATP), galactin-3, or high mobility
group box 1 (HMGB1), which are all embraced in damage-
associated molecular pattern molecules (DAMPs, also known
as alarmins) (Kong and Le, 2011; Ohnishi et al., 2011; Fang
et al., 2013; Zhou et al., 2014; Xiao et al., 2020). Meanwhile,
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FIGURE 1 | The mechanisms and signal pathways of white matter injury after intracerebral hemorrhage. WMI, white matter injury; ICH, intracerebral hemorrhage;
ICP, intracranial pressure; DAMPs, damage-associated molecular pattern molecules; HO, hemeoxygenase; BBB, blood-brain barrier; NF-κB, nuclear factor-κB;
ROS, reactive oxygen species.

microglia cells secrete multiple cytokines and chemokines
associated with the axon-glial injury via the transcription factor
nuclear factor-κB (NF-κB), and show enhanced phagocytosis,
thereby aggravating structural WMI. DAMPs can initiate the
activation of microglia via several toll-like receptors (TLRs)
in the neuroinflammatory processes after ICH. The TLR4
on microglia cell surfaces generally interacts with TRIF and
MyD88, and then the information is passed through downstream
NF-κB, like phosphorylated P65, and several other secreted
proinflammatory factors, causing inflammation (Zhou et al.,
2014; Lan et al., 2017a). It was proven that traumatic brain
injury (TBI) could induce a rapid and persistent up-regulation
of Myd88, NF-κB, and proinflammatory cytokines (Ling et al.,
2013). Microglial activation can also be induced by thrombin
and complement factors via protease-activated receptors (PARs).
A newly found adenosine diphosphate (ADP)/ATP-responsive
G-protein coupled receptor, P2Y12, helps microglia migrate to

the site of injury (Suzuki et al., 2020). Subsequently, microglia
cells in an activated state and the toxic molecules secreted further
destroy the BBB, leading to peripheral immune cells’ infiltration,
thus propagating inflammatory damage.

According to the surface markers and intracellular cytokines
expressed, microglia can be polarized into classically activated
(M1, pro-inflammatory, and neurotoxic) and alternatively
activated (M2, anti-inflammatory, and neuroprotective)
phenotypes (Zhang et al., 2017). That the microglia can
dynamically and temporally change their phenotypes in response
to acute brain injury is exactly the pointcut of brain damage
intervention researchers pay attention to. M1 microglia could
release high levels of proinflammatory cytokines, that, in turn,
hinder axonal regeneration and OLs maturation (Lampron et al.,
2015; Chen et al., 2017; Qin et al., 2017). In contrast, polarized
M2 microglia typically secrete restorative cytokines and growth
factors, remove tissue debris through phagocytosis, and promote
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remyelination (Olah et al., 2012; Zhao et al., 2015). It was proven
that activated microglia act as a double-edged sword and the
transfer of M1 to M2 can dramatically alleviate the brain injury
caused by inflammation (Zhao et al., 2019).

Astrocytes
Astrocytes are recognized as active elements of the brain
circuitry, and play key roles in maintaining homeostasis
of the extracellular environment, including neurotrophic
and structural supporting functions, stabilization of cell–
cell communications, and anti-oxidative stress functions
(Ransom and Ransom, 2012). Activated astrocytes usually
respond to CNS disorders through reactive astrogliosis which
represent a series of successive processes including changes
of gene and protein expression, proliferation and migration
of cells, cellular hypertrophy, and formation of glial scars.
Some research demonstrated that reactive astrocytes generate
neurotrophic factors (NTFs), isolate injured sites, and prevent
harmful inflammation. Whereas it was shown that astrocytes
could restrain axonal regeneration and hamper other repair
processes in the brain by expressing a wide range of molecules
as demonstrated in an earlier study (McKeon et al., 1991).
Moreover, axonal regeneration and the reconnection among
neurons are further inhibited by the resulting glial scar,
inhibiting the formation of which does not always alleviate
tissue damage in animal experiments (Wanner et al., 2013;
Cregg et al., 2014).

T Lymphocytes
Lymphocytes play a vital role in immune surveillance and
homeostasis maintenance in the peripheral system, among
which T cells mainly participate in adaptive cellular immunity.
CD4+ T cells dominate the lymphocyte population whether in
autoblood- or collagenase-induced ICH models, while CD8+
T cells constitute an extremely small infiltrating leukocyte
population. Undisputedly, FoxP3+CD4+ regulatory T cells
(Tregs) are the major immunosuppressive lineage of the CD4+ T
cell compartment. It is generally supposed that T cells rarely enter
the brain parenchyma except when pathologic changes occur, and
only when the stroke onset, T cells would migrate largely and
infiltrate into the lesion site following the activation of microglia
(Ito et al., 2019).

Recent research demonstrated that it was the regulatory T
cells inside the brain that exerted robust neuronal protection
in ischemic stroke by suppressing neurotoxic astrogliosis
through producing epidermal growth factor receptor (EGFR)
ligand (Ito et al., 2019). This finding suggests that, in the
repair of the ICH process, the function of brain T cells should
also be highly focused on. Apart from sustaining immune
tolerance (Sakaguchi et al., 2010; Lowther and Hafler, 2012),
Tregs perform specialized functions in tissue homeostasis
and remodeling mainly through restraining the activation
and release of cytokines (Liesz et al., 2009; Ito et al., 2019).
IL-10 originating from Tregs can trigger hemoglobin-activated
microglia/macrophages toward the M2 phenotype. Similarly,
it was indicated that Tregs protected against ICH-induced
inflammatory injury by modulating microglia/macrophages

polarization through the IL-10/GSK3β/PTEN axis which might
exert importance in Treg-induced microglia polarization
(Zhou et al., 2017). When co-cultured in vitro, Tregs
also changed the polarization of microglia, decreased the
expression of MHC-II, IL-6, and TNF-α, and increased
expression of CD206.

CCR5 participates in the regulation of T cells and
monocytes/macrophage lines’ migration, mainly expressed
on the T cells at rest, monocytes, and immature dendritic cells
(Joy et al., 2019). Also, accumulating evidence highlighted a
central role for mTOR as a fundamental determinant of cell fate
in antigen-activated CD4+ T cells. It was shown that suppression
of activity in the Akt/mTOR pathway impaired Th17 and
Th1 differentiation and promoted the development of Tregs.
Fingolimod is recognized as an inhibitor of peripheral immune
cell infiltration and can reduce inflammatory injury after ICH
(Wei et al., 2011; Fu et al., 2014). These results demonstrated that
the number of protective Tregs in the CNS was reduced when the
infiltrating inflammatory cells were non-specifically inhibited.
It was proven that the transfer of protective Tregs attenuated
neurological deficit after ICH.

Oxidative Stress
Oxidative stress initiated by the blood breakdown component or
factors of the plasma plays a central role in the pathogenesis of
WMI. Hemolysis after ICH is not that rapid. Rather, the main
component of hematoma-erythrocytes starts to lyse 1 day after
ICH and continues over days to weeks, followed by the release
of decomposition products, including hemoglobin (Hb), heme,
and iron, which exert neurotoxic effects on the lesion site and
perihematomal regions (Cao et al., 2016). These metabolites, on
the one hand, cause consecutive oxidative reactions; on the other
hand, they can trigger inflammatory reaction via TLRs. Iron is
derived from the collapse of heme by hemeoxygenase (HO)-1 and
HO-2. Iron mediates neuronal ferroptosis, generating reactive
oxygen species (ROS) and turning Fe2+ into Fe3+ via the Fenton
reaction (Hu et al., 2016). ROS also mediates the inflammatory
cascade, giving rise to cell death and perihematomal swelling,
which finally leads to WMI.

Neurotoxicity Mediated by Glutamate
In addition to increased ROS and oxidative stress, the levels
of extracellular glutamate can also be augmented after ICH.
It was confirmed followed by an increase of oxidative stress
leading to sustained neuronal loss that ICH-induced striatal
lesion produces distinct changes of EAAT1 and EAAT2 glutamate
transporters expression and glutamate uptake activity. Besides,
the level of perihematomal glutamate is highly related to the
outcome in clinical ICH patients (Wu et al., 2013). It was
demonstrated that in hemiplegic patients with basal ganglia
bleeding affecting the IC, the earlier mini surgery was conducted,
the less glutamate existing in peri-hematoma and the better
prognosis, which means the level of glutamate is highly correlated
with the outcome of ICH (Wu et al., 2013). Several pieces
of research showed blood glutamate grabbing was effective at
lessening the excitotoxicity of extracellular glutamate released
during ischemic brain injury, although this did seemingly occur
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in ICH (Castillo et al., 2016; da Silva-Candal et al., 2018). It was
indicated that blood glutamate grabbing cannot reduce the
hematoma but still can serve as a safe excitotoxic treatment
modality following ICH.

FUNCTIONS AND POSSIBLE
MECHANISMS OF MSCs
TRANSPLANTATION TARGETING WMI
AFTER ICH

Ongoing research efforts are confirming our acknowledgment of
the robust potential applications in regenerative medicine of stem
cells (Chen et al., 2008), the therapeutic effectiveness of which
has been reported in numerous previous experiments conducted
in animal models of ICH. Among various stem cells, the
multipotency and self-renewal capacity make MSCs a promising
candidate for WMI treatment (Ramos-Cabrer et al., 2010;
Huang et al., 2013; Mine et al., 2013), which can be expatiated
as many unique biological effects including self-recovery by
producing growth factors and cytokines, regenerative repair,
inherent immunomodulation, and neuroprotection against
oxidative stress, and can be further engineered to enhance
immunomodulatory functions (Caplan and Dennis, 2006; Lee
et al., 2014; Galipeau and Sensebe, 2018; Song et al., 2020), etc.

Application of MSCs in ICH
There are various sources of MSCs including adult tissues (e.g.,
bone marrow, adipose tissue, inner organs, and peripheral blood)
and neonatal tissues (e.g., umbilical cord, placenta, amniotic
fluid, and amniotic membrane). MSCs can be administered either
via intracerebral injection into a specific brain region or by
intravenous/intraarterial injection (Table 1). In an earlier study
on the rat ICH model, intracerebral administration of MSCs
enhanced motor coordination and balance, which was attributed
to nerve fiber remyelination and axonal regeneration (Liu et al.,
2010). Allogeneic and syngeneic BMSCs treatment after stroke
in rats improved neurological recovery and enhanced reactive
oligodendrocyte and astrocyte-related axonal remodeling with
no indication of immunologic sensitization in the adult rat
brain (Li et al., 2006). Furthermore, the safety and efficiency
of MSCs therapy have also been proven in many clinical trials
for stroke, and some of these trials proved the significant
neuroprotective effects of MSCs (Table 2). These stem cells are
mostly derived from umbilical cord blood, bone marrow, and
adipose tissues. Human umbilical cord-derived MSCs (UCMSCs)
have been used in clinical trials as a treatment for some
neurological diseases since 2011. While the clinical evidence
showing the regenerative and immunomodulatory potential of
the MSCs on ischemic stroke continues to expand rapidly, the
clinical studies on ICH are still scarce. Besides, the proliferation
and functions of MSCs are known to decline during the
process of senescence. The immunomodulatory functions of
MSCs can be compromised due to increased reactive oxygen
species and oxidative stress in aged cells. Therefore, early
passage MSCs or strategies to prevent senescence must be

considered to yield better therapeutic function (Li et al., 2017;
Fafián-Labora et al., 2019). And freshly thawed MSCs seem to
have an impaired immunomodulatory capacity compared to
continuously cultured MSCs (Moll et al., 2016).

Promoting Self-Recovery and
Regenerative Repair
The organism itself possesses a few endogenous mechanisms,
such as migration of endogenous stem cells and hematoma
clearance, which benefit the repair of injured WM structures.
Transplanting exogenous stem cells also exerts significant
neuroprotection on ICH although the difficulty in obtainment
limits their clinical applications. Other sources of stem cells are
required for replacement therapy and MSCs rise in response
to the proper time and conditions. MSCs can secrete many
trophic molecules when transferred into the body generally
by two approaches-orthotopic transplantation and caudal vein
transplantation (Smith and Gavins, 2012; Shichinohe et al.,
2015)- thus promoting endogenous repair mechanism, which
eventually accelerates functional recovery after stroke.

Mesenchymal stem cells transplantation is promising in terms
of angiogenesis. Pfeiffer et al. (2019) found human amnion–
derived MSCs (hAMSCs), well-known for their favorable
angiogenic potential, enhanced human placental endothelial cells
(hPEC) viability, and network formation of endothelial cells by
paracrine factors in vitro (Konig et al., 2015) and promoted
angiogenesis in vivo (Kinzer et al., 2014; Tuca et al., 2016;
Ertl et al., 2018). Brain-derived neurotrophic factor (BDNF),
as the most abundant neurotrophin in the CNS, can promote
neurogenesis, oligodendrocyte genesis, myelination, and synaptic
plasticity through interaction with protein tropomyosin receptor
kinase B (TrkB), which is also a receptor of neurotrophin-4
(NT4) (Tolar et al., 2010; Lim et al., 2011). Recently, given
the fact that TrkB usually can’t be expressed by the MSCs in
an undifferentiated state and the capacity of EA in promoting
neurofunctional recovery through specific NTFs, such as VEGF,
BDNF, and NT4 (Ahn et al., 2016), investigators combined the
electroacupuncture (EA) with genetically modified TrkB gene-
transfected MSCs (TrkB-MSCs) in a mouse model of ischemic
stroke (Ahn et al., 2019). Consistent with the original assumption,
the results showed the combination facilitated further neural
survival and differentiation via stimulating the BDNF/NT4-
TrkB signaling pathway rather than simply the administration
of MSCs (Ahn et al., 2019). EA could directly stimulate the
proliferation and differentiation of endogenous neural NSC in
a rat model of ischemic stroke (Tan et al., 2018). BDNF can
also exert neurotrophic effects on neuronal survival and neurite
outgrowth, particularly the CST axons (Gupta et al., 2009).
This procedure can be mediated by growth-associated protein-
43 (GAP-43) which is highly distributed in the presynaptic
membrane associated with neurite extension and long-term
synaptic enhancement (Ramakers et al., 2000; Gupta et al., 2009;
Morita and Miyata, 2013). Cui et al. (2017) elaborated that
MSC graft increased GAP-43 expression via the ERK1/2 and
pro-survival phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathways after transplanting BMSC into a rat model of
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TABLE 1 | An overview of the administration of MSCs involved in animal models.

Diseases
model

Model
animals

Origin of
MSCs

Treatment
route

Dose Functions Mechanisms References

ICH
(collagenase
I)

Wistar rats
(270–320 g)

BMSCs,
passage 3

Intracerebral
injection (right
striatum)

5.0 × 105 cells Improved functional
deficits and reduced
lesion volume

BMSCs decreased
apoptotic cells

Yang et al.
(2011)

MCAO Male Balb/c
mice (8 W)

BMSCs,
passage 3

Intracerebral
injection

2.0 × 105 cells Promoted regeneration
of the infarcted brain

BMSCs triggered
endogenous signaling
pathways of survival
and repair in neurons
by secreting soluble
neurotrophic factors

Shichinohe
et al. (2015)

MCAO Male C57BL/6J
mice (5 and
8 W)

BMSCs,
passage 3

Intracerebral
injection
(peri-infarct site)

1.0 × 106 cells Improved
stroke-associated
motor and cognitive
dysfunction

EA combined with
grafted TrkB-MSCs
stimulated the
BDNF/NT4-TrkB
signaling pathway

Ahn et al.
(2019)

ICH
(autologous
arterial
blood)

Adult male SD
rats
(250–280 g)

BMSCs (femurs
of 21-day-old
male SD rats),
passage 4

Intravenous
injection
(retro-orbital)

NA Neuroprotective effects:
attenuated neurological
deficits and activated
axonal regeneration

BMSCs increases of
GAP-43 expression
through ERK1/2 and
PI3K/Akt activation

Cui et al. (2017)

ICH
(collagenase
IV)

Adult male SD
rats
(250–350 g)

hPD-MSCs Intravenous
injection (tail
vein)

1.0 × 106 cells Improve neurological
recovery; prevent
hematoma expansion
in the hyperacute stage
of ICH and decrease
acute mortality

MSCs increased the
expression of tight
junction proteins
associated with the
enhancement of
cerebrovascular
integrity

Choi et al.
(2018)

MCAO Adult male
Wistar rats
(270–300 g)

HP-BMSCs
(femurs and
tibias of
2-week-old
Wistar rats)

Intravenous
injection (tail
vein)

1.0 × 106 cells Promoted locomotion
recovery; enhanced
angiogenesis and
neurogenesis

Hypoxic
preconditioning
enhanced BMSCs
survival and
regenerative properties:
downregulated
inflammatory genes
and reduced
expression of
inflammatory factors,
enhanced expression,
and release of
trophic/growth factors

Wei et al.
(2012)

ICH
(collagenase
IV)

Adult male
C57BL/6 mice
(8–10 W,
25–28 g)

HP-BMSCs
(tibias of
post-natal day
21 Wistar rats),
passage 5

Intranasal
injection

1.0 × 106 cells Promoted behavioral
recovery

HP-BMSCs increased
the expression of
neurotrophic factors
and enhances
endogenous
neurogenesis

Sun et al.
(2015)

ICH
(collagenase
AOF type
A)

Male C57BL/6J
mice (7–9 W)

hAD-MSCs,
passage 4

Intravenous
injection

1.0 × 106 cells Improved neurological
deficits: ameliorates
motor and cognitive
function

hADSCs suppressed
acute inflammation
mediated by
CD11+CD45+

subpopulations

Kuramoto et al.
(2019)

MCAO Female SD rats
(14–16 W,
225–275 g)

aMSCγ (femurs
and tibias of SD
rats < 4W)

Intravenous
injection
(retro-orbital
sinus)

5.0 × 106

cells/kg
Minimized the infarct
and penumbra;
improved functional
recovery

aMSCγ reversed the
proinflammatory
phenotype of microglia
and reduce
inflammatory signaling;
induced OLs
differentiation and
myelination

Tobin et al.
(2020)

(Continued)
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TABLE 1 | Continued

Diseases
model

Model
animals

Origin of
MSCs

Treatment
route

Dose Functions Mechanisms References

MCAO Male
CX3CR1eGFP/+

CCR2RFP/+mice
(11–13 W,
22–26 g)

IL13-MSCs Intracerebral
injection

5.0 × 104 cells No obvious differences
were observed

IL13-MSCs polarized
both microglia and
macrophages to a
neuroprotective M2
phenotype during the
pro-inflammatory status

Hamzei Taj
et al. (2018)

ICH
(collagenase
VII)

Adult male SD
rats
(270–300 g)

MSCs,
passage 10

Intracerebral/
intravenous
injection
(CA/CV/LV)

2.0 × 106 cells Improved the motor
function

MSCs differentiate into
neurons, astrocytes
and OLs

Zhang et al.
(2006)

HI brain
injury

C57BL/6
mouse pups
(P9)

hMSCs,
passage 3

Intranasal
injection

1.0/2.0 × 106

cells
Improved sensorimotor
function, promoted
neuroregeneration,
decreased lesion
volume, reduced scar
formation

hMSCs decreased
microglia and
astrocytes activity by
secreting
anti-inflammatory
cytokines

Donega et al.
(2014)

ICH
(collagenase
IV)

Adult male
C57BL/6 mice
(6–8 W,
22–25 g)

BMSCs (femurs
and tibias of SD
rats), passage
2–5

Intracerebral
injection (the
ipsilateral lesion
area)

2.0 × 106 cells Attenuated brain water
content, reduced
hematoma volume, and
improved neurological
behavior impairment

BMSCs improve the
anti-apoptotic ability of
reactive astrocytes,
trigger GFAP/VIM
switch, and inhibit the
final formation of the
glial scar

Chen et al.
(2020)

TBI Adult male SD
rats
(220–250 g)

BMSCs (from
SD rats),
passage 3–8

Intravenous
injection
(jugular vein)

4.0 × 106 cells Improved neurological
recovery; reduced brain
water content

MSCs enhanced
expression of TSG-6,
and modulate
inflammation-
associated immune
cells and cytokines

Zhang (2013)

ICH
(collagenase
IV)

Adult male SD
rats
(250–300 g)

BMSCs (femurs
and tibias of
5-week-old SD
rats), passage
3

Intravenous
injection
(jugular vein)

5.0 × 106 cells Improved neurological
deficits; reduced brain
water content

TSG-6 produced by
MSCs suppressed
activation of the NF-κB
signaling pathway and
the degree of BBB
leakage was decreased

Chen M. et al.
(2015)

ICH
(collagenase)

Adult male SD
rats (12 W,
220 g)

HGF
transduced
hUC-MSCs,
passage 4–6

Intracerebral
injection

6.0 × 105 cells Improved motor
recovery (motor
coordination and
balance)

HGF-transduced MSCs
enhance nerve fiber
remyelination and
axonal regeneration

Liu et al. (2010)

ICH
(collagenase
VII)

Adult male SD
rats
(190–210 g)

Flk-1+

hBMSCs,
passage 5

Intracerebral
injection
(ipsilateral brain
parenchyma)

2.0 × 105 cells Reduced brain edema;
improved neurological
function

Flk-1+ hBMSCs
reduced inflammatory
infiltration, decreased
cell apoptosis, and
promoted angiogenesis

Bao et al.
(2013)

ICH
(collagenase
VII)

Male SD rats
(230–260 g)

hUC-MSCs Intracerebral
injection

2.0 × 105 cells Reduced injured lesion;
accelerated functional
recovery

hUC-MSCs inhibited
inflammation and
promoted angiogenesis

Liao et al.
(2009)

ICH
(autologous
arterial
blood)

Male Macaca
fascicularis
monkeys
(4–6 years old,
4.0–4.4 kg)

hBMSCs,
passage 6

Intracerebral
injection

1.0–5.0 × 106

cells
Improved the recovery
from ICH in a primate
model

No mention Feng et al.
(2010)

ICH
(collagenase
IV)

Male SD rats
(7 W,
240–280 g)

WJ-MSCs Intracerebral
injection
(ipsilateral
striatum)

2.0 × 105 cells Improved behavioral
recovery

WJ-MSCs upregulated
GDNF and increased
differentiation into
neuron-like cells

Lee et al.
(2015)

(Continued)
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TABLE 1 | Continued

Diseases
model

Model
animals

Origin of
MSCs

Treatment
route

Dose Functions Mechanisms References

ICH
(collagenase
VII)

Adult male SD
rats
(250–300 g)

hUCB-MSCs Intracerebral
injection (left
lateral ventricle)

5.0 × 105 cells Improve neurological
recovery

hUCB-MSCs
modulated the
inflammatory
environment, promoting
neurogenesis and
angiogenesis

Kim et al.
(2015)

ICH
(autologous
blood)

Male SHR and
WKY rats

BMSCs (femurs
and tibias of
8-week-old
SHR), passage
3

Intravenous
injection (tail
vein)

2.0 × 107 cells Enhanced neurological
function recovery

BMSCs improved the
integrity of the BBB

Wang C. et al.
(2015)

ICH
(collagenase
VII)

Male SD rats
(230–260 g)

hUC-MSCs,
passage 3–6

Intravenous/
intracerebral
injection

2.0 × 106 cells Improved neurological
function and decreased
injury volume

hUC-MSCs promoted
angiogenesis

Xie et al. (2016)

ICH
(collagenase
IV)

Female adult
Wistar rats
(200–250 g)

BMSCs (femurs
and tibias of
Wistar rats)

Intracerebral
injection (lesion
zone)

5.0 × 106 cells Improved neurological
function

Platelet-rich
plasma-derived
scaffolds increased the
viability and biologic
activity of BMSCs and
optimize functional
recovery

Vaquero et al.
(2013)

subcortical
IS with WMI

Male SD rats
(200–250 g)

AD-MSCs
(adipose tissue
of SD rats)

Intravenous
injection (tail
vein)

2.0 × 106 cells Improved functional
recovery

AD-MSCs reduced cell
death, increased cell
proliferation, and
upregulated levels of
white
matter-associated
markers (NF, MBP, and
Olig-2) leading to the
restoration of white
tract connectivity

Otero-Ortega
et al. (2015)

MCAO Adult male SD
rats
(270–300 g)

BMSCs (SD
rats), passage
3

Intracerebral
injection (left
lateral ventricle)

3.0 × 103 cells Alleviated the WMI BMSCs alleviated
neuronal/axonal injury
and promote the
proliferation of OPCs
and formation of the
myelin sheath

Yu et al. (2018)

MCAO Rat pups (P10) MSCs Intranasal
injection

1.0 × 106 cells Improved long-term
motor functional
outcome

MSC enhanced white
matter integrity

van Velthoven
et al. (2017)

ICH
(autologous
blood)

Adult male
Wistar rats
(270–320 g)

hBMSCs Intraarterial
(internal carotid
artery)/intravenous
(tail vein)
injection

1.0 × 106 cells Improved neurological
functional outcome

hBMSCs improved
histochemical
parameters of neural
regeneration and
reduced the anatomical
and pathological
consequences of ICH

Seyfried et al.
(2008)

ICH
(collagenase
VII)

Male ICR mice
(7 W, 20–30 g)

hBMSCs,
passage 4–11

Intracerebral
injection
(ipsilateral
striatum)

2.0 × 105 cells Improved motor
functional recovery

hBMSCs could be
induced to differentiate
mostly into neurons
and a smaller number
of astrocytes in vitro
and in vivo and
produce many
neuroprotective factors

Nagai et al.
(2007)

(Continued)
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TABLE 1 | Continued

Diseases
model

Model
animals

Origin of
MSCs

Treatment
route

Dose Functions Mechanisms References

ICH
(collagenase
IV)

Adult male
Wistar rats
(393.1–450.9 g)

hAD-MSCs Intravenous
injection

3.0 × 106 cells Improved the functional
outcome

hAD-MSCs activated
the neuronal
endogenous progenitor
cells

Fatar et al.
(2008)

Preterm
WMI

Wistar rat pups hWJ-MSCs Intranasal
injection

1.4 × 104 cells Improved neurological
recovery

hWJ-MSC prevented
hypomyelination and
microgliosis in a model
of WMI in the
premature rat brain

Oppliger et al.
(2016)

W, weeks; g, gram; ICH, intracerebral hemorrhage; WMI, white matter injury; MCAO, middle cerebral artery occlusion; IS, ischemic stroke; HI, hypoxic-ischemic; TBI,
traumatic brain injury; MSCs, mesenchymal stem cells; BMSCs, bone marrow mesenchymal stem cells; hMSCs, human MSCs; hBMSCs, human BMSCs; HP-BMSCs,
hypoxic preconditioned BMSCs; hUC-MSCs, human umbilical cord-derived MSCs; hADSCs, human adipose-derived stem cells; hAD-MSCs, human adipose-derived
MSCs; hPD-MSCs, human placenta-derived MSCs; aMSCγ, interferon-γ–activated MSCs; WJ-MSCs, Wharton’s jelly-derived MSCs; hUCB-MSCs, human umbilical cord
blood-derived MSCs; Flk-1, fetal liver kinase 1; TrkB, tropomyosin receptor kinase B; EA, electroacupuncture; BDNF, brain-derived neurotrophic factor; NT4, neurotrophin-
4/5; GAP-43, growth-associated protein-43; SD, Sprague-Dawley; OLs, oligodendrocytes; IL13, interleukin 13; CA, carotid artery; CV, cervical vein; LV, lateral ventricle;
GFAP, glial fibrillary acidic protein; VIM, vimentin; TSG-6, tumor necrosis factor (TNF-α) stimulated gene/protein 6; NF-κB, nuclear factor-κB; BBB, blood–brain barrier;
HGF, hepatocyte growth factor; GDNF, glial cell line-derived neurotrophic factor; WKY rat, Wistar-Kyoto rat; SHR, spontaneously hypertensive rat; OPCs, oligodendrocyte
progenitor cells.

autologous blood injection. It means that MSC transplantation
alleviated axonal damage and enhanced synaptic plasticity to
some extent. GAP-43 may be considered a potential therapeutic
target for MSCs in the treatment of axonal injury following ICH.

The CST is the only descending conduction pathway, in
which some axons directly take shape synapses with spinal
motoneurons, evolved in the major system for skilled voluntary
movement in human and motor functions in rodents. Motor
deficits in a stroke critically lie in an interruption of CST
integrity, i.e., the motor fibers descending from the cortex to
the spinal cord (Hijioka et al., 2016; Jang et al., 2018; Chen W.
et al., 2019). Our previous research detected WM degeneration
which lasted for at least 5 weeks after ICH, i.e., even during
the chronic phase following stroke (Ng et al., 2020). And the
longitudinal pathological alternations of the CST in the cervical
portion of the spinal cord after unilateral striatal hemorrhage
in adult mice were first illustrated, implying that the structural
integrity of the CST was compromised extensively after ICH
(Ng et al., 2020). In general, the establishment of compensatory
re-innervation in the bilateral hemispheres after brain injury is
mainly achieved through axonal sprouting of surviving neurons,
new synapse formation, and factors produced by the brain. MSCs
have been reported to promote neurogenesis and to alleviate
side effects in injured brain regions, where both differentiation
and secretion of MSCs involve axonal plasticity. In addition to
the neuroprotective and neurotrophic effects, Choi et al. (2018)
proved that MSCs may also prevent hematoma expansion in the
hyperacute stage of ICH by enhancing endothelial integrity of
cerebral vasculature by uplifting the expression of tight junction
proteins (ZO-1, occludin).

Immunomodulating Properties of MSCs
The scientific fact that neuroinflammation makes a principal
contribution to the progress of ICH-induced brain damage is well
acknowledged. Thus, modulating the immune response could
help improve brain injury outcomes following ICH. The highly

anti-inflammatory and immunomodulatory properties make
MSCs suitable therapeutic candidates in inflammatory diseases,
through regulating infiltration of microglia and neutrophils
and increasing anti-inflammatory cytokines levels, while also
downregulating the expression of proinflammatory cytokines.

Emerging knowledge in targeting neuroinflammation argues
MSCs are effective modifiers of microglial phenotype by
maintaining a resting, pro-regenerative microglial phenotype, or
by controlling the microglial activation following stroke (Wei
et al., 2012; Yan et al., 2013). Neurological deficits of collagenase-
induced ICH-bearing mice during the subacute phase were
improved by human adipose-derived stem cells (hADSCs) which
suppressed the acute inflammation mediated by CD11+CD45+
cells subpopulations (Kuramoto et al., 2019). In a middle
cerebral artery occlusion (MCAO) model of rats, microglia
activation and inflammatory signaling were dramatically reduced
by transplanted MSCs activated by interferon (INF)-γ, along
with oligodendrogenesis and the minimization of the infarct and
penumbra (Tobin et al., 2020). The activation of microglia is
largely determined by CX3CR1, and MSCs are known to shift
activated inflammatory M1 macrophages to an M2 macrophage-
like phenotype through prostaglandin E2 (PGE2). In a global
cerebral ischemia (GCI) mice model conducted by Du et al.
(2020), CX3CR1 downregulation markedly reduced activation
of microglia and inflammatory responses and promoted the
generation of mature OLs from OPCs, and thus protected
myelin from ischemia-induced damage. Similarly, Hamzei Taj
et al. (2018) transplanted the BMSCs line which was genetically
engineered to express the anti-inflammatory cytokine IL-13
(further named as IL13-MSCs) to CX3CR1eGFP/+ CCR2RFP/+

knock-in fluorescent protein reporter mice to distinguish
brain-resident microglia from infiltrated macrophages after
ischemic stroke. They found the transplantation of IL13-MSCs
shifted microglia and macrophages toward an anti-inflammatory,
neuroprotective phenotype at 14 days after ischemia (Hamzei Taj
et al., 2018). Compared with MSCs, IL13-MSCs were proven to
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TABLE 2 | An overview of the administration of MSCs involved in clinical trials.

Diseases Clinical trials Time from
onset

Trial design Origin of
MSCs

Application Dose Safety
analysis

Efficacy
analysis

Functional
results

Side effects Limitation References

IS Prospective,
randomized,
open-label,
blinded-
endpoint

Acute and
chronic phase

Treatment,
n = 40; control,
n = 20.
Follow-up,
3 months

Autologous
MSCs
preconditioned
with
early-phase
stroke serum

Intravenous
infusion

1.0 × 106

cells/kg
Screening tests
monitored
vascular
occlusion

Multimodal MRI
and detailed
functional
assessments

Safe and
feasible

Not mentioned Short duration
of the follow-up
evaluation

Kim et al.
(2013)

IS Phase IIa,
prospective,
randomized,
double-blind,
placebo-
controlled,
single-center,
pilot

Acute phase
(the first
2 weeks)

Treatment,
n = 10; control
(placebo or
vehicle), n = 10.
Follow-up,
2 years

Allogeneic
MSCs from
adipose tissue

Single
intravenous
infusion

1.0 × 106

units/kg
AEs, SAEs,
neurologic and
systemic
complications,
tumor
development

mRS; NIHSS;
infarct size;
biomarkers

(1) Safe and
feasible; (2)
significantly
improved
recovery in the
early stages of
stroke by
repairing
ischemic brain
tissue

Not mentioned Small sample
size

Díez-Tejedor
et al. (2014)

IS Phase II,
prospective,
randomized,
controlled,
observer-
blinded

Subacute
phase
(30–90 days)

Treatment,
n = 59; control,
n = 59.
Follow-up,
360 days

Allogenic
BMSCs

Four intrathecal
infusions once
a week

1.0 × 106

cells/kg
AEs,
Neurological
worsening
tumor
formation or
abnormal cell
growth, routine
tests

NIHSS; mRS;
mBI; FMA,
ARAT, and
MWS; MoCA;
infarction
volume; tissue
metabolism;
fiber tract of the
injured brain;
the level of
biomarkers

Safe and
feasible

Not mentioned Not mentioned Deng et al.
(2019)

IS Phase I/II,
multi-center,
open-label

Chronic phase
(>6 months)

Phase 1,
N = 15; phase
2, N = 21.
Follow-up,
1 year

Allogeneic
ischemia-
tolerant
MSCs

Single
intravenous
infusion

Phase 1:
0.5/1.0/1.5 ×
106 cells/kg;
phase 2:
1.5 × 106

cells/kg

AEs NIHSS, BI,
Mini-Mental
Status Exam,
Geriatric
Depression
Scale scores

(1) Safe and
feasible; (2)
behavioral
gains

Infections,
vascular
disorders, and
pain
syndromes,
unrelated or
unlikely related
to the
investigational
product; urinary
tract infection
and intravenous
site irritation

Uncontrolled
design;
Mechanism of
action was not
studied; no
appropriate
training

Levy et al.
(2019)
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TABLE 2 | Continued

Diseases Clinical trials Time from
onset

Trial design Origin of
MSCs

Application Dose Safety
analysis

Efficacy
analysis

Functional
results

Side effects Limitation References

IVH Phase I,
open-label,
single-arm,
single-center

23–34 weeks No control.
Premature
infants, N = 9

Allogeneic
hUCB-MSCs

Single
intraventricular
infusion

3 received
5.0 × 106

cells/kg, 6
received
1.0 × 107

cells/kg

SAEs, DLT,
MRI, death
after
transplantation,
anaphylactic
shock

Cranial
ultrasono
graphy,
biomarkers

Safe and
feasible

Inguinal hernia,
late-onset
sepsis, and
meningitis.
These SAEs are
not directly
related to
MSCs

Small sample
size;
uncontrolled
design

Ahn et al.
(2018)

Stroke Phase 1/2a
small-scale,
open-label,
dose-escalation

Chronic phase No control.
Treatment,
N = 18.
Follow-up,
1 year

Modified
BMSCs
(SB623)

Stereotactic
implantation

3 cohorts:
2.5/5.0/10.0 ×
106 cells

TEAEs NIHSS, MRI,
FM total score,
and FM motor
function total
score

(1) Safe and
well-tolerated;
(2) significant
improvement in
neurological
function

All patients
experienced at
least 1 TEAE.
None were
related to cell
treatment

Small sample
size; non-
randomized,
uncontrolled
design

Steinberg et al.
(2016)

IS Prospective,
single-center,
open-label,
blinded-
endpoint
randomized
controlled

Subacute
phase,
<2 weeks
following
moderate-
severe ischemic
carotid stroke

Treatment,
n = 16; control,
n = 15.
Follow-up,
2 years

Autologous
BMSCs

Single
intravenous
infusion

1.0/3.0 × 108

cells/kg
AEs NIHSS, mRS,

BI, ITT, LMM,
motor FM
score,
task-related
fMRI

(1) Safe and
feasible; (2)
improve motor
recovery
through
sensorimotor
neuroplasticity

10 and 16 AEs
in treated
patients, and
12 and 24 in
controls at
6-month and
2-year
follow-up,
respectively

Use of
autologous
MSCs; no
sample size
justification for
the primary
endpoint; small
sample size

Jaillard et al.
(2020)

IS Phase I,
open-label,
uncontrolled,
dose–
response,
pilot

Acute phase No control.
Treatment,
N = 6.
Follow-up,
1 year

Novel Bone
marrOW stem
cell
(RAINBOW):
autologous
BMSC product
HUNS001–01

Intraparen
chymal infusion

3 received
2.0 × 107cells;
3 received
5.0 × 107 cells

AEs NIHSS, mRS,
FIM, BI, FM,
MRI, FDG-PET,
IMZ-SPECT

Safe and
feasible

No AE Small sample
size; uncertain
time point of
cell
administration

Shichinohe
et al. (2017)

ICH Prospective 5–7 days Treatment,
n = 60; control,
n = 40.
Follow-up,
6 months

BMSCs Intracerebral
injection
(perihemor
rhage area in
the base
ganglia)

Median number
of MSCs:
9.47 × 105/L
(range,
7.25 × 105 to
1.35 × 106/L),
3.5 mL/patient

Cell viability,
re-bleeding or
infection, blood
pressure
control

NIHSS; BI Reduced
neurological
impairment and
improved
activities of
daily living

Low grade
fever;
continuous dull
chest pain
4 months after
the implantation

Uncertain
functional cell
types; unclear
effectiveness of
mononuclear
cell therapy in
all ICH patients;
experimental
nature of the
stem cell
treatment

Li et al. (2013)
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TABLE 2 | Continued

Diseases Clinical trials Time from
onset

Trial design Origin of
MSCs

Application Dose Safety
analysis

Efficacy
analysis

Functional
results

Side effects Limitation References

IS Pilot Acute
(<1 week);
subacute
(1 week to
1 month);
stroke sequelae
(0.5–2 years)

No control.
Treatment 1:
N = 2, 1 dead;
Treatment 2:
N = 4.
Follow-up,
2 years

Transplantation
of NSPCs and
UC-MSCs

Intravenous
and intrathecal
infusions

Treatment 1:
0.5 × 106/kg, 4
times;
Treatment 2: 1
with MSCs
(0.5 × 106/kg)
+ 3 with MSCs
(5.0 × 106/
patient) and
NSPCs
(6.0 × 106/
patient)

Neurological
deterioration or
infection,
tumorigenesis

NIHSS, mRS,
BI,

(1) Safe and
feasible; (2)
improved the
neurological
functions,
disability levels,
and daily living
abilities

Low-grade
fever; minor
dizziness

Small sample
size; short
duration of the
follow-up
evaluation;
uncontrolled
design

Qiao et al.
(2014)

ICH/IS Pilot Within
3 months

No control.
Treatment,
N = 4, 3 with
IS, 1 with ICH.
Follow-up,
6 months

UC-MSCs Single
intra-artery
infusion

2.0 × 107 cells Angiography,
MRI

mRS (1) Safe and
feasible; (2)
improve the
neurological
function of IS
patients with
the MCA
territory
infarcts, but not
ICH

No obvious AEs Limited number
of enrolled
patients; short
duration of the
follow-up
evaluation

Jiang et al.
(2013)

IS Randomized
open-labeled,
observer-
blinded

Acute phase Treatment,
n = 16, 4 dead;
control, n = 36,
21 dead.
Follow-up,
5 years

Autologous
ex vivo cultured
MSCs

Intravenous
infusion

5.0 × 107 cells Mortality, SAEs;
immediate
reaction

mRS,
biomarkers,
degree of
involvement of
the
subventricular
region of the
lateral ventricle

(1) Long-term
safe and
feasible; (2)
MSCs may
improve
recovery after
stroke

No obvious AEs Small sample
size; not
double-blinded;
no exclusion of
placebo effects

Lee et al.
(2010)

IS Phase I,
unblinded

Subacute or
chronic phase

No control.
Treatment,
N = 12,
patients with
ischemic gray
matter, white
matter, and
mixed lesions.
Follow-up,
1 year

Auto serum-
expanded
autologous
human MSCs

Single
intravenous
infusion

0.6–1.6 × 108

cells
AEs, MRI-
tumorigenesis
and abnormal
cell growth

NIHSS; mRS;
MRI; MRA;
brain 3D CT
angiography

Safe and
feasible

Slight itching at
the injection
site; mild fever
and nausea;
slight appetite
loss; no other
obvious
adverse events

Unblinded; No
overall function
or relative
functional
importance of
different types
of deficits; No
mention of
placebo effects
or a
contribution of
recovery of the
natural history
of stroke

Honmou et al.
(2011)
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TABLE 2 | Continued

Diseases Clinical trials Time from
onset

Trial design Origin of
MSCs

Application Dose Safety
analysis

Efficacy
analysis

Functional
results

Side effects Limitation References

ICH/IS Pilot Chronic No control.
Treatment,
N = 10, 6 with
IS, and 4 with
ICH. Follow-up,
6 months to
2 years

UC-MSCs,
OECs, NPCs,
Schwann cell

Intracranial
/intravascular
infusion

Mixed cells:
UC-MSCs,
1.0/2.3 × 107

cells;

Clinic
Neurologic
Impairment
Scale; BI

Clinic
Neurologic
Impairment
Scale; BI

(1) Relatively
clinically safe;
(2) neurological
function
amelioration

No AE Small sample
size;
methodological
limitations;
incomplete
outcome data;
absence of
environmental
enrichment or
cell-only
treatment
groups

Chen et al.
(2013)

Stroke Unblinded non-
randomized
experimental
controlled

Chronic Treatment,
n = 20; control,
n = 20.
Follow-up,
24 weeks

Autologous
BMSCs

Intravenous
infusion

5.0–6.0 × 107

cells
Routine
laboratory tests

Strength, Tone
(modified
Ashworth), FM,
Edinburgh
handedness
inventory, mBI,
functional MRI
scanning

(1) Safe and
feasible. (2)
Stem cells act
as “scaffolds”
for neural
transplantation
and may aid in
repair
mechanisms in
stroke

No AE Small sample
size; non-
randomized
design

Bhasin et al.
(2013)

Stroke Non-
randomized
experimental
controlled

Chronic Treatment,
n = 6; control,
n = 6.
Follow-up,
24 weeks

Autologous
BMSCs

Intravenous
infusion

5.0–6.0 × 107

cells
Routine
laboratory
tests,
tumorigenesis,
ectopic tissue
formation,
behavioral
abnormality

FM, mBI, MRC,
Ashworth tone
grade scale
scores,
Functional
imaging scans

Safe and
feasible

No AE Small sample
size; non-
randomized
design;
limitation of
dose of cells,
site, and mode
of
transplantation

Bhasin et al.
(2011)

TBI Randomized,
single-blind
controlled

Sequelae of TBI Treatment,
n = 20; control,
n = 20.
Follow-up,
6 months

UC-MSCs Lumbar
puncture
infusion

1.0 × 107 cells FM; FIM FM; FIM (1) Safe and
feasible; (2)
UC-MSCs
improved the
neurological
function and
self-care in
patients with
TBI sequels

Low intracranial
pressure
reactions (mild
dizziness and
headache)

Small sample
size, a
multicenter, and
large sample
size
prospective
randomized
clinical trial is
needed

Wang et al.
(2013)

ICH, intracerebral hemorrhage; IS, ischemic stroke; IVH, intraventricular hemorrhage; TBI, traumatic brain injury; MCA, middle cerebral artery; NSPCs, neural stem/progenitor cells; MSCs, mesenchymal stromal cells;
BMSCs, bone marrow MSCs; UC-MSCs, umbilical cord-derived MSCs; hUCB-MSCs, human umbilical cord blood-derived MSCs; OEC, olfactory ensheathing cell; NPC, neural progenitor cell; NIHSS, National Institute
of Health Stroke Scale; mRS, modified Rankin Scale; FM, Fugl Meyer assessment; BI, Barthel Index; mBI, modified Barthel Index; FIM, Functional Independence Measure; ITT, intent to treat analyses; LMM, linear mixed
models analyses; MRI, magnetic resonance imaging; SPECT, single-photon emission computed tomography; FDG-PET, 18F-fluorodeoxyglucose positron emission tomography; IMZSPECT, 123 I–iomazenil single-photon
emission computed tomography; AEs, adverse events; SAEs, serious AEs; TEAEs, treatment-emergent AEs; DLT, dose-limiting toxicity; MRA, magnetic resonance angiography; FIM, functional independence measures.
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better limit oligodendrocyte loss and demyelination in a model
for neuroinflammation and demyelination of cuprizone-treated
mice, and promote histopathological and functional recovery in
SCI of mice (Hamzei Taj et al., 2018). Engineered MSCs were also
applied in malignant glioma tumor models (Sun et al., 2011).

As one of the main components of glial cells, astrocytes’
regulation is also a promising target in WMI treatment (Zhang
et al., 2006), although there is not adequate research recorded.
Donega et al. (2014) reported that intranasal administration
of human-MSC successfully reduced the expression of GFAP
(a biomarker of astrocytes) and the formation of glial scars.
Interestingly, in experiments conducted by Chen et al. (2020),
transplanting BMSCs led to an elevation of GFAP level of
expression; this difference might lie in the inherent double-edged
features of activated astrocytes. Fortunately, the transplantation
of MSCs into the CNS of ICH mice significantly improved
cognitive and motor function and decreased hemorrhagic
volume, which is consistent with previous research (Bedini et al.,
2018). The key challenge in the treatment of ICH is to therefore
understand how to magnify the advantages and minify the
disadvantage of reactive astrocytes. Another factor that presents
a double-edged sword function due to producing both pro-
inflammatory and anti-inflammatory cytokines is IL-33; it was
proven that IL-33 improved wound healing through enhanced
M2 macrophage polarization in diabetic mice (He et al., 2017).
It is a member of the IL-1 family mainly expressed in astrocytes,
microglia, and OLs in CNS (Schmitz et al., 2005). Besides, a late
research voted for IL-33 as a neuroprotective target which shifted
microglia polarization from M1 to M2 and thus promoted OLs
differentiation and WM repair banding with its ligand ST2 after
ICH (Chen Z. et al., 2019).

The immunomodulatory functions of MSCs can also be
exerted by secreting multifunctional paracrine signaling factors
(Zhang, 2013; Zhao et al., 2013; Liu et al., 2014; Zhou et al., 2019),
including cytokines, growth factors, and chemokines, which
combine to regulate the immune cells’ function. Systemically
delivered MSCs can pass through the BBB while very few
of these cells are detected homing to and survive in the
lesion site of the brain (Chen et al., 2001). Functional
activities are still improved by transplantation therapy. It
has been commonly accepted that the functional benefits of
MSCs’ transplantation are due to increased trophic support
from these cells that reduce overall inflammation, thereby
eliminating the potentially toxic environment (Caplan and
Dennis, 2006; Hess and Borlongan, 2008). Some studies
described the bystander mechanism of MSCs that MSCs is
related to some soluble factors such as IL-10, indoleamine
2,3-dioxygenase (IDO), PGE2, transforming growth factor-
β1 (TGF-β1), tumor necrosis factor-α (TNF-α), and TNF-α
stimulated gene/protein 6 (TSG-6) (Nemeth et al., 2009). These
molecules are encapsulated in cell-secreted extracellular vesicles
(EVs), which are usually divided into exosomes, microvesicles
(MVs), and apoptotic bodies according to the size and cell
of origin. TSG-6 is an anti-inflammatory factor that can
suppress neutrophil migration into the inflammation region,
interact through the CD44 receptor on resident macrophages,
and inhibit the NF-κB signaling pathway (Chen M. et al., 2015).

The BMSCs, injected from the jugular vein of ICH-bearing
rats, attenuated the inflammatory response and decreased BBB
disruption by secreting TSG-6 after being trapped in the
lung (Chen M. et al., 2015). Most recently, researchers have
verified the MSC-derived EVs (MSC-EVs), which mediate
cell-to-cell inflammation and trophic signaling, to be feasible
therapeutic targets for functional recovery after cortical injury
in a monkey model (Medalla et al., 2020). Besides, MSC-EVs
can also trigger macrophage polarization by increasing the
formation of anti-inflammatory M2 phenotype over M1-like pro-
inflammatory phenotype via downregulation of level of IL-23
and IL-22.

An in vitro experiment was performed which preclinically
investigated the potential effect of MSCs on Treg and showed
that MSCs induced the generation of Treg via epigenetic
conversion of human conventional CD4 T cells, possibly partly
through TGF-β and/or PD-1/PD-L1 pathway (Azevedo et al.,
2020). PD-L1 was found to result in generating more Th2 and
Treg cells but fewer Th1 and Th17 cells from naive CD4+
T cells via inhibiting the mTOR pathway in vitro experiment.
Administrating PD-L1 could promote the development of Treg
cells and inhibit the differentiation of Th17 cells and thus
significantly alleviate symptoms and suppress disease progression
in several murine models (Fujiwara et al., 2014; Ding et al.,
2016; Han et al., 2017). Besides, PD-L1 usually promotes
the phosphorylation of immune-receptor tyrosine and conveys
negative modulation signals, leading to cell inactivation via STAT
or Janus kinase (JAK). When the STAT1 phosphorylation was
hampered, overexpressing PD-1/PD-L1 could decrease the M1
microglia, indicating a potential approach of transferring to the
anti-inflammatory phenotype via inhibiting STAT1. The findings
mentioned above may attract researchers to conduct further
investigation on the specific mechanism and therapeutic effect of
MSCs transplantation based on PD-1/PD-L1 after ICH.

Reducing Oxidative Stress
The antioxidative stress properties of MSCs have been validated
in many previous studies (Shalaby et al., 2014), as diminishing
ROS via the Nrf2 signaling pathway and protecting the body
from oxidative stress was proven in many diseases such as acute
lung injury (ALI), acute respiratory distress syndrome (ARDS),
acute myocardial infarction (AMI), and acute liver failure (ALF).
Various preconditioning strategies have been used to enhance the
therapeutic efficacy of MSCs. Hypoxia preconditioning is thought
to enhance MSCs’ survival and the expression of various trophic
factors of MSCs, and even to strengthen the engraftment and
paracrine properties (Hu and Li, 2018).

CONCLUSION AND PERSPECTIVES

For the past two decades, great progress in understanding the
mechanisms of ICH-induced brain injury has been made (Balami
and Buchan, 2012; Fang et al., 2013; Chen S. et al., 2015; Duan
et al., 2016; Bobinger et al., 2018). But not until recently has
the importance of WM damage in ICH, which exerts a high
correlation with functional outcomes, been acknowledged. The
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WM is involved in the transmission of motor and sensory
information between the cerebral cortex and spinal cord.
Therefore, whether in hemorrhagic or ischemic stroke, WMI can
cause serious cognitive dysfunction, emotional disorders, and
motor disturbance. Without the parallel protection of WM, true
lasting neurorestoration cannot be achieved.

Mesenchymal stem cells have proven to be an extremely
promising therapy for WMI due to their multipotency
and self-renewal capacity. Furthermore, they exert reduced
immunogenicity because of a low MHC class I expression
and the absence of MHC class II molecules and co-
stimulatory factors. Most importantly, MSCs can produce many
immunomodulatory, neurotrophic, and angiogenic factors and
have a potential immunomodulatory effect on immune cells
(Caplan and Dennis, 2006; Chen et al., 2008; Bedini et al., 2018;
Galipeau and Sensebe, 2018). And the neuroprotective effects
have been well recognized in numerous pieces of research.
To enhance the therapeutic effects of MSC transplantation
by boosting the immunomodulatory properties of MSCs,
investigators can also make some improvements to the MSC
and the results show enhanced therapeutic effect, especially for
the inflammatory modulation.

It is true that numerous signaling molecular pathways are
involved in inflammatory responses and further exacerbate
secondary brain damage (Zhou et al., 2014; Zhu et al., 2019).
Although the modulation of immunological response after ICH
showed promising results in a small proof-of-concept study,
larger trials need to be done to further verify this. There
are still several questions that remain to be addressed. First,
studies in WMI are insufficient, whether effective drug targets
of MSCs in the diseases mentioned above are equally effective
in WM damage after ICH requires further verification. Second,
human ICH pathomechanisms cannot be entirely mimicked
by experimental models. The proportion of WM in rodent
animals, especially in rats and mice, is much smaller than

that of humans. It is essential to apply animals whose brain
structures fit better with humans in future studies. Third, a
majority of studies on post-ICH WMI after ICH concentrate
on single−factor intervention; agents with multiple targets or
combined drug therapy strategies remain to be designed and
tested in further research. Last but not least, cell resources,
invasive extraction procedures, and cell quantity make future
research of this therapy challenging. An improvement on MSCs
calls for further investigation so that it can be better applied
in ICH treatment.
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Background: CircRNAs have been found to play a crucial role in the pathological

process of various kinds of diseases. However, the role of circRNAs in the formation

and rupture of intracranial aneurysm is still unknown.

Methods: Differentially expressed circRNAs profiles between superficial temporal

arteries (n = 5) and intracranial aneurysms (n = 5) were analyzed using the Arraystar

human circRNAs microarray. Quantitative real-time PCR was utilized to validate the

differential expression of circDUS2. Fluorescence in situ hybridization (FISH) was meant

for the location of circDUS2 in human brain vascular smooth muscle cell (HBVSMC).

Structural analysis was used to speculate on the function of circDUS2.

Results: Five hundred forty-three upregulated and 397 downregulated significantly in

intracranial aneurysm as compared to superficial temporal arteries. Quantitative real-time

PCR verified the elevated expression of the upregulated circDUS2. The FISH test revealed

that circDUS2 is located in the cytoplasm of brain vascular smooth muscle cells.

Conclusion: This study showed differential expression data of circRNAs between

superficial temporal artery and intracranial aneurysm and revealed that circDUS2 is a

potential molecular marker for intracranial aneurysm.

Keywords: circular RNA, intracranial aneurysm, circDUS2, circRNA microarray, smad

INTRODUCTION

Intracranial aneurysm (IA) is abnormal bulging brought about by structural damage to intracranial
artery walls because of multiple factors. Depending on the latest epidemiological research, the
morbidity of IA is 8% (Vlak et al., 2011). The rupture of IA can pose a serious threat to human
life and health. The mortality of IA rupture within 30 days is nearly 50% and 30% of survivors
suffered moderate to severe disabilities (Lawton and Vates, 2017). The assessment of the possibility
of rupture is essential to the therapy of IA. Existing research speculated that inflammation, family
heredity, geometrical morphology of IA, and hemodynamics are related to the reconstruction of
the aneurysm wall, but the details are far from clear. In recent years, the molecular mechanism of
aneurysm occurrence and rupture has been studied deeply; inflammation, apoptosis, phenotypic
changes of vascular smooth muscle cells, cell adhesion, atherosclerosis, and abnormal extracellular
matrix metabolism may be involved in the rupture mechanism of IA (Jiang et al., 2018; Jabbarli
et al., 2020). Therefore, the exploration of the mechanism of IA rupture and the search for reliable
molecular targets are of great significance for the prediction and diagnosis of IA rupture in advance,
guiding the selection of treatment strategies for unruptured aneurysms, directing primary and
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secondary prevention, and reducing mortality and disability
rates. Circular RNA (CircRNA) is one of a specific type of non-
coding RNA. It used to think to be a low abundance RNA due
to the incorrect splicing of the exon transcript. In recent years,
as the use of the RNA sequencing technique became widespread,
it has been found that many exon transcripts can accept non-
linear reverse splicing or gene rearrangement to form circRNA
(Chen and Yang, 2015). Research on the biological function
of circRNA and the effect of human diseases has just started
(Chen et al., 2017). Some characteristics of circRNA have been
disclosed. It is broadly expressed in human cells (Salzman et al.,
2012) and is hard to degrade by exonuclease (Memczak et al.,
2013); most of them are located in the cytoplasm instead of the
cell nucleus (Zhang et al., 2013). Functions of circRNAs also
have been explored, such as microRNA sponges (Hansen et al.,
2013), which interact with different proteins (Du et al., 2017)
and even encode functional peptides or proteins (Pamudurti
et al., 2017; Yang et al., 2017). It is becoming increasingly
clear that circRNAs play a crucial role in the pathological
process of many kinds of cancers, such as colorectal cancer
(Zeng et al., 2018), breast cancer (Pamudurti et al., 2017), and
hepatocellular carcinoma (Yang et al., 2017). However, research
about the role of circRNAs in the formation and rupture of
intracranial aneurysm is rare, and the overall pathophysiological
contributions of circRNAs to intracranial aneurysm remain
largely unknown. In the present study, we used the circRNA
microarray to acquire circRNA profiles in human IA tissues as
compared to superficial temporal artery tissues. Subsequently,
we performed bioinformatical analysis to explore the potential
functions of circRNA in IA. Thus, these data would lay a
foundation for future investigations on the molecular functions
of circRNAs in IA.

MATERIALS AND METHODS

Patients and Specimens
This study was approved by the Medical Ethics Committee
of Beijing Tiantan Hospital, Capital Medical University.
Every patient admitted in this research has written
informed consent. IA specimens were obtained from 15
IA patients undergoing aneurysm clipping. Superficial
temporal artery specimens were collected from 15 matched
patients without IAs. Among them, five pairs of STA and
IA samples were used to conduct a circRNA microarray
analysis. Other samples were used to perform qRT-
PCR. All these specimens were suspended in liquid
nitrogen immediately.

Total RNA Isolation and Quality Control
Total RNA was extracted from five paired STA tissues and
IAs with the use of a Trizol Reagent (Invitrogen). The
NanoDrop ND-1000 (Thermo Fisher Scientific, Wilmington,
DE, USA) was utilized to test the purity and concentration of
RNA (Supplementary Table 1). We excluded the contamination
of DNA. The integrity of the total RNA was achieved by
electrophoresis on a denatured agarose gel.

RNA Labeling and Hybridization
Sample labeling and array hybridization were performed
according to the manufacturer’s protocol (Arraystar Inc.). Briefly,
total RNAs were digested with Rnase R (Epicenter, Inc.) to
remove linear RNAs and rich circular RNAs. Then, the enriched
circular RNAs were amplified and transcribed into fluorescent
cRNA utilizing a random priming method (Arraystar Super RNA
Labeling Kit; Arraystar). The labeled cRNAs were purified by
an RNeasy Mini Kit (Qiagen). The concentration and specific
activity of the labeled cRNAs (pmol Cy3/µg cRNA)wasmeasured
by NanoDrop ND-1000. One microgram of each labeled cRNA
was fragmented by adding a 5 µl 10× blocking agent and 1 µl
of a 25 × fragmentation buffer, then the mixture was heated
at 60◦C for 30min, and finally a 25 µl 2 × hybridization
buffer was added to dilute the labeled cRNA. Fifty microliters
of hybridization solution was dispensed into the gasket slide and
assembled to the circRNA expression microarray slide. The slides
were incubated for 17 h at 65◦C in an Agilent Hybridization
Oven. Hybridized arrays were washed, fixed, and scanned using
the Agilent Scanner G2505C.

circRNA Microarray Analysis
Agilent Feature Extraction software (version 11.0.1.1) was used
to analyze the acquired array images. Quantile normalization
and subsequent data processing were performed using the
R software limma package. Differentially expressed circRNAs
with statistical significance between two groups were identified
through Volcano Plot filtering. Differentially expressed circRNAs
between two samples were determined through Fold Change
filtering. Hierarchical Clustering was performed to show the
distinguishable circRNAs expression pattern among samples.

Quantitative Real-Time PCR
Five upregulated circRNAs were selected for further
investigation. Quantitative real-time PCR was utilized to
verify these differential expressions. We have achieved total
RNA of IAs and STA tissues. RNase R (Lucigen, 20U, 37◦C, 3 h)
was used to purify the circRNAs again. The relevant cDNAs
were composed (M-MLV, Promega) and stored in −20◦C.
QuantStudio5 Real-Time PCR System (Applied Biosystems)
was used to perform qRT-PCR. The sequence of circRNA
results was obtained from the database “circBase” (http://
circrna.org). Primers were obtained by RiboBio (Guangzhou,
China) (Supplementary Table 3). Owing to the influence of
concentration quantitative error and reverse transcription
efficiency error, the cDNA content of every sample was different.
In order to correct these errors, we regarded housekeeping gene
β-actin as an internal reference; as a result, we accepted the ratio
of genes to be tested and the internal reference, in other words,
the relative content of the gene to be tested.

GO and KEGG Pathway Analysis
The GO enrichment analysis divides gene functions into three
aspects: cellular components (CCs), molecular functions (MFs),
and biological processes (BPs). After we find out our target
circRNAs, miRNAs binding on our target circRNAs also can
be found. We perform GO analysis on parental genes of these
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FIGURE 1 | Differential expression of circRNAs in IA tissues. (A) The constituent of upregulated circRNAs. (B) The constituent of downregulated circRNAs. (C) The

scatterplot is used for assessing the circRNA expression variation between the two compared samples or two compared groups of samples. The values of X and Y

(Continued)
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FIGURE 1 | axes in the scatterplot are the normalized signal values of the samples (log2 scaled) or the averaged normalized signal values of groups of samples (log2
scaled). The green lines are Fold Change Lines. The circRNAs above the top green line and below the bottom green line indicate more than 1.5-fold change of

circRNAs between the two compared samples. (D) Volcano Plots are used for visualizing differential expression between two different conditions. The vertical lines

correspond to 1.5-fold up and down, respectively, and the horizontal line represents a p-value of 0.05. So the red point in the plot represents the differentially

expressed circRNAs with statistical significance. Group A represented STA samples; group B represented IA samples. (E) The hierarchical clustering of differentially

expressed circRNAs. “Red” indicates high relative expression, and “green” indicates low relative expression. Group A represented STA samples; group B represented

IA samples. (F) Validation of the differential expression of five upregulated circRNAs. (G) Validation of the differential expression of hsa_circRNA_101833 in another five

coupled groups. STA, superficial temporal arteries; IA, IA.

miRNAs with R. The P-value after adjustment represents the
significance of GO terms. We also perform a KEGG pathway
analysis of parental genes of circRNA-binding miRNAs in order
to reveal the biological or pathological processes in which
circRNAs participate. The P-value after adjustment represents the
significance of pathway correlations as well.

Statistical Analysis
The fold changes were estimated by unpaired Student’s t-test
and used to identify the differentially expressed circRNAs in the
sample of IAs. CircRNA was selected as differentially expressed
with a P < 0.05 and a fold change >1.5, which means they
were statistically significant. The significance of qRT-PCR was
evaluated by Student’s t-test, and P < 0.05 was considered
statistically significant; it was analyzed by GraphPad Prism
8.4.0 (GraphPad Software, La Jolla, CA, USA). Other statistical
methods such as chi-squared test, Wilcoxon signed-rank test,
and Mann–Whitney U-test were also performed. All statistical
analyses were done by SPSS 19.0 (SPSS, Inc., Chicago, IL).

RESULTS

Identification of circRNA Microarray in
Human IA and STA Samples
We detected a total of 13,174 circRNAs using the Arraystar
human circRNA Microarray (Supplementary Table 4). Among
them, 942 circRNAs dysregulated between STA and IA tissues
(fold change > 1.5; P < 0.05), and 750 of them have been
identified in circBase by other studies. Furthermore, comparing
IA with superficial temporal artery, 544 circRNAs upregulated
while 398 of them downregulated (Supplementary Table 5).
All circRNAs were classified into five types: “exonic,” “intronic,”
“antisense,” “sense overlapping,” and “intergenic.” Among
the upregulated circRNAs, 456 (83.82%) circRNAs consist of
exons, 43 (7.9%) circRNAs transcribed from the same gene
locus as the linear transcript but not classified into “exonic”
and “intronic” were classified as sense overlapping, 33 (6.07%)
were intronic, 8 (1.47%) were antisense, and 4 (0.74%) were
intergenic (Figure 1A). For downregulated circRNAs, there
were 349 (87.69%) exonic, 24 (6.03%) intronic, 18 (4.52%)
sense overlapping, 5 (1.26%) antisense, and 2 (0.5%) intergenic
(Figure 1B). CircRNA expression variations between the
two compared groups of samples were assessed (Figure 1C).
The Volcano Plot was constructed through fold change
values and p-values and used for visualizing the differential
expression between the STA and IA samples (Figure 1D).
Hierarchical clustering revealed the circRNA expression in

FIGURE 2 | Schematic diagram of hsa_circRNA_101833. The light green bar

represents the open reading frame, the blue bar represents proteins binding

with hsa_circRNA_101833, and the red bar represents the microRNA

binding sites.

IAs and the superficial temporal artery (Figure 1E). For
further investigation, we selected five circRNAs upregulated in
aneurysm samples (hsa_circRNA_104172, hsa_circRNA_048764,
hsa_circRNA_037798, hsa_circRNA_406748, and
hsa_circRNA_101833). Besides fold change > 1.5 and P <

0.05, their raw intensities in both the IA and STA groups were
more than 200, and their parental genes were well-investigated
by other researchers in order to reveal these circRNAs’ functions
better. We perform qRT-PCR in another five paired STA
and IA samples to verify the circRNA microarray profiling
expression results. The results showed that two of the five
circRNAs that we have selected upregulated in IA, but only the
overexpression of hsa_circRNA_101833 was significant (P <

0.05; Figure 1F). Then, five more paired samples were used to
verify the differential expression of hsa_circRNA_101833 in two
groups, and the result was identical to the microarray analysis
and the qRT-PCR performed for the first time (Figure 1G).

Characteristics and Functions of circDUS2
hsa_circRNA_101833 is derived from exon 4 and exon 5 of
the DUS2 gene, and its CircBase ID is hsa_circ_0039908.
hsa_circRNA_101833 contains an open reading frame (ORF).
MicroRNA binding sites also have the ability of binding protein
(Figure 2). To determine whether this ORF is functional, we
have achieved the nucleotide sequence of hsa_circRNA_101833
from CircBase, and then three ORFs were detected by ORFfinder
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TABLE 1 | Open reading frames detected from hsa_circRNA_101833.

Label Strand Frame Start Stop Length (nt|aa) Nucleotide sequence

ORF1 + 3 99 >224 126|41 MILNSLSLCYHNKLILAPMVRVGTLPMRLLALDYGADIVYCE

ORF2 – 1 131 45 87|28 MVTQREAIQNHFLLCYSLLFCSDTSGLL

ORF3 – 3 177 64 114|37 MEESLPEPLGPGLAYYGNTERGYSKSFPPLLQPIILF

ORF, open reading frame.

(https://www.ncbi.nlm.nih.gov/orffinde) (Table 1). Among the
three ORFs, only the longest one has the capacity to encode
protein. The results of the Conserved Domains (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) showed that. The
ORF may encode the triose phosphate isomerase (TIM)
superfamily (Bit Score = 56.73, E-value = 4.13e-12). According
to previous researches, TIM is a dimeric, non-allosteric enzyme
of the glycolytic pathway and catalyzes the interconversion of the
three-carbon sugars dihydroxyacetone phosphate (DHAP) and
D-glyceraldehyde 3-phosphate (GAP) (Wierenga et al., 2010).
Another function of circRNA is as microRNA sponges, which
means to control gene transcription by binding with microRNAs.
To elucidate the function of microRNA sponges, miRNAs
connected with hsa_circRNA_101833 were found (CSCD, http://
gb.whu.edu.cn/CSCD/) and listed in Table 2. Furthermore, we
recognized proteins binding with hsa_circRNA_101833 from
CSCD, and the result is listed in Table 3.

GO and KEGG Pathway Analysis
After microRNAs binding on hsa_circRNA_101833 have been
found, we searched the target genes of these microRNAs through
TargetScan, miRDB, and miRTarBase (Supplementary Table 6).
We finally enriched 19 GO terms, and all these terms were
significantly different. The results revealed that the target genes of
thesemicroRNAs favored SMADbinding and histone deacetylase
binding (Figure 3A). Among them, SMAD binding may be more
likely to progress in which hsa_circRNA_101833 participates
in the formation of IAs. According to several studies, the
SMAD family is related to the formation of thoracic aortic
aneurysm (Regalado et al., 2011; Mao et al., 2012; Wang et al.,
2016), and animal experiments have proven that the deficiency
of SMAD3 would promote the formation of thoracic aortic
aneurysm (Dai et al., 2015). Also, KEGG pathway analysis has
been performed. Depending on our annotation, the target genes
of these microRNAs are associated with signaling pathways
regulating the pluripotency of stem cells, insulin resistance,
FoxO signaling pathway, Prolactin signaling pathway, AMPK
signaling pathway, breast cancer, and aldosterone-regulated
sodium reabsorption (Figure 3B). Among them, the signaling
pathways regulating the pluripotency of stem cells and the FoxO
signaling pathway contain the TGF-β signaling pathway and the
MAPK signaling pathway (Figure 3C), and both of them are well-
studied pathways related to the pathological processes of IAs
(Weinsheimer et al., 2007; Yamashita et al., 2008).

DISCUSSION

In our study, we revealed hundreds of differentially expressed
circRNAs between human IA tissues and STA tissues. Based

TABLE 2 | miRNAs that connected with hsa_circRNA_101833.

ID microRNA MSA start MSA end Site type

1 let-7a-2-3p/7g-3p 72 79 8mer-1a

2 let-7c-3p 73 79 7mer-1a

3 miR-101-3p.1 42 47 6mer

4 miR-128-3p/216-3p/3681-3p 43 49 7mer-1a

5 miR-136-5p 25 30 6mer

6 miR-144-3p 42 47 6mer

7 miR-144-5p 51 57 7mer-1a

8 miR-149-5p 80 86 7mer-1a

9 miR-27-3p 43 49 7mer-m8

10 miR-30-5p 38 44 7mer-m8

11 miR-3064-5p/6504-5p 80 86 7mer-1a

12 miR-3119 78 84 7mer-1a

13 miR-340-5p 66 71 6mer

14 miR-342-3p 45 50 6mer

15 miR-375 58 63 6mer

16 miR-3918 15 20 6mer

17 miR-4273/7156-5p 84 89 6mer

18 miR-4677-5p 84 89 6mer

19 miR-4685-5p/6837-5p 15 22 8mer-1a

20 miR-4797-5p 69 76 8mer-1a

21 miR-493-5p 73 79 7mer-1a

22 miR-5011-5p 91 96 6mer

23 miR-511-3p 87 93 7mer-1a

24 miR-513-3p 33 38 6mer

25 miR-513a-5p 44 49 6mer

26 miR-545-5p 40 46 7mer-m8

27 miR-5571-5p 63 69 7mer-1a

28 miR-5586-5p 18 23 6mer

29 miR-572 28 34 7mer-m8

30 miR-599 53 59 7mer-1a

31 miR-599 94 100 7mer-1a

32 miR-664-5p/4794 80 86 7mer-1a

33 miR-6834-3p 32 37 6mer

34 miR-6844 59 66 8mer-1a

35 miR-7113-5p 16 22 7mer-1a

36 miR-759 69 74 6mer

MSA, Multiple sequence alignment.

on their expressive intensity and other criteria as mentioned
before, five upregulated circRNAs were selected; finally,
only hsa_circRNA_101833 overexpressed significantly after
being verified by qRT-PCR. With GO analysis of the target
genes of microRNAs binding on hsa_circRNA_101833,
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TABLE 3 | Proteins that bind with hsa_circRNA_101833.

ID RBP Details

1 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE2_439259_eIF4AIII_rep2_439259_2

2 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160199_HNRNPC_160199

3 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160202_HNRNPC_160202

4 UPF1_Human_GSE47976_iCLIP HIMP2_139591_UPF1_rep2_puromycoin_139591

5 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE2_439262_eIF4AIII_rep2_439262_17

6 AGO2_Human_GSE42701_HITS-CLIP HHFKP_56722_cluster-8685_1_12

7 FUS_Human_GSE43308_HITS-CLIP HHMF2_146682_FUS_rep2_1

8 UPF1_Human_GSE47976_iCLIP HIMU2_172057_UPF1_rep2_untreated_172057

9 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE2_439261_eIF4AIII_rep2_439261_1

10 U2AF65_Human_E-MTAB-1371_iCLIP HIUUC_189306_U2AF65_ctrl_189306

11 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE1_131383_eIF4AIII_rep1_131383_13

12 AGO2_Human_GSE42701_HITS-CLIP HHFKP_56723_cluster-8685_2_12

13 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE1_131378_eIF4AIII_rep1_131378_1

14 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_407000_U2AF65_ctrl_plus_HNRNPC_kd_407000

15 UPF1_Human_GSE47976_iCLIP HIMP2_139590_UPF1_rep2_puromycoin_139590

16 PTB_Human_GSE42701_HITS-CLIP HHFPT_109417_PTB_cluster-8685_7_9

17 AGO2_Human_GSE32109_PAR-CLIP HPCB1_15634_G19662.1_68071959

18 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160200_HNRNPC_160200

19 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406996_U2AF65_ctrl_plus_HNRNPC_kd_406996

20 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160206_HNRNPC_160206

21 UPF1_Human_GSE47976_iCLIP HIMU2_172058_UPF1_rep2_untreated_172058

22 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406993_U2AF65_ctrl_plus_HNRNPC_kd_406993

23 FUS_Human_GSE43308_HITS-CLIP HHMF1_114226_FUS_rep1_6

24 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160207_HNRNPC_160207

25 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE1_131379_eIF4AIII_rep1_131379_4

26 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406999_U2AF65_ctrl_plus_HNRNPC_kd_406999

27 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406998_U2AF65_ctrl_plus_HNRNPC_kd_406998

28 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE1_131380_eIF4AIII_rep1_131380_1

29 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE1_131382_eIF4AIII_rep1_131382_1

30 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160204_HNRNPC_160204

31 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160205_HNRNPC_160205

32 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406991_U2AF65_ctrl_plus_HNRNPC_kd_406991

33 PTB_Human_GSE42701_HITS-CLIP HHFPT_109418_PTB_cluster-8685_8_10

34 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_407001_U2AF65_ctrl_plus_HNRNPC_kd_407001

35 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE2_439260_eIF4AIII_rep2_439260_1

36 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE2_439258_eIF4AIII_rep2_439258_3

37 U2AF65_Human_E-MTAB-1371_iCLIP HIUUC_189305_U2AF65_ctrl_189305

38 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406994_U2AF65_ctrl_plus_HNRNPC_kd_406994

39 UPF1_Human_GSE47976_iCLIP HIMP2_139588_UPF1_rep2_puromycoin_139588

40 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE1_131381_eIF4AIII_rep1_131381_1

41 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160201_HNRNPC_160201

42 U2AF65_Human_E-MTAB-1371_iCLIP HIUUC_189304_U2AF65_ctrl_189304

43 eIF4AIII_Human_GSE40778_HITS-CLIP HHLE2_439257_eIF4AIII_rep2_439257_18

44 UPF1_Human_GSE47976_iCLIP HIMP2_139589_UPF1_rep2_puromycoin_139589

45 U2AF65_Human_E-MTAB-1371_iCLIP HIUUC_189303_U2AF65_ctrl_189303

46 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406995_U2AF65_ctrl_plus_HNRNPC_kd_406995

47 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406992_U2AF65_ctrl_plus_HNRNPC_kd_406992

48 UPF1_Human_GSE47976_iCLIP HIMP2_139592_UPF1_rep2_puromycoin_139592

49 ZC3H7B_Human_GSE38201_PAR-CLIP HPLZC_25397_ZC3H7B_CID_009358_68059398

50 hnRNPC_Human_E-MTAB-1371_iCLIP HIUHC_160203_HNRNPC_160203

51 UPF1_Human_GSE47976_iCLIP HIMP2_139593_UPF1_rep2_puromycoin_139593

52 U2AF65_Human_E-MTAB-1371_iCLIP HIUUS_406997_U2AF65_ctrl_plus_HNRNPC_kd_406997

RBP, RNA binding protein.
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hsa_circRNA_101833 might participate in the pathological
processes of IAs, especially through the way of SMAD binding.

The SMAD family contains three subfamilies: the five
receptor-activated SMADs (R-SMADs), the one common

mediator SMAD (Co-SMAD), and the two inhibitory SMADs
(I-SMADs) (Moustakas et al., 2001; Derynck and Zhang, 2003;
Shi and Massague, 2003). Smad2 and 3 are signals for TGF-β
(transforming growth factor-β) (Flanders, 2004). TGF-β has a

FIGURE 3 | Continued
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FIGURE 3 | GO and KEGG analysis results. (A) GO annotations of target genes of microRNAs binding on hsa_circRNA_101833 with top 10 enrichment score

encompassing the domains of physiological processes. (B) Dotplot of KEGG pathway analysis; the size of the circle represents the count of genes, and the color

represents the p-values of pathways. (C) The visualization of signaling pathways regulating the pluripotency of stem cells and the FoxO signaling pathway conducted

by Pathview.
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lot of functions, acts on a variety of different cells, and regulates
many distinctive complex intracellular functions. And several
studies suggest that TGF-β plays a critical role in the pathological
processes of IAs (Yamashita et al., 2008; Carta et al., 2009),
and the interactions between R-SMAD (SMAD2 and SMAD3)
and Co-SMAD (SMAD4) regulate the canonical pathway that
TGF-β attends (Akhurst, 2012). Numerous studies have proven
the relationship between SMAD and aneurysm. Regalado et al.
(2011) showed that SMAD3 mutations are responsible for
2% of familial thoracic aortic aneurysms and dissections, and
aneurysms resulting from the SMAD3mutation involve different
arteries, including intracranial arteries. What is more, a study
about the association between SMAD3 gene and IA (Liao et al.,
2018) demonstrates that SMAD3 gene polymorphisms were
significantly related to IAs. Apart from SMAD3, the relationship
between SMAD4 and aneurysms also has been studied. Mao
et al. (2012) found that silencing SMAD4 of the vascular
smooth muscle cell (VSMC) would result in vascular defects by
decreasing VSMC differentiation, proliferation, migration, as
well as cell attachment and spreading. And the differentiation
and migration of VSMC may be one of the mechanisms that
contribute to the formation of aneurysm. Furthermore, we
performed a KEGG pathway analysis to annotate the target genes
of microRNAs binding on hsa_circRNA_101833. Our results
showed that these genes associated with the signaling pathways
regulating the pluripotency of stem cells and the FoxO signaling
pathway that are involved in the formation of IA. Both GO
enrichment and KEGG analysis suggested that upregulation of
hsa_circRNA_101833 may promote the formation of IA.

We detected hundreds of differentially expressed circRNAs
using the Arraystar human circRNA Microarray; 456 (83.82%)
of the upregulated circRNAs and 349 (87.69%) of the
downregulated circRNAs belong to the exonic type. This
constitution of circRNAs is in common with previous studies
(Cordes et al., 2009; Merk et al., 2012; Zhang et al., 2013). We
also found that circRNAs can adsorb microRNAs and interact
with different proteins. These findings are all in accordance
with previous studies (Hansen et al., 2013; Du et al., 2017).
Besides, the function of hsa_circRNA_101833 has been analyzed
in human IA tissues for the first time. We revealed that the ORF
of hsa_circRNA_101833 may encode the TIM superfamily, but
the relationship between TIM and aneurysm is still unknown, so
we cannot determine whether hsa_circRNA_101833 influences
the pathological process through its expression product.
Inevitably, there are several limitations in this study. First of
all, our tissue sample size is small. Our results need a larger
number of IA samples to testify. Secondly, because aneurysm
samples are rare, some of our samples were stored in liquid
nitrogen for several weeks; perhaps this would affect the amount

of circRNAs. Thirdly, this study is mainly a bioinformatic
analysis. Further studies should be done to prove the function
of hsa_circRNA_101833 in the aneurysm pathological process.
Lastly, due to the lack of studies about circRNAs in aneurysm,
we cannot compare our results with others in order to enhance
our methods.

In general, hundreds of differentially expressed circRNAs
using the Arraystar human circRNA Microarray were detected
in IAs as compared to the STA tissue. The up-regulation of
hsa_circRNA_101833 was associated with the formation of IAs
through the impact on the SMAD family or participating the
TGF-β sigaling pathway and MAPK signaling pathway
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Objectives: Either motor training or repetitive transcranial magnetic stimulation (rTMS)
could modulate the neural plasticity after stroke. Therefore, synchronizing the two
interventions may optimize the efficiency of recovery. In the present study, we aim to
investigate the effect of rTMS along with hand grip training on the neurobehavioral and
hand functional recovery in one cohort of subacute stroke patients.

Methods: Thirty-nine stroke patients were enrolled in a single-center, single-blinded,
randomized clinical trial. We tested different intervention effects of rTMS and hand
grip training (group A), rTMS alone (group B), and hand grip training alone (group
C). For the rTMS-treated groups, patients received 10 consecutive sessions of 5-Hz
stimulation over the affected hemisphere with 750 pulses. Jebsen–Taylor Hand Function
Test (JTHFT), Fugl-Meyer assessment of upper extremity (FMA-UE), grip strength,
modified Barthel index (mBI), and ipsilesional motor evoked potential (iMEP) latency were
assessed and compared across the groups.

Results: We found that only rTMS along with hand grip training group all improved
in JTHFT, FMA-UE, grip strength, and mBI (p ≤ 0.01) compared with the baseline
among the three groups. Furthermore, this study demonstrated that rTMS plus hand
grip training had much better results in improvement of neurobehavioral outcomes
compared to the rTMS alone- and hand grip training alone-treated patients (p < 0.05).
However, no significant differences were detected in neurophysiologic outcome between
intra-groups and inter-groups (p > 0.05).

Frontiers in Aging Neuroscience | www.frontiersin.org 1 May 2021 | Volume 13 | Article 636184134

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2021.636184
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2021.636184
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2021.636184&domain=pdf&date_stamp=2021-05-19
https://www.frontiersin.org/articles/10.3389/fnagi.2021.636184/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-636184 May 19, 2021 Time: 11:23 # 2

Yang et al. rTMS in Stroke Rehabilitation

Conclusion: These proof-of-concept results suggested that rTMS alone with hand grip
training was a unique approach to promote hand functional recovery in stroke patients. It
provided important information to design a large-scale multi-center clinical trial to further
demonstrate the efficiency of the combination of central and peripheral stimulation.

Clinical Trial Registration: http://www.chictr.org.cn (#ChiCTR1900023443).

Keywords: hand function, neuro-modulation, stroke, transcranial magnetic stimulation, rehabilitation

INTRODUCTION

Despite intensive neurorehabilitation efforts, hand- and finger-
related functional abilities remain unsatisfactory following a
neurological event. Studies demonstrated that 27% of stroke
patients lose integral hand function due to hemiplegia (Fischer
et al., 2007). It was no surprise that one of the most commonly
expressed goals of individuals who sustained stroke was to
engage in neurorehabilitation interventions that could enhance
hand function. For stroke survivors, therefore, improving related
hand functional abilities and promoting the hand function
become crucial for optimal social participation and daily life
(Higgins et al., 2013). Previous studies demonstrated that the
establishment of neural plasticity after stroke is essential for
the motor recovery (Hermann and Chopp, 2012). Furthermore,
motor training is capable of promoting neuroplasticity to
attenuate the motor dysfunction in stroke patients (Kleim et al.,
2003; Adkins et al., 2006). For instance, hand grip training
could be beneficial for the finger flexor and extensor tendon
to recruit more motor units and improve the innervation and
functional neuroplasticity, which played an important role in the
motor recovery of stroke survivors (Murphy and Corbett, 2009).
From the view of previous trials, hand functional training could
regulate the neuronal excitatory input in the nerve reflex circuits
and accelerate the process of reorganization of brain connectivity
and neuroplasticity (Wolf et al., 2006; Buma et al., 2010).

Repetitive transcranial magnetic stimulation (rTMS) could
re-balance inter-hemisphere inhibition (IHI) by either up-
regulating or down-regulating cortical excitability (Nowak et al.,
2009). The influence of stroke is mainly restricted to the
affected hemisphere, and facilitating affected M1 directly might
produce more enhancement of motor recovery than suppressing
the unaffected M1 excitability (McDonnell and Stinear, 2017).
Despite rTMS representing an ideal approach to promote neural
plasticity (Fregni et al., 2006; Bolognini et al., 2009), whether
the combination of rTMS and motor training could enhance
the therapeutic effect and prolong the effective period was
largely unknown. The application of motor training combined
with rTMS over targeted motor cortex in healthy subjects
and chronic stroke patients showed strong support both in
the concept (Morris, 1999) and initial experimental evidence
(Bütefisch et al., 2004; Izumi et al., 2008; Massie et al., 2013a).
However, the brain tissue repair process was more complicated
especially in the subacute phase. Providing corresponding proof
was necessary and timely.

We aim to investigate the combined effect of high-frequency
rTMS (HF-rTMS) and hand grip training on the impaired hand

functional recovery in stroke survivors. We hypothesized that
HF-rTMS, along with hand grip training, induces significant
hand functional recovery in subacute stroke patients as compared
to the controls, which was related to the establishment of
functional neuroplasticity.

MATERIALS AND METHODS

General Information
The study protocol was approved by the Institutional Ethics
Review Board, Shanghai Ruijin Rehabilitation Hospital,
Shanghai, China. The clinical trial was registered in the Chinese
Clinical Trial Registry (ChiCTR) with the registration number
ChiCTR1900023443. All enrolled patients signed the informed
consent prior to the enrollment to this study.

Thirty-nine hemiparetic stroke patients were enrolled at
Shanghai Ruijin Rehabilitation Hospital from March 2019 to
December 2019. The criteria of enrollment were as follows:
(1) confirmed clinical stroke diagnosis, which was based on
the Fourth National Conference on Cerebrovascular Diseases in
1995; (2) the first ischemic or hemorrhagic stroke confirmed
by CT or MRI scans; (3) 1 to 6 months from stroke onset;
(4) age from 40 to 75 years old; (5) Brunnstrom of hemiplegic
upper limb and hand staging from 4 to 5; (6) Mini Mental State
Examination (MMSE) > 20/30; and (7) informed consent to the
study and signed the consent of rTMS. The exclusion criteria were
as follows: (1) uncontrolled hypertension; (2) history of seizure or
using epileptic drugs either before or after stroke; (3) heart, lung,
liver, kidney, or other essential organ functional decline or failure;
(4) aphasia, ipsilateral neglect, hemianopia, or affective disorder
that affects participant’s ability to comply with study procedure;
and (5) known risk factors for TMS such as having a pacemaker,
intracranially implanted metal, skull defects, etc.

This study was a randomized, well-designed and controlled,
prospective clinical trial conducted at a single center, which
included four phases: (1) baseline evaluation, (2) randomization,
(3) intervention, and (4) post-intervention evaluation. Thirty-
nine stroke patients were randomly assigned by a number
generated from a computer randomization table. All of the
participants who met the criteria were assigned to three groups
(groups A, B, and C) on the basis of the random numbers. Thirty-
nine stroke patients with mild motor dysfunction recruited
from inpatients and outpatients were randomized into rTMS
with hand grip training (group A), rTMS alone (group B), and
hand grip training alone (group C). The clinical demographic
characteristics of participants are listed in Table 1.

Frontiers in Aging Neuroscience | www.frontiersin.org 2 May 2021 | Volume 13 | Article 636184135

http://www.chictr.org.cn
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-636184 May 19, 2021 Time: 11:23 # 3

Yang et al. rTMS in Stroke Rehabilitation

TABLE 1 | Demographic and clinical characteristics.

Group A Group B Group C p

n = 12 n = 14 n = 13

Gender—m/f 10/2 10/4 8/5 0.481a

Age (years) 64±8 61±10 64±8 0.724b

Stroke Onset (days) 64±23 79±43 75±49 0.820b

Stroke—i/h 10/2 11/3 10/3 0.919a

Lesion location 0.176a

Cortex 0 0 2

Subcortex 9 13 10

Both 3 1 1

FMA-UE 47±6 47±8 47±7 0.990c

Group A, high-frequency rTMS during hand grip training; Group B, high-frequency
rTMS alone; Group C, hand grip training alone; rTMS, repetitive transcranial
magnetic stimulation.
m, male; f, female; i, ischemic; h, hemorrhagic; FMA-UE, Fugl–Meyer assessment
of upper extremity; rTMS, repetitive transcranial magnetic stimulation.
Data are mean ± SD. pa, chi-squared test; pb, nonparametric Kruskal–Wallis H
test; p,: one-way ANOVA.

Intervention
Intervention lasted 10 days with two interventions: (1) 5 min
of real/sham 5-Hz rTMS. Each session consisted of 5-Hz rTMS
for 1 s, which was both preceded and followed by a resting
period of 1 s (total time = 150 s); and (2) 5 min of hand grip
training. The hand grip training is composed of a repeated 1-Hz
rhythmic voluntary grip by holding a ball. Apart from these, all of
the participants received the conventional rehabilitation, which
involved physical therapy and occupational therapy for 120 min
daily for 10 sessions (5 days/week for 2 weeks). The interventions
were required to be steadily implemented after conventional
rehabilitation. It was worth mentioning that the practice of
standardized conventional rehabilitation was requested to avoid
involving evaluation projects.

During each intervention, patients seated in a comfortable
and adjustable chair with headrest and armrests and took a
comfortable supine position, maintaining the head and neck
without displacement. Patients were instructed not to move
their heads during the treatment period. The upper limb of
the unaffected side was naturally placed on the armrest of the
seat, and the upper limb of the affected side was placed on the
side of the body.

A TMS device code with CCY-IV (Yi Ruide Company, Wuhan,
China) with a 90-mm figure-of-eight coil was utilized for rTMS.
rTMS intervention and evaluation were conducted in a quiet
room and implemented by a trained research staff member.
Motor evoked potential (MEP) signals were recorded by an
electromyography (EMG) instrument that was connected to the
stimulator. Ag-AgCl surface electrodes were firstly placed over
the abductor pollicis brevis (APB) muscle of the unaffected
hand. rTMS was applied over M1 of the unaffected hemisphere
according to electroencephalogram (EEG) 10/20, where the MEP
was elicited. The resting motor threshold (RMT) of APB of the
unaffected upper extremity was determined by decreasing or
increasing the intensity from 50% in a stepwise manner. Plus,
the RMT was defined as the minimal stimulus intensity that

produced a MEP response of at least 50 µV amplitude with the
APB muscle at rest in at least 5 of 10 subsequent stimulations
(Rossini et al., 2015). We selected the optimal stimulation site
(“hot spot”) in the unaffected hemisphere where the largest
MEP could be consistently evoked, with the APB muscle at rest.
Following that, the electrodes were placed on APB muscle of
the affected hand when detecting the MEP signal of the injured
hemisphere. If no MEP could be detected when stimulating over
the affected M1, the optimal stimulation site was defined as the
symmetric location to the “hot spot” of the unaffected hemisphere
according to EEG 10/20. The MEP latency and amplitude of
the targeted muscle were measured as the period (ms) between
stimulus onset and the start of the largest MEP and their peak-
to-peak (mV). The parameters of stimulation were 5 Hz, 100%
RMT, and 750 pulses, for a total of 10 sessions (5 days/week
for 2 weeks). The sham stimulation was conducted with the coil
placed rotated 90◦away from the scalp resulting in no current
generated in the brain.

Evaluation
Measurements of Jebsen–Taylor Hand Function Test (JTHFT),
Fugl-Meyer assessment of upper extremity (FMA-UE), grip
strength, modified Barthel Index (mBI), and ipsilesional motor
evoked potential (iMEP) latency were assessed at baseline and
post-intervention. Primary outcome was administered by a
skilled clinician to evaluate the total time of accomplishing the
tasks of JTHFT. Secondary outcomes included arm and hand
function, force, daily living ability, and cortical excitability that
were recorded by the same evaluator.

Jebsen–Taylor Hand Function Test
The JTHFT assesses hand dexterity and consists of seven different
subtasks: (1) writing a sentence, (2) turning cards, (3) moving
small common objects, (4) simulating feeding, (5) stacking
checkers, (6) picking up large light cans, and (7) moving heavy
cans (Jebsen et al., 1969). The participants performed each task
with the affected limbs and the duration of each task from onset
(lifting hand from table) to the completion using a stopwatch to
record in seconds (the maximal duration is 120 s per task) and
summated as the total score (Radder et al., 2019). The result of
JTHFT could explain three factors in relation to basic fine motor
skills: motor coordination, speed of movement, and grip force
scaling. Motor coordination includes tasks 1, 4, and 5. The speed
of movement consists of tasks 2, 3, and 6. Task 7 reflects grip force
scaling (Allgower and Hermsdorfer, 2017).

Fugl-Meyer Assessment of Upper Extremity
The FMA-UE included 33 items, and the score range was
0–66. Among them, the hand function part accounted for
24 points. Each item was recorded in an ordinal scale (0
represents severe impairment and 2 represents no impairment)
(Gladstone et al., 2002).

Grip Strength
Grip strength was measured by a hand dynamometer
(Mathiowetz et al., 1985). The subjects were requested to
squeeze the handgrip of the dynamometer maximally for 5 s.
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Each participant had three attempts, and the interval between
the attempts was at least 60 s rest. The highest grip strength was
recorded for analysis in kilograms.

Modified Barthel Index
The mBI was recorded, which included personal hygiene,
self-bathing, feeding, using the toilet, stair climbing, getting
dressed, bowel control, bladder control, chair/bed transfer, and
ambulation (Shah et al., 1989). The total score is 100 points.

iMEP Latency
The MEP latency reflected the conduction time for neural
impulses from the cortex to peripheral muscles and suggested
cortical excitability (Bestmann and Krakauer, 2015). The target
peripheral muscle in this study was APB. The MEP latency of
the targeted muscle was measured as the period (ms) between
stimulus onset and the start of the largest MEP. We selected five
MEPs per subject with stable waveforms and calculated the mean
of the iMEP latency as the measurement of cortical excitability.

Statistical Analysis
According to the previous HF-rTMS studies, they suggested the
sample size of n = 8 for each group to be adequate (Gladstone
et al., 2002; Guo et al., 2016). Based on our research sample,
we calculated the power of test statistic and the value was
0.84 (β = 0.16). Statistical analysis was performed in SPSS
version 23.0. Shapiro-Wilk test was used to evaluate whether the
assessment scores were normally distributed. Chi-squared test
was used for categorical variables while one-way ANOVA or the
nonparametric Kruskal–Wallis H test was utilized for continuous
variables to compare among the three groups. A paired t test or
Wilcoxon rank-sum test was performed to compare the values
between baseline and post-intervention within each group. The
change of FMA-UE and grip strength were analyzed by one-
way ANOVA, while JTHFT, mBI, and iMEP latency changes
were compared by nonparametric Kruskal–Wallis H test to
determine the between-group differences. Data were presented
as means ± standard deviation. p < 0.05 was considered
statistically significant.

RESULTS

Forty-four patients were assigned randomly to group A, B, or C.
Five patients dropped out of the trial due to personal problems.
Finally, thirty-nine patients completed the interventions without
incident, severe side effects, or discomfort, indicating that
the procedure was well tolerated (Figure 1). No significant
differences in clinic–demographic characteristics and FMA-UE
score were presented among the groups (Table 1).

Behavioral Measures
Jebsen–Taylor Hand Function Test
The change of JTHFT total score between baseline and
post-intervention of the three groups (all p ≤ 0.01) were
statistically significant (Table 2). Group A and group B also
showed significant differences in JTHFT without writing, motor

coordination, speed of movement, and grip force scaling
(p < 0.05). Unfortunately, group C only showed significant
difference in JTHFT without writing and motor coordination
(p < 0.05), which, as mentioned above, indicated that both
rTMS only and rTMS with hand grip training were effective
in improving hand function in stroke patients. In addition,
compared to group C, group A showed better enhancement
in the JTHFT score (p < 0.05) (Table 3 and Figures 2A,B),
suggesting that HF-rTMS combined with hand grip training
was significantly greater than hand grip training only in hand
function recovery among the stroke survivors.

Fugl-Meyer Assessment of Upper Extremity
Evaluation of FMA-UE and FMA-UE (hand) between baseline
and post-intervention among the groups was significantly
different (Table 2). The data showed that FMA-UE scores were
greatly improved in all groups (p≤ 0.01). Additionally, compared
to group B (p < 0.05) and group C (p < 0.01), group A
showed better potential in enhancing the score of FMA-UE and
FMA-UE (hand) (Table 3 and Figure 2C), further suggesting
that HF-rTMS with hand grip training was particularly effective
in promoting hand and upper limb motor function in stroke
patients with mild impairment.

Grip Strength
Significant improvement of grip strength was only found in
group A after intervention (p ≤ 0.001), which indicated that
HF-rTMS with hand grip training was capable of increasing
power-grip force in stroke patients (Table 2). However, there
were no significant differences found between groups in grip
strength improvements (p > 0.05) (Table 3 and Figure 2D).

Modified Barthel Index
In the three groups, assessment of mBI revealed a significant
increase at post- relative to pre-intervention (p< 0.05) in Table 2.
However, no significant difference was detected between groups
(p > 0.05) (Table 3 and Figure 2E).

Neurophysiological Measures
iMEP Latency
The number of iMEP latency detected in these three groups
is displayed in the Supplementary Material 1. Both group A
and group C increased one patient in the detected number
of iMEP. Notably, the iMEP latency shortened in all groups
with no significant difference (p > 0.05) (Supplementary
Material 2). In addition, there was similarly no statistical
difference presented between groups (p > 0.05) (Figure 2F and
Supplementary Table 3).

DISCUSSION

In this trial, we conducted a randomized and sham-controlled
clinical research to detect the differential effects of HF-rTMS with
hand grip training, HF-rTMS alone over the affected hemisphere,
and hand grip training alone on the recovery of hand function
in adult stroke patients suffering from mild impairment. From
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FIGURE 1 | Flowchart of the trial. Group A: high-frequency rTMS during hand grip training; Group B: high-frequency rTMS alone; Group C: hand grip training alone;
rTMS: repetitive transcranial magnetic stimulation. CONSORT flow diagram illustrates recruitments, group allocation, follow-up, and analysis.

a clinical perspective, we found that all the three methods were
beneficial to improve hand function and daily living ability
in subacute adult stroke patients. Besides, we also detected
that HF-rTMS with hand grip training method was superior
to HF-rTMS alone and hand grip training alone. The results
suggested that both central and peripheral stimulation were
capable of enhancing hand functional recovery. Furthermore,
our study provides evidence that the combination of central and
peripheral stimulation could be the optimal approach for post-
stroke rehabilitation and could increase the efficacy of rTMS.

Over the past decade, peripheral stimulation such as motor
training was found favorable to promote injured cortical repair
and remodeling via stimulating angiogenesis, neurogenesis,
synaptogenesis, and dendritic plasticity (Zhang and Chopp,
2009). In recent years, numerous researches have been conducted

to develop methods of improving the neurorehabilitation
efficacy in stroke patients via non-invasive brain stimulation
(Hummel and Cohen, 2006). rTMS, based on the principle
of electromagnetic induction, induced the current generated
by the coil placed over the surface of the skull to activate
neurons in the cortical and subcortical regions, yielding neuronal
depolarization (Kobayashi and Pascual-Leone, 2003). A single
TMS stimulus could act on inhibitory or excitatory axons to
depolarize them and deliver them backward. TMS induced
changes in cell excitability and permeability (Ridding and
Rothwell, 2007), which could influence cortical plasticity (Muller-
Dahlhaus and Ziemann, 2015). Either rTMS or motor training
could modulate neural plasticity and played a role in remodeling
brain networks. In consequence, the hypothesis that the bond
of rTMS and motor training might maximize their respective
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TABLE 2 | Behavioral outcome scores at baseline and post-intervention (mean± SD).

Group A Group B Group C

Pre Post Pre Post Pre Post

JTHFT (s)

JTHFT (total) 399 ± 256 259 ± 200** 323 ± 254 270 ± 235** 373 ± 238 344 ± 229**

JTHFT (without writing) 307 ± 235 183 ± 179** 256 ± 228 204 ± 216*** 301 ± 215 271 ± 198***

Motor coordination 190 ± 103 123 ± 59** 146 ± 106 126 ± 89* 170 ± 100 155 ± 100*

Speed of movement 150 ± 111 103 ± 111** 132 ± 114 108 ± 117** 144 ± 109 133 ± 99

Grip force scaling 58 ± 47 33 ± 37** 45 ± 43 37 ± 40* 58 ± 45 56 ± 47

FMA-UE 47 ± 6 57 ± 5*** 47 ± 8 53 ± 8*** 47 ± 7 51 ± 7***

FMA-UE (hand) 16 ± 4 21 ± 3** 16 ± 5 19 ± 4** 15 ± 3 17 ± 4***

Grip strength (kg) 10 ± 5 1 ± 25*** 11 ± 8 12 ± 28 11 ± 8 13 ± 9

mBI 89 ± 8 96 ± 26** 87 ± 213 93 ± 21** 78 ± 17 84 ± 15*

Group A, high-frequency rTMS during hand grip training; Group B, high-frequency rTMS alone; Group C, hand grip training alone; rTMS, repetitive transcranial
magnetic stimulation.
JTHFT, Jebsen–Taylor Hand Function Test; FMA-UE, Fugl-Meyer assessment of upper extremity; mBI, modified Barthel index; rTMS, repetitive transcranial
magnetic stimulation.
A paired t test or Wilcoxon rank-sum test was used to compare the values between baseline and post-intervention within each group.
***p ≤ 0.001 (compared to baseline). **p ≤ 0.01 (compared to baseline). *p < 0.05 (compared to baseline).

TABLE 3 | Behavioral changes among three groups (mean ± SD).

Group A Group B Group C p p (A vs B) p (A vs C) p (B vs C)

1JTHFT(s)

1JTHFT (Total) −140±153** −53±75 −28±23 0.006b 0.056b 0.006b 1.000b

1JTHFT (without writing) −124±140* −52±65 −29±29 0.013b 0.113b 0.012b 1.000b

1Motor coordination −55±49* −35±71 −15±20 0.029b 0.085b 0.041b 1.000b

1Speed of movement −47±62* −24±29 −11±22 0.035b 0.852b 0.031b 0.348b

1Grip force scaling −25±36* −8±12 −2±6 0.035b 0.469b 0.029b 0.647b

1FMA-UE 10±4**# 6±4 4±2 0.002c 0.035c 0.001c 0.095c

1FMA-UE (hand) 5±3** 3±2 2±2 0.021c 0.062c 0.006c 0.302c

1Grip strength (kg) 2±1 1±2 2±3 0.640c 0.406c 0.946c 0.436c

1mBI 7±4 6±8 6±8 0.211b >0.05b >0.05b >0.05b

Group A, high-frequency rTMS during hand grip training; Group B, high-frequency rTMS alone; Group C, hand grip training alone; rTMS, repetitive transcranial
magnetic stimulation.
A vs B, Group A compared with Group B; A vs C, Group A compared with Group C; B vs C, Group B compared with Group C; JTHFT, Jebsen–Taylor Hand Function
Test; FMA-UE, Fugl-Meyer assessment of upper extremity; mBI, modified Barthel index; rTMS, repetitive transcranial magnetic stimulation.
pb: nonparametric Kruskal–Wallis H test; pc: one-way ANOVA.
**p < 0.01 (compared with Group C); *p < 0.05 (compared with Group C); #p < 0.05 (compared with Group B).

therapeutic effect had been proposed. Previous studies aiming to
investigate the effect of combined rTMS and motor training were
mainly time-locked, which referred to rTMS generally preceded
or followed by motor training (Higgins et al., 2013; Kakuda
et al., 2016). In recent several years, TMS was implemented
during the procedure of motor training to further improve the
efficacy of stroke motor function rehabilitation. These studies
showed that coupling rTMS with motor training could have
a synergic impact on motor recovery after stroke (Buetefisch
et al., 2011; Massie et al., 2013a). The synergic effect could be
explained by the rTMS-induced modulation of neural plasticity
and the consolidation with motor training-induced (Buetefisch
et al., 2011). Previous researches demonstrated that TMS plus
motor training significantly improved the longevity of motor
memory (Bütefisch et al., 2004) and hand function after stroke
(Izumi et al., 2008). Another study revealed that functional rTMS

(EMG-triggered rTMS) promoted greater excitatory changes and
selectively modulated agonistic muscle activity (Massie et al.,
2013a). Furthermore, consecutive multi-session functional rTMS
could equally enhance cortical excitability and improve stabilities
of motor skills (Massie et al., 2013b). However, the participants
mainly included healthy subjects and chronic stroke patients,
and the therapeutic frequency and intensity of rTMS were
variable. Considering that the effect of rTMS on the cortical
excitability is subject to intra-individual and inter-individual
variability (Bestmann et al., 2010; Cohen et al., 2010), and that
the optimal rTMS protocol is undetermined, developing more
efficient clinical protocol that fits stroke patients with mild motor
dysfunction is desirable and necessary. Our results provided a
highly efficient approach to subacute stroke patients with mild
dysfunction to promote hand function and useful experimental
data for further larger-scale clinical trial.
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FIGURE 2 | Behavioral and neurophysiological changes among the three groups (mean±SEM). rTMSR+Training: rTMS and hand grip training (Group A); rTMSR:
rTMS alone (Group B); rTMSS+Training: hand grip training alone (Group C). rTMS: repetitive transcranial magnetic stimulation. One-way ANOVA or nonparametric
Kruskal–Wallis H test was used to compare the behavioral and neurophysiological changes among the three groups, and multiple comparisons with the whole
pairwise comparation. *p < 0.05, **p < 0.01.

Neuroplasticity presumably occurred in the connection
between motor cortex neurons, which was naturally triggered
during the period of muscle contraction, and simultaneously
motivated over the motor cortex by rTMS (Edwardson et al.,
2013). Considering our results from this standpoint, the rTMS

plus hand grip training group was supposed to gain stronger
excitability in the affected hemisphere. Unfortunately, the
changes in the cortical excitability after HF-rTMS during hand
grip training were not found. The following reasons may
account for this result: the factors contributing to functional
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impairment included loss of white matter projection, diaschisis,
and interhemispheric imbalance (Auriat et al., 2015). The
detection method of recording iMEP latency was not able to find
structural changes; other methods such as functional magnetic
resonance imaging should be evaluated in future studies.
According to the IHI model, which is based on interhemispheric
imbalance, suppressing the unaffected hemisphere excitability or
facilitating the affected hemisphere excitability could promote
motor function recovery in stroke patients (Nowak et al.,
2009). However, a novel model for neurorehabilitation named
bimodal balance-recovery model suggested that the IHI model
was oversimplified or even incorrect. The new model links
interhemispheric balancing and functional recovery to the
structural reserve spared by the lesion; it could be utilized to
tailor treatment for individual patients (di Pino et al., 2014).
Similarly, the small sample size could be unfavorable and has
limited our study.

This trial was conducted safely with no seizures and other
specific discomfort, and no incident happened. Thus, our results
also provided additional evidence of the safety of implementing
HF-rTMS during hand grip training and HF-rTMS alone in
the clinical setting. Meanwhile, we concluded that HF-rTMS
was an effective way to promote hand function in subacute
adult stroke patients with mild impairment. In recent years, HF-
rTMS has been reported to have a more effective impact when
compared to low-frequency rTMS (LF-rTMS) in animal and
human studies (Sasaki et al., 2013; Caglayan et al., 2019). An
animal study detected that intervening 20-Hz HF-rTMS on acute
and subacute ischemic injury models in mice induced excellent
outcomes compared to the 1-Hz LF-rTMS. They simultaneously
demonstrated that HF-rTMS decreased apoptosis and infarct
volume; activated neurogenesis, neuronal survival, and neuronal
plasticity; and increased regional cerebral blood flow. It has a
strong support for the rationale of using HF-rTMS in post-
stroke patients aiming at improving motor functional recovery
(Caglayan et al., 2019). Besides, a clinical study targeted at
stroke patients detected that 10-Hz HF-rTMS applied over the
affected hemisphere induced significant improvement on motor
functional recovery compared to the 1-Hz LF-rTMS (Sasaki
et al., 2013). A meta-analysis revealed that facilitating affected
M1 excitability could be directly beneficial compared to the
suppressing unaffected M1 excitability in improving post-stroke
recovery (McDonnell and Stinear, 2017). Future studies can focus
on investigating the differential effect of LF-rTMS or HF-TMS
plus hand grip training on hand functional recovery.

Though there was no significant difference detected between
rTMS alone and hand grip training alone groups in FMA-UE
score, the rTMS alone group showed enhancement in FMA-UE
and the change had a minimal clinically important difference
(Page et al., 2012). The short intervention period (10 sessions
lasting 2 weeks) could explain the reason of no significant
difference in grip strength among the groups (Stock et al.,
2019). However, focusing on post-stroke patients with mild
motor impairments, having no significant difference among these
groups in mBI might be due to the sensitivity of the measurement.

The limitations of our study are as follows: (1) this study was
a single-center trial and lacked sufficient subjects to administer

subgroup analysis according to the lesion, stroke volume, the
course of disease, and the severity of stroke; (2) we collected
data to evaluate the short-term benefit from the proposed
interventions, but we did not collect long-term data to assess
the sustained benefits; and (3) the proportion of patients with
positive MEP was lower than prior reported studies, and it limited
our understanding of the mechanism of motor improvement by
rTMS. Further larger-scale clinical trials are necessary to confirm
our data and to promote this novel rehabilitation therapy.

CONCLUSION

Our study demonstrated the short-term benefit of combined
10 sessions of 5-Hz rTMS over the affected hemisphere with
concurrent hand grip training protocol. It provided important
preliminary data to plan a large-sample, multi-center study to
systematically evaluate the benefit of rTMS in a stroke population.
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This study aims to develop and validate an artificial intelligence model based on deep
learning to predict early hematoma enlargement (HE) in patients with intracerebral
hemorrhage. A total of 1,899 noncontrast computed tomography (NCCT) images of
cerebral hemorrhage patients were retrospectively analyzed to establish a predicting
model and 1,117 to validate the model. And a total of 118 patients with intracerebral
hemorrhage were selected based on inclusion and exclusion criteria so as to validate
the value of the model for clinical prediction. The baseline noncontrast computed
tomography images within 6 h of intracerebral hemorrhage onset and the second
noncontrast computed tomography performed at 24 ± 3 h from the onset were used
to evaluate the prediction of intracerebral hemorrhage growth. In validation dataset
1, the AUC was 0.778 (95% CI, 0.768–0.786), the sensitivity was 0.818 (95% CI,
0.790–0.843), and the specificity was 0.601 (95% CI, 0.565–0.632). In validation
dataset 2, the AUC was 0.780 (95% CI, 0.761–0.798), the sensitivity was 0.732
(95% CI, 0.682–0.788), and the specificity was 0.709 (95% CI, 0.658–0.759). The
sensitivity of intracerebral hemorrhage hematoma expansion as predicted by an artificial
intelligence imaging system was 89.3%, with a specificity of 77.8%, a positive predictive
value of 55.6%, a negative predictive value of 95.9%, and a Yoden index of 0.671,
which were much higher than those based on the manually labeled noncontrast
computed tomography signs. Compared with the existing prediction methods through
computed tomographic angiography (CTA) image features and noncontrast computed
tomography image features analysis, the artificial intelligence model has higher specificity
and sensitivity in the prediction of early hematoma enlargement in patients with
intracerebral hemorrhage.

Keywords: predict, hematoma expansion, convolutional neural network, artificial intelligence, intracerebral
hematoma

Frontiers in Aging Neuroscience | www.frontiersin.org 1 May 2021 | Volume 13 | Article 632138144

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2021.632138
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2021.632138&domain=pdf&date_stamp=2021-05-26
https://creativecommons.org/licenses/by/4.0/
mailto:renth1970@163.com
https://doi.org/10.3389/fnagi.2021.632138
https://www.frontiersin.org/articles/10.3389/fnagi.2021.632138/full
https://loop.frontiersin.org/people/1034942/overview
https://loop.frontiersin.org/people/1294115/overview
https://loop.frontiersin.org/people/370100/overview
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Teng et al. AI in Hematoma Enlargement Prediction

INTRODUCTION

Intracerebral hemorrhage refers to hemorrhage caused by the
rupture of the blood vessels in the brain parenchyma, with
the mortality rate as high as 40% and 54% after 1 month and
1 year of the rupture, respectively (Zia et al., 2009; Hansen et al.,
2013; Poon et al., 2014). More than 40% of the patients with
acute intracerebral hemorrhage developed secondary hematoma
enlargement (Van Asch et al., 2010). Past studies have shown
that hematoma enlargement is an independent risk factor for
the poor prognosis of intracerebral hemorrhage (Davis et al.,
2006; Dowlatshahi et al., 2011; Delcourt et al., 2012). However,
it has also been proved that the limited hematoma expansion
therapy without selection shows no significant improvement on
the prognosis (mortality and disability rate). In fact, it may even
increase the incidence of the related adverse events (Anderson
et al., 2013; Qureshi et al., 2016). Therefore, it is extremely
important to identify the risk of hematoma enlargement in time
for future clinical intervention.

Noncontrast computed tomography (NCCT) plays an
extremely important role in the diagnosis and treatment of
hematoma enlargement of the intracerebral hemorrhage. Past
studies indicate that computed tomographic angiography
(CTA) spot sign is an independent risk factor for hematoma
enlargement (Goldstein et al., 2007; Wada et al., 2007; Demchuk
et al., 2012; Brouwers et al., 2015; Caplan, 2016). However,
due to the high requirements of emergency CTA for patients
and the burden on hospitals, there are significant limitations
in the application of CTA for early detection. NCCT is
easy to operate and is widely applied. The recent years
have witnessed a surge in research on the prediction of
hematoma enlargement with NCCT imaging markers, with
the concepts of black hole sign, blend sign, CT hypodensities,
island sign, and hematoma enlargement border proposed and
validated for their clinical value in the prediction of hematoma
enlargement(Lu et al., 2007; Ji et al., 2009; Boulouis et al.,
2016; Li et al., 2017; Sporns et al., 2017; Yu et al., 2017).
However, these markers have to be interpreted by trained
doctors only because it is easy to be influenced by the readers’
experience and subjective judgment, and the related sensitivity is
not high.

In recent years, segmentation methods based on deep
learning have attracted increasing interest owing to their
abilities of self-learning and generalization from large
data volumes (Hosny et al., 2018; Wang et al., 2020). The
application of artificial intelligence algorithm to further
the intelligent analysis and mining of medical imaging
information can better extract the image features in an
image to obtain accurate internal correlation. In the entire
analysis process, the interference of human subjective factors
gets eliminated; as a result, the outcomes are more accurate
and reproducible. In this study, we attempted to develop a
prediction model of hematoma enlargement risk in patients
with intracerebral hemorrhage based on the NCCT images so
as to rapidly screen out the high-risk population of hematoma
enlargement for preparing individualized clinical treatment
and guidelines.

MATERIALS AND METHODS

Data Preparation
In this study, the NCCT images of patients with spontaneous
intracerebral hemorrhage from 84 public hospitals were collected
for retrospective analysis between November 2011 and May
2018. Meanwhile, a retrospective study cohort of eligible
patients with spontaneous intracerebral hemorrhage admitted
to 26 public hospitals between April and October 2018 was
collected. All NCCT scans were taken as a part of the routine
nursing care. The patient inclusion criteria were diagnosis with
spontaneous ICH and admission to the emergency department
within 6 h from the symptom onset, with the availability of
the baseline values and follow-up NCCT data within 48 h
of the symptom onset. The patient exclusion criteria included
secondary ICH, patients undergoing acute treatment with the
potential to limit the ICH volume, and NCCT images of
insufficient quality.

In this study, we initially included 3,016 patients, of which
only approximately 20% experienced hematoma enlargement
(HE). Several proportional HE cases (n = 1,183, 47.1%) were
purposely accumulated in the retrospective dataset for use in the
development of deep-learning systems. The retrospective dataset
was randomly divided into the development set (n = 1,899,
75.5%) and validation dataset 1 (n = 615, 24.5%). Another
retrospective dataset is validation dataset 2 (n = 502).

For the clinical evaluation dataset, we retrospectively selected
suitable patients from the Beijing Tiantan Hospital between
June 2019 and April 2020 so as to assess the clinical behavior
of the model. The inclusion criteria were patients diagnosed
with spontaneous ICH and admitted to the Tiantan Hospital
within 6 h from symptom onset, with the baseline images
available, and who received a follow-up NCCT at 24 ± 3 h
from the symptom onset. The exclusion criteria were secondary
intracerebral hemorrhage that could not be recognized by the
artificial intelligence model, patients treated with surgery within
24 h, and insufficient NCCT image quality. A total of 118 patients
were finally involved in the dataset. Due to the sensitivity of the
data used in the study, the data cannot be freely shared. We
provided a flowchart of the process as Figure 1.

This study was conducted in accordance with the institutional
review boards (IRBs) of Beijing Tiantan Hospital Affiliated to
Capital Medical University, which also approved this study
protocol. Patient information was anonymized and de-identified
before the analysis.

Image Processing
In order to reduce potential human errors, we employed a
hierarchical marking method for all scans in the database.
No conflict of interest was registered among the doctors who
participated in the project. Eight master’s degree candidates in
neurology from the Beijing Tiantan Hospital received focused
training for NCCT annotation and evaluation from a team
of two experts (one neuroradiologist and one neurologist)
with more than a decade of experience. The location and
the presence of intracerebral hemorrhage were accordingly
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FIGURE 1 | Flowchart of data preparation, image processing, system architecture, and evaluation.

recorded as shown in Figure 2. For hematoma segmentation
training and ICH volume calculation, each slice of hematoma
appearing on the NCCT images was first drawn manually
using the 3D Slicer analysis software by a trained rater,
followed by independent reviewing by a second rater. The ICH
volumes of the baseline and follow-up NCCT were calculated
using a planimetric method. During the manual drawing
phase, both intraparenchymal and intraventricular hemorrhage
accounted for the same percent of hematoma volume. HE was
defined as an increase in the hematoma volume of >6 ml
(Dowlatshahi et al., 2011).

System Architecture
Segmentation Model
The segmentation model is based on a convolutional neural
network termed U-Net, albeit with some modifications. Before
feeding into the network, each slice of the original NCCT
image was fit to a 512 × 512 square by cropping and padding
if necessary, followed by normalization by a Hounsfield unit
(HU) value window 0–100. The U-Net architecture consisted
of two stages, the downsampling stage and the upsampling

stage. Each block of the downsampling stage was composed
of two 3 × 3 convolution layers and a 2 × 2 max-pooling
layer. At the upsampling stage, the feature map from the last
downsampling block was upsampled by a 2 × 2 up-convolution
layer, concatenated with a feature map of the corresponding
downsampling block, and then through two 3 × 3 convolution
layers. After the final upsampling block, a 1× 1 convolution layer
with sigmoid activation was employed to determine the class of
each pixel. To better catch the feature of hematoma, we used
dilated convolution on the second convolution layers of each
downsampling block (Figure 3).

Prediction Model
The inputs of the prediction model consisted of the original
NCCT images of one patient and the segmentation results of the
segmentation model that highlights the region of interest (ROI).
The same inputs were propagated to the two branches of the
prediction model.

The first branch generated radiomics features on the ROI.
In this branch, image filters such as Laplacian of Gaussian and
wavelet were applied on the images. Together with the original
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FIGURE 2 | Image processing of the predict model.

images, different classes of features including intensity, texture,
and geometric were obtained on different image types. This
process could yield 1379 quantitative features.

The other branch was a convolutional neural network
(CNN) similar with the downsampling stage of U-Net, and
a few repeated blocks consisted of convolution layers and
a max pooling layer. The series of blocks terminates at a

fully connected layer, and the final outputs were obtained
from the last fully connected layer via softmax activation.
Training was performed to optimize the prediction of the CNN,
and the flattened output feature maps were extracted as the
CNN features.

Finally, the radiomics features and the CNN features
were concatenated and inputted to the gradient boosting
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FIGURE 3 | The running process of convolutional neural network applied in this study.

classifier. Consequently, the outputs of the trained classifier were
considered as the prediction results.

Clinical Evaluation
The purpose of the prediction system for hematoma enlargement
of intracerebral hemorrhage based on NCCT scan is to rapidly,
conveniently, and without human interference predict whether
secondary hematoma enlargement can occur in patients with
spontaneous intracerebral hemorrhage. After the patients with
suspected cerebral hemorrhage completed their head NCCT
scan, the conventional process NCCT images were uploaded
to the hospital imaging system PACS by imaging physicians,
and the images were synchronized to the AI imaging system;
the images were automatically identified, and the interpretation
results were output. In order to facilitate the clinical decision-
making, the risk of hematoma enlargement was set according
to the AUC curve analysis. If the risk value was higher
than the threshold value and the patient was considered to
possess secondary hematoma enlargement, the hematoma was
considered stable if it was lower than the critical value. The
Tiantan Hospital evaluated the clinical application value of
BioMind, mainly from the specificity, the sensitivity, the positive
predictive value, the negative predictive value, and the Yoden
index of hematoma enlargement prediction. This article analyzed
the causes of the operation errors of the specific case model.

Statistical Analysis
All analyses were performed using SPSS software version 26.0
(IBM, Armonk, NY, USA). The AUC curve was used to
evaluate the prediction results of BioMind, and the sensitivity
and specificity were calculated. The count data were expressed
in percentage (%). Continuous data were expressed either
as medians and interquartile ranges or as mean ± standard
deviation (SD). The demographic and clinical characteristics
were compared among the patients with hematoma growth

and without it using Student’s t-test or Mann–Whitney U-
test, as appropriate. P < 0.05 was considered to be statistically
significant.

RESULTS

Model Performance
The DLS model produces a segmentation mask indicating the
location of hematoma and a confidence score representing the
risk of HE. For hematoma segmentation, in validation dataset 1
(n = 615, 15,980 images), the slice-level pixel-wise IoU was 0.863
(95% CI, 0.848–0.877), and the patient-level IoU was 0.831 (95%
CI, 0.811–0.856). The performance of the HE prediction was
measured by the area under the receiver operating characteristic
curve (AUC). Figure 4 shows that in validation dataset 1, the
AUC was 0.778 (95% CI, 0.768–0.786), the sensitivity was 0.818
(95% CI, 0.790–0.843), and the specificity was 0.601 (95% CI,
0.565–0.632). In validation dataset 2, the AUC was 0.780 (95%
CI, 0.761–0.798), the sensitivity was 0.732 (95% CI, 0.682–0.788),
and the specificity was 0.709 (95% CI, 0.658–0.759).

Clinical Evaluation of BioMind
A total of 118 patients, including 84 (71.2%) male and 34 (28.8%)
female, were enrolled in this study, with an average cohort age
of 57.5 years. The basic characteristics of the patients included
in the clinical validation datasets are summarized in Table 1.
Among the 118 patients, 50 (42.4%) cases were with hematoma
located in the basal ganglia, 26 (22.0%) cases in the thalamus,
30 (25.4%) cases in the lobe, and 12 (10.2%) in the cerebellum.
Fifty-nine (50.0%) patients were found with an intraventricular
hemorrhage on the baseline NCCT. Twenty-eight (23.7%) of the
118 patients suffered significant HE. We evaluated the ability
of the model to predict hematoma enlargement in a clinical
setting. In order to fit the clinical practice and facilitate the
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FIGURE 4 | The performance of the HE prediction.

clinicians’ decision-making, the risk of hematoma enlargement
is considered to be a critical value through the statistical analysis
of the prediction efficiency of the model. The following outputs
are defined as stable hematoma, and the abovementioned output
results are hematoma enlargement. Through the cross-table
analysis (Table 2), the sensitivity of intracerebral hemorrhage
hematoma expansion predicted by the artificial intelligence
imaging system was found to be 89.3%, with a specificity of
77.8%, a positive predictive value of 55.6%, a negative predictive
value of 95.9%, and a Yoden index of 0.671.

In addition, in the process of research, we found that
the model cannot effectively operate in individual cases. The
common feature of some cases is that the volume of hematoma
is less than 3 ml, which leads to the result that the artificial
intelligence model cannot judge the high-density shadow as the
bleeding focus. Due to the small volume of the hematoma, the
hematoma area on each slice is too small for the model to

effectively distinguish the hematoma. The AI model also requires
higher quality of images. Another part of patients may be anxious
in the CT scanning process; in other words, they could not
cooperate with the examination, resulting in lots of artifacts in
the images. The strong interference made the model unable to
identify and analyze effectively. These cases have been excluded
in the data preparation.

DISCUSSION

In this study, an innovative deep-learning algorithm based
on NCCT was performed and validated for the prediction
of hematoma enlargement in patients with intracerebral
hemorrhage. Our results showed that the deep-learning
algorithm could automatically complete the hematoma labeling
and analysis to rapidly produce accurate prediction results.
This type of artificial intelligence analysis based on NCCT scan
offers several advantages, including universality, safety, time
effectiveness, independence of the experience level of the reader,
high sensitivity, and high specificity.

Previous studies have proposed several imaging predictors
to identify hematoma expansion. CTA spot sign, leakage sign,
and spot-and-tail sign are some of the proven independent
predictors of hematoma enlargement (Goldstein et al., 2007;
Wada et al., 2007; Sorimachi et al., 2013; Caplan, 2016; Orito
et al., 2016). However, all of the above imaging markers have
a common shortcoming of requiring initial CTA examination.
Several patients are not eligible for CTA examination during
the early stages of the disease; the examination cost is high, and
the examination is not popular as the first diagnosis especially
in the emergency department. Even many institutions do not
have the capacity to conduct CTA. The application of CTA as
a primary screening test presents with significant limitations.
NCCT scan is simple and easy to operate. As a common and
necessary examination step for patients with acute cerebral
hemorrhage, the sign of hematoma enlargement has gained a hot
spot in recent studies. Research about NCCT image features in
the prediction of hematoma enlargement has already achieved
positive results. The blend sign, CT hypodensities, and island
sign in NCCT images have been reported in succession related
with hematoma enlargement (Boulouis et al., 2016; Li et al.,
2017; Sporns et al., 2017) However, the disadvantage of these
imaging markers is that they are all highly subjective. On one
hand, their interpretation needs to be conducted manually,
which takes a relatively long time and the results cannot be
obtained immediately. On the other hand, the results of their
interpretation are influenced by the doctors who read the images,
such that the results in clinical practice show a huge deviation and
are not stable.

Moreover, there may be more imaging signs and more
complex connections between them, which are difficult to
identify and summarize by naked eyes alone. At present, the
methods based on the analysis of NCCT image features to
predict the hematoma enlargement of intracerebral hemorrhage
need to pick out the variables before the prediction analysis,
that is, researchers need to identify the image features that
may be related to hematoma enlargement. This process is
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TABLE 1 | Comparison of the baseline demographic and clinical characteristics between patients with and without hematoma growth.

Variables Hematoma growth (n = 28) Without hematoma growth (n = 90) P-value

Demographic
Age, year (IQR) 48.5 (38.25–62.75) 60 (53–65.25) 0.012

Sex, male, n (%) 23 (82.1) 61 (67.8) 0.143
Medical history

Hypertension, n (%) 18 (64.3) 64 (71.1) 0.493
Diabetes mellitus, n (%) 5 (17.9) 18 (20.0) 0.803
Coronary heart disease, n (%) 5 (17.9) 12 (13.3) 0.552
Alcohol consumption, n (%) 9 (32.1) 25 (27.8) 0.656
Smoking, n (%) 12 (42.9) 25 (27.8) 0.133

Clinical features
Admission SBP, mmHg (median) 185.0 162.5 0.006
Admission DBP, mmHg (SD) 106.0 (21.2) 93.8 (16.2) 0.002
Baseline GCS score, median (mean rank) 8 (46.27) 9 (63.62) 0.018
Admission heart rate, median 96 (79.1) 78 (53.4) <0.001

Location 0.117
Basal ganglia 17 (60.7) 33 (36.7)

Thalamus 3 (10.7) 23 (25.6)
Lobe 5 (17.9) 25 (27.8)

Cerebellum 3 (10.7) 9 (10.0)
Irregular hematoma 28 (100) 82 (91.1) 0.195

Intraventricular hemorrhage 9 (32.1) 50 (55.6) 0.030
Baseline ICH volume, ml (IQR) 18.3 (14.8–20.3) 13.9 (9.0–26.0) 0.310

IQR, interquartile range; SBP, systolic blood pressure; DBP, diastolic blood pressure; SD, standard deviation; GCS, Glasgow Coma Scale; ICH, intracerebral hemorrhage.

TABLE 2 | Cross-table analysis of diagnostic value of BioMind.

Actual Actual Total (n)
Hematoma Hematoma
Growth (n) Stable (n)

Predict Hematoma Growth (n) 25 (a) 17 (b) 42
Predict Hematoma Stable (n) 3 (c) 73 (d) 76
Total (n) 28 90 118

Sensitivity: a/(a + c) × 100%, Specificity: d/(b + d) × 100%, positive predictive value:
a/(a + b) × 100%, negative predictive value: d/(c + d) × 100%, Yoden Index: sensitivity
+ specificity −1.

likely to cause the loss of potential image features. But
by the deep-learning model, we can directly import the
processed images into the model without preset variables.
The model can automatically learn and extract image features
(Bengio et al., 2013; LeCun et al., 2015; Schmidhuber,
2015), greatly avoiding the loss of potential image feature
information, so as to improve the specificity and sensitivity
of prediction.

In addition, the deep-learning model and the convolutional
neural network in image analysis have obvious strengths over
other methods because of their own operational characteristics.
Radiomics (Gillies et al., 2016; Lambin et al., 2017) is
employed to extract a large number of high-dimensional
quantitative imaging features from magnetic resonance imaging
(MRI), positron emission tomography (PET), and NCCT
images, which transform the conventional medical images
into high-throughput imaging features that can be mined,
quantitatively describe the spatial and temporal heterogeneity in
the images, reveal the imaging features that cannot be recognized
directly through the senses, effectively transform medical images
into high-dimensional recognizable feature space, and analyze
the generated spatial features with statistical analysis so as
to establish models with predictive value that can provide

worthy information for personalized diagnosis and treatment.
The advantage of the deep convolution neural network is that
it can automatically learn important low-level features (such as
lines and edges) and can extract more complex and higher-
level features (such as the shape) iteratively from low-level
features (Fabijańska, 2018; Yasaka et al., 2018). Its end-to-end
design provides more space for the model to automatically adjust
according to the data and increase the overall fit of the model.
Moreover, it retains the spatial relationship in filtering the input
image, which can effectively extract the features of the images
in the analysis of cerebral hemorrhage images. Moreover, the
images are scaled and transformed in the training process, which
greatly improves the stability of the output model.

Although our results are extremely promising, our study has
some limitations. First, the learning process of the deep-learning
model is known as a black box. Although we can develop and
train the deep-learning model through data, we have no definite
basis to explain the model. If the model predicts that a patient has
a higher risk of early hematoma enlargement, we could not judge
the imaging characteristics on which the prediction is based
and could not explain the result. Second, only imaging data are
included in the model at present, leaving the scope for including
more statistically significant clinical features for comprehensive
training through the analysis of clinical information of patients
so as to further improve the clinical value of model prediction.
Third, in this study, the predictive models did not automatically
identify spontaneous intracerebral hemorrhage. There are some
studies on the application of artificial intelligence to analyze the
causes of cerebral hemorrhage with NCCT images with high
accuracy. We believe that, if the two models can be combined,
greater clinical benefits would be achieved. Fourth, this study
was conducted with retrospective big data. As a result, we could
not extract accurate past medical histories, such as the use of
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anticoagulants and antiplatelet drugs, which may also affect the
risk of hematoma enlargement. We will conduct a prospective
study in the next step to validate the artificial intelligence model
and explore the correlation between medical histories, drug use,
and hematoma enlargement.

In conclusion, BioMind is a valuable hematoma expansion
prediction system. As compared with existing hematoma
prediction methods, it provides a time-saving, easy to
implement, and subjective independent method to predict
the risk of hematoma enlargement in patients with intracerebral
hemorrhage. Presently, BioMind has realized the software
transformation, and the artificial intelligence imaging analysis
can be realized after installation to become a part of the
diagnosis and treatment process of cerebral hemorrhage for
more customized diagnosis and treatment of patients with
cerebral hemorrhage.
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Neurological deterioration (ND) is a devastating complication for patients with ischemic
stroke after endovascular recanalization therapy (EVT). We aimed to investigate the
time course and clinical relevance of ND after EVT. Consecutive patients with acute
ischemic stroke who underwent EVT for large arterial occlusions of the anterior cerebral
circulation were enrolled. The National Institutes of Health Stroke Scale (NIHSS) scores
were assessed before EVT, at the end of EVT, at 24 h (d1), on day 3 (d3), on day
15 (d15), at discharge and anytime when ND was indicated. ND was defined as an
increase of ≥ 4 points in the NIHSS score and was divided into acute ND (AD, within
24 h), subacute ND (SD, d1–d3), and delayed ND (DD, d3–d15 or discharge). Using
multivariable logistic regression analysis, we explored predictors and outcomes of ND
at different time periods. As a result, of 343 patients, 129 (37.6%) experienced ND,
including 90 (26.2%) with AD, 27 (7.9%) with SD and 12 (3.5%) with DD. Multivariable
logistic regression analysis revealed that history of hypertension, cardioembolic stroke,
lower Alberta Stroke Program Early Computed Tomography Score (ASPECTS), and
poor collaterals were significantly associated with an increased risk of AD; history of
hypertension, lower ASPECTS, poor collaterals, and unsuccessful recanalization, with
SD; and high admission NIHSS score, with DD. In addition, patients who experienced
AD (OR = 10.22, P < 0.001), SD (OR = 15.89, P = 0.004), or DD (OR = 8.31,
P = 0.015) were more likely to have poor outcomes. ND was a strong predictor of
poor stroke outcomes. Management of related risk factors at different ND time periods
might improve the prognosis of EVT.

Keywords: neurological deterioration, time course, stroke, recanalization, odds ratio

INTRODUCTION

With the aging of global population, stroke has become the second leading cause of disability-
adjusted life-years (DALYs) for older adults underlying the need to deal with disabling outcome
(GBD 2019 Diseases and Injuries Collaborators, 2020). Recently, several randomized controlled
trials have confirmed the safety and efficacy of endovascular recanalization therapy (EVT) for
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patients with large arterial occlusion strokes in anterior cerebral
circulation (Berkhemer et al., 2015; Campbell et al., 2015; Goyal
et al., 2015; Jovin et al., 2015; Saver et al., 2015). However,
individual responses to EVT vary widely and clinical evolution is
largely unpredictable. Less than half of patients achieve functional
independence, while others become dependent or die at 90 days
(Goyal et al., 2016). Previous studies had already suggested that
early neurological deterioration (ND) predicted poor functional
outcomes after EVT (Zhang et al., 2018; Kim et al., 2019a).
The perioperative management of patients with EVT is a
continuous and refined process during hospital. The incidence,
predictors, and outcomes of ND in different time periods might
be different. Thus, study of ND in different time periods after
EVT contributed to a better individualized management.

Thus far, only few studies have reported the characteristics of
ND after EVT. Regardless of the different definitions used, Kim
et al. (2019a) showed that early ND occurs in 35.2% of patients
and is significantly associated with large artery atherosclerosis
(LAA) stroke, unsuccessful recanalization and a high National
Institutes of Health Stroke Scale (NIHSS) score after EVT.
Zhang et al. (2018) found that early ND occurred in 40.2% of
patients, and high admission systolic blood pressure (SBP) and
unsatisfactory recanalization of occluded arteries contributed to
early ND. However, the clinical relevance for different ND time
periods during hospitalization was not systematically investigated
in either study. Therefore, we performed this prospective
observational study to characterize the incidence, predictors,
and outcomes of ND during different time periods to achieve
refined management after EVT during hospitalization and to
enrich enrollment in clinical trials of research interventions to
decrease progression.

MATERIALS AND METHODS

Study Population
This study was a retrospective analysis of a prospectively
collected stroke database. Consecutive patients with acute
ischemic stroke undergoing EVT for large arterial occlusions
of the anterior cerebral circulation on computed tomography
angiography (CTA), magnetic resonance angiography (MRA),
or digital-subtraction angiography (DSA) were enrolled from
Yijishan Hospital of Wannan Medical College between May
2015 and September 2020. Patients with a modified Rankin
Scale (mRS) score > 2 before the index stroke were excluded
from the study. This study was approved by the Ethical
Review Board of Yijishan Hospital in Wuhu, China. Written
informed consent was obtained from all enrolled patients or
their surrogates.

Endovascular Recanalization Therapy
The protocols of EVT and perioperative management strategies
have been described previously (Hao et al., 2017; Huang et al.,
2019; Li et al., 2019). Briefly, all patients received local anesthesia.
Diazepam or dexmedetomidine was used in some patients
who did not cooperate with the operation due to disturbance
of consciousness. EVT was performed using a Solitaire stent

retriever (Covidien, Irvine, CA, United States) or aspiration
thrombectomy (Penumbra system, Alameda, CA, United States)
as the first choice. If recanalization of targeting artery was not
achieved, stent implantation, balloon dilation, or intra-arterial
tirofiban administration were used as remedial measures.

Clinical and Radiologic Assessment
Good collaterals were defined as >50% filling of the occluded area
(Tan et al., 2007). Successful recanalization after EVT was defined
as a modified Thrombolysis in Cerebral Infarction (mTICI) score
of 2b or 3 (Zaidat et al., 2013). The NIHSS scores were recorded
by certified neurologists before EVT, at the end of EVT, at 24 h
(d1), on day 3 (d3), on day 15 (d15), at discharge and anytime
when ND was indicated. For those patients receiving diazepam
or dexmedetomidinem, the time of first postoperative evaluation
was delayed to 24 h after EVT. ND was defined as an increase
of four points or more in the NIHSS score compared to the
best neurological status during hospitalization. We evaluated the
time course of ND based on each time node of available clinical
evaluations: acute ND (AD, within 24 h), subacute ND (SD,
d1–d3), and delayed ND (DD, d3–d15 or discharge).

Non-contrast cranial CT scans were usually performed at
24 and 72 h after EVT or anytime ND was indicated by
clinical manifestations. Symptomatic intracranial hemorrhage
(sICH) was defined as parenchymal hemorrhage type 2 on
non-contrast cranial CT with ND ≥ 4 NIHSS points from
baseline (Kim et al., 2019b). A good functional outcome was
defined as a mRS score ≤ 2 at 90-day follow-up. All clinical
and imaging evaluations were performed in blind by two
experienced neurologists. In cases of disagreement, a senior
neuroscientist was consulted.

Statistical Analysis
SPSS software (version 23.0; IBM, Armonk, NY, United States)
was used for statistical analysis. Categorical variables are
described by frequencies (percentages) and were compared
using chi-square or Fisher exact tests. Continuous variables
with normal distributions are presented as the mean (standard
deviation, SD) and were compared using student t tests.
Continuous variables without normal distributions are expressed
as the median (interquartile range, IQR) and were compared
using Mann-Whitney U tests. The association between potential
predictive factors and outcome variables (ND and stroke
outcome) was evaluated using logistic regression. Significant
(P < 0.1) univariate predictive factors were candidates for
inclusion in a multivariable logistic regression. A two-sided
P < 0.05 was considered statistically significant.

RESULTS

Baseline Characteristics
We enrolled 343 patients with EVT in our study (Table 1). ND
occurred in 129 (37.6%) patients, including 90 (26.2%) with
AD, 27 (7.9%) with SD and 12 (3.5%) with DD, while 214
(62.4%) patients had no ND. Three patients without CT scan data
in the ND group were discharged due to sudden neurological
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TABLE 1 | Patient characteristics of the subgroups according to neurological deterioration status.

Variables Any Neurological Deterioration P First Neurological Deterioration vs. No Deterioration by Category

Yes (n = 129) No (n = 214) AD (n = 90) P SD (n = 27) P DD (n = 12) P

Demographic characteristics

Age, years, mean (SD) 69.8 (11.5) 67.7 (10.9) 0.095 70.7 (10.7) 0.031 67.0 (14.1) 0.763 69.5 (10.6) 0.585

Female sex, n (%) 60 (46.5) 95 (44.4) 0.702 45 (50.0) 0.371 11 (40.7) 0.719 4 (33.3) 0.452

Past medical history, n (%)

Hypertension 104 (80.6) 139 (65.0) 0.002 71 (78.9) 0.016 24 (88.9) 0.012 9 (75.0) 0.551

Diabetes mellitus 27 (20.9) 30 (14.0) 0.096 16 (17.8) 0.404 8 (29.6) 0.048 3 (25.0) 0.390

Atrial fibrillation 78 (60.5) 94 (43.9) 0.003 56 (62.2) 0.004 15 (55.6) 0.253 7 (58.3) 0.329

Antithrombotics 43 (33.3) 53 (24.8) 0.087 31 (34.4) 0.085 8 (29.6) 0.584 4 (33.3) 0.503

Clinical data

Admission SBP, mean (SD) 151 (23) 147 (23) 0.069 151 (23) 0.130 151 (24) 0.322 153 (19) 0.317

Admission DBP, mean (SD) 83 (14) 81 (14) 0.204 83 (15) 0.362 85 (14) 0.219 83 (8) 0.776

Admission NIHSS, median, (IQR) 17 (14−20) 14 (12−18) <0.001 18 (14−20) <0.001 17 (14−20) 0.007 17 (14−21) 0.034

IV-rtPA, n (%) 16 (12.4) 24 (11.2) 0.740 14 (15.6) 0.296 1 (3.7) 0.327 1 (8.3) 1.000

Occlusion site, n (%) 0.021 0.005 0.827 1.000

ICA 68 (52.7) 80 (37.4) 52 (57.8) 12 (44.4) 4 (33.3)

MCA-M1 52 (40.3) 114 (53.3) 32 (35.6) 13 (48.1) 7 (58.3)

MCA-M2, ACA 9 (7.0) 20 (9.3) 6 (6.7) 2 (7.4) 1 (8.3)

TOAST type, n (%) 0.003 0.001 0.435 0.695

CE 89 (69.0) 109 (50.9) 65 (72.2) 17 (63.0) 7 (58.3)

LAA 28 (21.7) 81 (37.9) 14 (15.6) 9 (33.3) 5 (41.7)

Others 12 (9.3) 24 (11.2) 11 (12.2) 1 (3.7) 0 (0.0)

Radiological findings and procedural aspects

ASPECTS, median (IQR) 8 (7−9) 9 (8−10) <0.001 8 (7−9) <0.001 7 (5−8) <0.001 9 (8−10) 0.689

OTP, median (IQR) 257(210−300) 270 (222−330) 0.282 245(210−300) 0.114 296(220−360) 0.420 253(200−293) 0.568

PT, median (IQR) 74 (47−105) 60 (44−90) 0.010 79 (46−119) 0.005 80 (54−100) 0.118 51 (46−71) 0.304

Good collaterals, n (%) 28 (21.7) 112 (52.3) <0.001 21 (23.3) <0.001 3 (11.1) <0.001 4 (33.3) 0.200

Procedural modes, n (%) 0.120 0.146 0.106 0.804

Solitaire FR first 94 (72.9) 152 (71.0) 69 (76.7) 17 (63.0) 8 (66.7)

Inspiration first 28 (21.7) 37 (17.3) 17 (18.9) 9 (33.3) 2 (16.7)

Others, 7 (5.4) 25 (11.7) 4 (4.4) 1 (3.7) 2 (16.7)

Remedial measures, n (%) 18 (14.0) 31 (14.5) 0.891 14 (15.6) 0.811 4 (14.8) 0.999 0 (0.0) 0.379

mTICI (2b/3), n (%) 80 (62.0) 170 (79.4) <0.001 55 (61.1) 0.001 16 (59.3) 0.027 9 (75.0) 0.717

SBP, systolic blood pressure; DBP, diastolic blood pressure; NIHSS, National Institutes of Health Stroke Scale; SD, standard deviation; IQR, Interquartile range; IV-rtPA,
intravenous recombinant tissue plasminogen activator; ICA, internal carotid artery; MCA, middle cerebral artery; TOAST, Trial of Org 10172 in acute stroke treatment; CE,
cardioembolic; LAA, large artery atherosclerosis; ASPECTS, the Alberta Stroke Program Early Computed Tomography Score; OTP, onset to puncture time; PT, procedural
time; mTICI, modified Thrombolysis in Cerebral Infarction.

deterioration. Compared to patients with no ND at any time
point during hospitalization, patients with AD were more likely
to have an older age (70.7 vs. 67.7 years, P = 0.031), higher
rate of hypertension (78.9 vs. 65.0%, P = 0.016), higher rate
of atrial fibrillation (62.2 vs. 43.9%, P = 0.004), higher NIHSS
score on admission (18 vs. 14, P < 0.001), higher rate of an
occlusion site in the internal carotid artery (ICA) (57.8 vs.
37.4%, P = 0.005), longer procedure time (PT) (79 vs. 60 min,
P = 0.005), higher rate of cardioembolic stroke (CE) (72.2 vs.
50.9%, P = 0.001), lower Alberta Stroke Program Early Computed
Tomography Score (ASPECTS) (8 vs. 9, P < 0.001), lower rate
of good collaterals (23.3 vs. 52.3%, P < 0.001) and lower rate of
successful reperfusion (61.1 vs. 79.4%, P = 0.001). Patients with
SD were more likely to have a higher rate of hypertension (88.9
vs. 65.0%, P = 0.012), higher rate of diabetes mellitus (29.6 vs.

14.0%, P = 0.048), higher NIHSS score on admission (17 vs. 14,
P = 0.007), lower ASPECTS (7 vs. 9, P< 0.001), lower rate of good
collaterals (11.1 vs. 52.3%, P < 0.001) and lower rate of successful
reperfusion (59.3 vs. 79.4%, P = 0.027). A higher NIHSS score
on admission was significantly associated with DD (17 vs. 14,
P = 0.034).

Neurological Deterioration Free Survival
Curves
A Kaplan-Meier curve was performed to test the effects of
clinical variables on ND-free survival (Figure 1). ND was
most likely to occur within the first 24 h (90/129, 69.8%,
Figure 1A). The incidence of ND gradually decreased over
time. Compared to patients with LAA stroke grouped by
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FIGURE 1 | (A) Time Course of First Neurological Deterioration. (B) The Course of First Neurological Deterioration grouped by TOAST type. (C) Time Course of First
Neurological Deterioration grouped by mTICI scores.

Trial of Org 10172 in Acute Stroke Treatment (TOAST)
type, patients with CE stroke and other stroke etiologies
had a greater chance of ND (44.9 and 33.3%, respectively,
vs. 25.7%, P = 0.003, Figure 1B). We also observed that
patients with successful recanalization after EVT had a decreased
risk of ND (32.0 vs. 52.7%, OR = 0.423, P < 0.001,
Figure 1C).

Multivariable Model for Different ND
Time Periods
The multivariable analysis of different ND time periods is shown
in Table 2 and Figure 1A. AD was significantly associated

with history of hypertension (OR = 2.23, 95% CI = 1.09–4.55,
P = 0.028), TOAST type (LAA vs. CE, OR = 0.38, 95% CI = 0.15–
0.97, P = 0.043; others vs. CE, OR = 1.34, 95% CI = 0.45–
4.02, P = 0.602; total P = 0.031), high ASPECTS (OR = 0.68,
95%CI = 0.54–0.86, P = 0.001), and good collaterals (OR = 0.36,
95% CI = 0.19–0.68, P = 0.002). SD was significantly associated
with history of hypertension (OR = 6.25, 95% CI = 1.31–29.89,
P = 0.022), high ASPECTS (OR = 0.47, 95% CI = 0.34–0.66,
P < 0.001), good collaterals (OR = 0.22, 95% CI = 0.06–
0.83, P = 0.026), and successful recanalization (OR = 0.26, 95%
CI = 0.09–0.78, P = 0.016). DD was significantly associated with
a high admission NIHSS score (OR = 1.12, 95% CI = 1.00–1.26,
P = 0.048).
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TABLE 2 | Factors associated with neurological deterioration according to
time course.

Variables Odds ratio Confidence interval P value

AD (≤24 h)

Age 1.00 0.97–1.03 0.809

Hypertension 2.23 1.09–4.55 0.028

Atrial fibrillation 0.90 0.40–2.06 0.810

Antithrombotics 1.34 0.70–2.58 0.380

Admission NIHSS 1.02 0.95–1.09 0.633

Occlusion site 0.091

MCA-M1 vs. ICA 0.52 0.28–0.97 0.040

MCA-M2 vs. ICA 0.46 0.15–1.41 0.173

TOAST 0.031

LAA vs. CE 0.38 0.15–0.97 0.043

Others vs. CE 1.34 0.45–4.02 0.602

ASPECTS 0.68 0.54–0.86 0.001

PT 1.01 1.00–1.02 0.071

Good collaterals 0.36 0.19–0.68 0.002

mTICI (2b/3) 0.73 0.36–1.51 0.398

SD (1–3 days)

Hypertension 6.25 1.31–29.89 0.022

Diabetes mellitus 2.70 0.86–8.41 0.088

Admission NIHSS 0.97 0.86–1.08 0.567

ASPECTS 0.47 0.34–0.66 <0.001

Good collaterals 0.22 0.06–0.83 0.026

mTICI (2b/3) 0.26 0.09–0.78 0.016

DD (>3 days)

Admission NIHSS 1.12 1.00–1.26 0.048

AD, acute neurological deterioration; SD, subacute neurological deterioration; DD,
delayed neurological deterioration; NIHSS, National Institutes of Health Stroke
Scale; ICA, internal carotid artery; MCA, middle cerebral artery; PT, procedural time
TOAST, Trial of Org 10172 in acute stroke treatment; CE, cardioembolic; LAA, large
artery atherosclerosis; ASPECTS, the Alberta Stroke Program Early Computed
Tomography Score; mTICI, modified thrombolysis in cerebral infarction.

Association Between the ND Time
Course and Stroke Outcomes
Compared to patients with no ND, patients with ND were
more likely to have poor outcomes (90.7 vs. 36.4%, P < 0.001).
After adjustment for potential confounders (Supplementary
Table 1), AD (OR = 10.22, 95% CI = 4.07–25.68, P < 0.001),
SD (OR = 15.89, 95% CI = 2.47–102.14, P = 0.004) and DD
(OR = 8.31, 95% CI = 1.51–45.90, P = 0.015) were significantly
associated with poor outcomes (Table 3 and Figure 2).

DISCUSSION

Our study demonstrated that 37.6% of stroke patients
experienced ND after EVT during hospitalization, especially in
the first 24 h. We also revealed a striking association between ND
at different time periods (AD, SD, and DD) and poor prognosis.
Clinical strategies focused on prevention of different ND time
courses are a logical step to improve outcomes after EVT.

Previous studies indicated that early ND occurs in 35.2–40.2%
of patients, most of which occurs within 72 h. This was similar
to the incidence in our study despite the different definitions
(Zhang et al., 2018; Kim et al., 2019a). Kim et al. (2019a) found

TABLE 3 | Association between time course of ND and poor outcome.

Time course of ND mRS > 2

Odds ratio Confidence interval P value

ND vs. no ND

AD 10.22 4.07–25.68 <0.001

SD 15.89 2.47–102.14 0.004

DD 8.31 1.51–45.90 0.015

ND, neurological deterioration; AD, acute neurological deterioration; SD,
subacute neurological deterioration; DD, delayed neurological deterioration; mRS,
modified Rankin Scale.
Adjusted for age, sex, diabetes mellitus, atrial fibrillation, antithrombotics, admission
systolic blood pressure (SBP), National Institutes of Health Stroke Scale (NIHSS)
score, occlusion site, Trial of Org 10172 in acute stroke treatment (TOAST),
the Alberta Stroke Program Early Computed Tomography Score (ASPECTS),
procedural time (PT), collateral score, procedural modes, modified Thrombolysis
in Cerebral Infarction (mTICI).

FIGURE 2 | Scores on the modified Rankin Scale grouped by Time Course of
Neurological Deterioration status.

that more than half of patients with ICA occlusion experienced
ND, which was attributed to the mechanisms of symptomatic
hemorrhage, ischemia progression, and brain edema. The risk
factors for ND were LAA stroke for ischemia progression, and
successful recanalization and NIHSS score after thrombectomy
for hemorrhage or brain edema. These findings are generally in
line with our results. In this study, 52.7% of patients with ICA
occlusion experienced ND, indicating that they were especially
susceptible to secondary neuronal injury after EVT. Successful
recanalization was also a protective factor for SD, which was
consistent with the results from a clinical study in China (Zhang
et al., 2018). We found that a high NIHSS score on admission was
the only risk factor for DD, suggesting that the effects of baseline
risk factors and procedure-related factors on ND elapse over time
after EVT. However, compared to CE stroke, LAA stroke was a
protective factor for AD, which was inconsistent with the results
of Kim et al. (2019a). We speculated that this difference may
be due to different ethnic groups, different definitions of ND,
and different classification methods of ND. We found that CE
stroke patients in our study had poor collaterals (CE vs. LAA,
69.9 vs. 30.1%, respectively, P = 0.015), while poor collaterals was
a risk factor for both AD and SD. Previous studies indicated that
poor collaterals was associated with a lower recanalization rate
(Bang et al., 2011; Liebeskind et al., 2014a,b; Leng et al., 2016b),
ischemia progression (Campbell et al., 2013; Chen et al., 2019),
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a higher rate of sICH (Liebeskind et al., 2014a; Leng et al., 2016a;
Hao et al., 2017) and malignant brain edema (Huang et al.,
2019), which were common causes of ND after EVT. History of
hypertension and lower ASPECTS were also observed to increase
the risk of AD and SD. History of hypertension usually signifies a
higher admission SBP (152 ± 22 vs. 139 ± 23 mmHg, P < 0.001
in our study) which only showed a moderate association with
ND in this study (P = 0.069, Table 1). However, several studies
have suggested that elevated admission SBP levels increase the
risk of sICH (Mulder et al., 2017; Malhotra et al., 2020), ischemia
progression (Goyal et al., 2017), early ischemic stroke recurrence
(Leonardi-Bee et al., 2002) and cerebral edema (Leonardi-Bee
et al., 2002), and consequently contribute to the occurrence of
ND. A lower ASPECTS commonly indicates a higher NIHSS
score with poor collaterals (Liebeskind et al., 2014a; Yoo et al.,
2016), while both a higher NIHSS score and poor collaterals are
considered major risk factors for ND.

There are limitations to this study. This was a retrospective
single-center study with a limited sample size, especially for
DD because of its low incidence. Further studies with a larger
sample size in multiple centers are needed. Clinical confounding
factors of ND are complicated, and not all of these factors
were included. For example, post-stroke pneumonia, a common
complication after stroke, was not included in this study because
it is difficult to identify whether post-stroke pneumonia led to ND
or ND resulted in post-stroke pneumonia in a logistic regression
model. Finally, due to the unclear mechanism of ND and due
to retrospective nature in this study, we failed to investigate the
risk factors of ND according to its etiology, which needs to be
explored in further studies.

Our study has clinical implications. ND at different time
periods (AD, SD, and DD) predicted poor outcome, underlining
the need to emphasize close neurological monitoring, especially
within 24 h after EVT. The focus of monitoring should
change as time progresses: history of hypertension, CE stroke,
lower ASPECTS, and poor collaterals for AD (≤24 h); history
of hypertension, ASPECTS, poor collaterals and unsuccessful
recanalization for SD (24–72 h); and high NIHSS score
for DD (>72 h). Recanalization rates should receive more
attention during EVT. If recanalization is not achieved,
prevention of hypovolemia (Arenillas et al., 2018), hypo-
and hypertension (Biose et al., 2020; Raychev et al., 2020),
hyperglycemia (Biose et al., 2020), and hyperuricemia (Menon
et al., 2013) are primary targets for preserving collaterals.
Other uncontrollable factors, including history of hypertension,
CE stroke, lower ASPECTS and high NIHSS score, should
also be considered in decision-making protocols before EVT.
Families often expect patients to benefit more from EVT.
We should prepare them with the fact that approximately
1/3 of patients experience ND, which implies a poor short-
term prognosis.

Neurological deterioration by ≥4 NIHSS points occurring in
one-third of patients with ischemic stroke undergoing EVT is
a strong predictor for poor stroke outcomes. The risk factors
for ND change as time progresses. Management of risk factors
at different ND time periods might improve the prognosis of
patients who undergo EVT in the future. Further large-scale
studies are warranted to validate our findings and to delineate
optimal criteria to prevent ND.
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Microglia-mediated neuroinflammatory response in the early brain injury after
subarachnoid hemorrhage (SAH) has been reported to have an impact on progress,
and the mechanism is not completely understood. Here, we performed genome-wide
transcriptome analysis of microglia purified from damaged hemisphere of adult mice at
3 days after SAH or sham operation. Robust transcriptional changes were observed
between SAH-induced and healthy microglia, indicating rapid activation of microglia
after suffering from SAH. We identified 1576 differentially expressed genes (DEGs; 928
upregulated and 648 downregulated) in SAH-induced microglia compared with sham
microglia, representing a strong alteration of the genome (6.85% of total ∼23,000
genes). Functional enrichment of these DEGs indicated that cell division, inflammatory
response, cytokine production, and leukocyte chemotaxis were strongly activated
in SAH-induced microglia. Moreover, we identified and proved that the TLR2/IRF7
signaling axis was involved in the regulation of this microglia-mediated inflammation
in SAH mice by performing flow cytometry and immunofluorescence. Together, these
results provided a perspective of microglia-mediated neuroinflammatory response in the
early stage of SAH and might give a new therapeutic target for SAH.

Keywords: subarachnoid hemorrhage, microglia, flow cytometry, bulk RNA-seq, early brain injury

INTRODUCTION

Subarachnoid hemorrhage (SAH), which is mainly caused by intracranial aneurysm rupture,
is a severe subtype of stroke with high mortality, disability, and poor outcomes (Macdonald
and Schweizer, 2017). It accounts for 5% of strokes and has an annual incidence of 6–10
cases per 100,000 persons (Amodio et al., 2020; Macdonald and Schweizer, 2017). Early brain
injury (EBI), which occurs in the first 72 h after bleeding, has been considered as the most
important pathophysiological mechanism contributing to delayed cerebral ischemia and poor
prognosis (Rass and Helbok, 2019). EBI is associated with many pathological processes, such as
neuroinflammation, brain edema, global ischemia, and excitotoxicity (Fujii et al., 2013). Among
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them, neuroinflammation are considered to play a crucial role
in EBI (Fujii et al., 2013). Microglia, the main resident immune
cells in the central nervous system (CNS), is the most significant
mediator in neuroinflammation. They constantly surveil the
microenvironment and respond to damage and pathogens, acting
as double-edged swords in different pathological states (Soulet
and Rivest, 2008; Liu et al., 2019).

In the context of SAH, remarkable accumulation of microglia
was observed within the first 3 days (Zheng et al., 2020) and
lasted 28 days after bleeding (Schneider et al., 2015). In the
acute phase, microglia are activated and secrete cytokines [e.g.,
interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-
α)], chemokines, and other potentially toxic chemicals, leading
to inflammatory response and cell death (Schneider et al., 2015).
However, microglia are also responsible for phagocytosis and
clearance of blood and cell debris, indicating that microglia
exhibit neuroprotective functions after bleeding (Schallner et al.,
2015). Given the complex function of microglia, the specific
role and underlying mechanisms of microglia in SAH remain
largely obscure.

Toll-like receptors (TLRs), a class of pattern recognition
receptors (PRRs) that are highly enriched in microglia, recognize
the pathogen-associated molecular pattern (PAMP) ligands and
the endogenous danger-associated molecular pattern (DAMP)
ligands. Under pathological conditions, microglia initiate innate
immune response via TLRs (Lalancette-Hebert et al., 2017).
A previous study has shown that soluble TLR2 is elevated in
cerebrospinal fluid (CSF) in patients with SAH (Sokol et al.,
2016). 6-MP and glycyrrhizin treatment can attenuate TLR2
expression and SAH-induced brain injury (Chang et al., 2014,
2015). Additionally, TLR2 stimulation increases the leukocytosis
in the CSF and blood flowing through choroid plexus (Rayasam
et al., 2020). Interferon regulatory factor 7 (IRF7) is a
multifunctional transcription factor that can be activated by PRRs
(Ning et al., 2011). TLR2 can activate IRF7 in inflammatory
monocytes and bone marrow-derived macrophages (Barbalat
et al., 2009; Dietrich et al., 2010). Moreover, IRF7 participates
in the M1-like microglial polarization switch (Tanaka et al.,
2015). In conclusion, the TLR2/IRF7 signaling pathway may have
influence on neuroinflammation. However, its exact function in
mediating microglia, under SAH condition, is largely unknown.

To understand the microglial transcriptional changes after
SAH and its potential role in SAH, we performed genome-
wide transcriptome analysis of microglia isolated from damaged
hemispheres of adult mice 3 days post-SAH and sham
operation. We explored the functional implications of microglia
in response to SAH and found that the microglia involved
in neuroinflammation may be regulated by the TLR2/IRF7
signaling pathway.

MATERIALS AND METHODS

Animal
Eight- to 10-week-old male C57BL/6 mice (SLAC Laboratory
Animal Co., Ltd., Shanghai, China) were housed in a
temperature- and humidity-controlled room under a 12-h

day/night cycle and had free access to food and water. All
protocols were approved by the Institutional Ethics Committee
of the Second Affiliated Hospital, Zhejiang University School of
Medicine. The animal experiments were performed according
to the National Institutes of Health’s Guide for the Care and the
Use of Laboratory Animals and the ARRIVE (Animal Research:
Reporting in vivo Experiments) guidelines.

Microglia Depletion
As previously described, PLX3397 (Selleckchem, Houston, TX,
United States) was formulated in AIN-76 A standard chow
at a concentration of 290 ppm. Mice were fed with PLX3397
chow for 21 consecutive days (Najafi et al., 2018) until the
end of experiments.

SAH Model
The endovascular perforation model was established as
previously described (Muroi et al., 2015). Briefly, mice were
anesthetized with pentobarbital sodium (40 mg/kg) via
intraperitoneal injection. Left carotid artery and its bifurcation
were exposed. Then, 5-0 sharpened nylon suture was inserted
into the internal carotid artery (ICA) from the external carotid
artery. Then, the suture was pushed until the tip reached
the intracranial bifurcation of anterior cerebral artery and
middle cerebral artery. The suture was pushed 1 mm further
to perforate the vessel. The mice in the sham group underwent
the same procedures except perforation. Since all procedures
were performed on the left side, we collected the left hemisphere
for all downstream experiments. Additionally, we assessed the
degree of SAH via the grading system as previously described
(Sugawara et al., 2008).

Neurological Assessment
Modified Garcia test (range, 0–18) was used to assess the
short-term neurological performance, by evaluating spontaneous
activity, climbing, forelimb stretching, spontaneous movements
of all limbs, body proprioception, and response to vibrissae touch
(Shi et al., 2018).

Adhesive Removal Test
To access the motor coordination and sensory neglect after SAH,
adhesive test was performed following previous studies (Bouet
et al., 2009). Small adhesive tape strips (2 mm × 3 mm) were
applied to mice forepaws. Contact time and removal time were
recorded with a maximum observation time of 120 s.

Fluorescence-Activated Cell Sorting and
Flow Cytometry
Mice were anesthetized with 40 mg/kg of pentobarbital sodium
and transcardially perfused with ice-cold PBS. Brain tissues
were obtained, and cerebrum was dissected and separated into
ipsilateral and contralateral hemispheres. Ipsilateral hemispheres
were mechanically dissociated using a razor blade and placed
in a 15-ml conical tube with digestion solution [0.6 mg/ml of
collagenase D (Sigma)]. Then, the mixture were incubated for
30 min at 37◦C. After that, a 70-µm strainer was used to generate
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a single-cell suspension (BD FALCON). Cells were isolated by
centrifugation (30 min, 800 × g at 23◦C) using 30–70% Percoll
gradient solutions (GE Healthcare) (Agalave et al., 2020). Isolated
cells were washed and resuspended in PBS with 0.01% bovine
serum albumin (BSA) and then incubated with indicated anti-
mouse antibodies for 30 min at 4◦C [rat anti-mouse CD45
PerCP (BD Bioscience) and rat anti-mouse CD11b FITC (BD
Bioscience)]. The population of microglia (CD45 positive and
CD11b positive) was sorted.

In flow cytometry, rat anti-mouse Ly6G PE and rat anti-mouse
Ly6C APC (BD Bioscience) antibodies were used and incubated
with CD45 perCP and CD11b FITC.

RNA Extraction and Sorted Microglia
Sequencing
Total RNA from microglia sorted by FACS was isolated
using TRIzol (Invitrogen, CA, United States) according to the
manufacturer’s protocol. The total RNA quantity and purity were
checked by an Agilent 2100 bioanalyzer. High-quality samples
(RIN number > 6.8) were used for downstream sequencing.
Sequence libraries were constructed according to the standard
SMART-seq protocol, and paired-end sequencing was performed
with Illumina Novaseq 6000 (LC Bio) following the vendor’s
recommended protocol. Prior to assembly, low-quality reads
that contain sequencing adaptors, sequencing primers, or low-
quality nucleotides, were removed. The sequence quality was
also checked with FastQC. HISAT was used to align and map
reads to the UCSC1 GRCm38 mouse reference genome. The
mapped reads of each sample were assembled using StringTie.
Then, all transcriptomes from the samples were merged to
reconstruct a comprehensive transcriptome using perl scripts.
After the final transcriptome was generated, StringTie and edgeR
were used to estimate the expression levels of all transcripts.
StringTie was used to perform expression level for mRNAs
by calculating Fragment per Kilobase of transcript per Million
mapped reads (FPKM). All raw sequence data have been
uploaded to GSE167957.

RNA-Seq Data Analysis
The expression matrixes were counter-checked to determine
if there were any systematic errors or batch effects. The sva
R package was used for identifying, estimating, and removing
batch effects (Leek et al., 2012). The differentially expressed
genes (DEGs) were selected with fold change > 2 or fold
change < −2 and with statistical significance (Benjamini–
Hochberg adjusted p-value < 0.01) by DESeq2 package (Love
et al., 2014). FPKM were used for gene expression and were
log2(x + 1) transformed. Principal components analysis (PCA)
was performed on normalized counts. R package pheatmap was
used to generate heatmap.

Functional enrichment analysis was conducted using
Metascape2 (Bhattacharya et al., 2018). All genes in mouse
genome were used as background genes, and the default settings
were used as enrichment criteria (minimum overlap = 3,

1http://genome.ucsc.edu/
2http://metascape.org/

P-value cutoff = 0.01, minimum enrichment score = 1.5).
A gene ontology term was considered activated/increased
with a z-score > 2 and a p-value < 0.01, and was predicted
inhibited/decreased with a z-score <−2 and a p-value < 0.01.

Transcription factors (TFs) of selected DEGs were predicted
using IRegulon plugin in Cytoscape (Janky et al., 2014). TFs were
ranked by normalized enrichment score (NES), and NES > 3 was
set as threshold.

The protein–protein interaction (PPI) network of selected
DEGs was established using The Search Tool for the Retrieval
of Interacting Genes (STRING3) (Szklarczyk et al., 2015) and
then visualized in Cytoscape (Shannon et al., 2003). A combined
score > 0.4 was set as a significant threshold. Furthermore,
CytoHubba, a Cytoscape plugin, was used to explore hub genes in
the constructed PPI network, and the top 10 genes were displayed
based on degree method.

Immunofluorescence Staining
Immunofluorescence staining was performed as described
previously (Lu et al., 2019). In brief, mice were sacrificed
and transcardially perfused with 0.9% NaCl, followed by 4%
paraformaldehyde. Brain tissues were harvested and immersed in
4% paraformaldehyde for 24 h and then cryoprotected in 30%
sucrose solution. Frozen serial coronal brain sections (9 µm)
were prepared and fixed on slides. Slices were blocked with 5%
donkey serum for 1 h and then incubated at 4◦C overnight
with primary antibodies, including goat anti-Iba1 antibody
(1:500, Abcam, ab5076), rabbit anti-Tlr2 antibody (1:100, Abcam,
ab209216), and mice anti-Irf7 antibody (1:200, Santa Cruz, sc-
74471). After washing, the cryosections were incubated at 37◦C
for 1 h with the following secondary antibodies: donkey-anti-goat
IgG(H + L) Alexa Fluor 594 (1:500, Thermo Fisher, A-11058),
donkey-anti-rabbit IgG (H + L) Alexa Fluor 488 (1:500, Thermo
Fisher, A-21206), and goat-anti-mouse IgG (H + L) Alexa Fluor
488 (1:500, Thermo Fisher, A-11001). Finally, the sections were
observed and images were taken using an Olympus fluorescence
microscope (Olympus Co., Japan).

Statistical Analysis
RNA-seq data were analyzed as mentioned above. For other data,
the statistical analyses were conducted using R software (version
3.6.3) and GraphPad Prism (version 8.0.2). Student’s t-test
and the Kruskal–Wallis test were employed in the two-group
comparisons. A two-tailed P-value of <0.05 was considered
statistically significant without specific annotation.

RESULTS

Microglia Lead to Poor Neurological
Outcome in Acute Stage After SAH
At first, we induced SAH in adult C57BL/6 mice; the
neurological scores and behavior tests were assessed in both
SAH and sham group (Figure 1A). At 24 and 72 h after
SAH, the average neurological scores were 11.714 ± 0.881

3http://string-db.org/
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FIGURE 1 | Microglia lead to poor neurological outcome in acute stage after SAH. (A) Schematic diagram of experimental design. (B) Comparison of neurologic
deficit scores among sham and SAH groups at 1 and 3 days after SAH. (C,D) Comparison of adhesive removal test results among sham and SAH groups at 1 and
3 days after SAH. (E) Immunofluorescence staining results of microglia in sham and SAH mice at 3 days after SAH, n = 3 per mice group. (F) Schematic diagram of
microglia clearance. (G) Flow cytometry results proved that PLX3397 can clear microglia cells. (H) Immunofluorescence staining results of microglia in SAH mice fed
with PLX3397 or control diet at 3 days after SAH. (I) Comparison of neurologic deficit scores among control diet and PLX3397 groups at 3 days after SAH. (J,K)
Comparison of adhesive removal test results among control diet and PLX3397 groups at 3 days after SAH. SAH, subarachnoid hemorrhage; *P < 0.05,
***P < 0.001.

and 14.167 ± 1.675, respectively. SAH mice showed worse
neurological scores than the sham group (p < 0.001; Figure 1B).
At 24 h after SAH, compared with the sham group, SAH
mice showed significantly increased contact times and removal
times, respectively (p < 0.001; Figures 1C,D). Similarly, at 72 h,
increased contact times and removal times were observed in
SAH mice compared to sham mice (p < 0.001; Figures 1C,D).
Representative images of Iba1 staining in cortex, striatum, and
hippocampus are shown in Figure 1E. Significant morphological
changes, like larger bodies, thicker pseudopodia, and ameboid
morphology, were displayed in SAH mice, indicating microglia
activation at 72 h after SAH.

To examine whether microglia play a detrimental role in
SAH, we administrated the CSF1R inhibitor PLX3397 or control
diet in chow to deplete microglia (Figure 1F). The number
of microglia (CD45low/CD11b+) was assessed through flow
cytometry. Administration of PLX3397 to sham mice resulted
in an 65% reduction in microglia compared to control mice
(p < 0.0001; Figure 1G). Next, we induced SAH in mice
pretreated with PLX3397 or control diet, and maintained their

chow until sacrifice (Figure 1F). Immunofluorescence showed
that the number of microglia in the PLX3397-fed group was
significantly lower than the control diet group at 72 h after
SAH (Figure 1H). PLX3397 treatment had no apparent effect
on the neurological scores at 72 h after SAH (Figure 1I). In
the adhesive removal test, there was no difference in average
contact times between the PLX3397-fed group and the control
diet group (Figure 1J). However, PLX3397-fed mice spent less
time removing the tape at 72 h after SAH compared with the
control diet group (p < 0.05; Figure 1K). Taken together, these
data suggested that microglia were activated after SAH, and they
may positively correlate with neurological dysfunction.

SAH Induces Strong Transcriptomic
Alterations in Microglia
To elucidate the functional roles of microglia after SAH, we used
FACS to purify the microglia population (CD45+/CD11b+) from
the brains of mice 72 h after SAH or sham operation. Sorted
microglia cells were subjected to bulk RNA-seq (Figure 2A).
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FIGURE 2 | Subarachnoid hemorrhage induces strong transcriptomic alterations in microglia. (A) Microglia cell sorting strategy. (B) mRNA expression levels of
microglia marker genes. (C) mRNA expression levels of microglia (Aif1), neuron (Map2, Rabfox3), astrocyte (S100b, Gfap), ependymal cell (Tppp3), oligodendrocyte
progenitor cells (Apc, Cspg4), T cell (Cd3e), B cell (Cd19), neutrophil (Ly6g), macrophage (Mrc1, Cd163), and marker genes. (D) PCA plots of microglia
transcriptome sequencing results. (E) Volcano plots show the DEGs (fold change > 2 or <–2, adj_pval < 0.01) in microglia from SAH brain versus sham brain.
(F) Shown are the percentages of significantly overrepresented GO terms. Twelve major clusters of functions were identified.

We confirmed the high expression level of microglial marker
in FACS-sorted cells, such as Itgam (encoding CD11b), Cx3cr1,
Aif1 (encoding Iba1), Csf1r, Mertk, Tmem119, Siglech, and P2ry12
(Figure 2B). The established markers of neurons (Map2 and
Rbfox3), astrocytes (S100b and Gfap), oligodendrocytes (Tppp3,
Apc, and Cspg4), and other immune cells (Cd3e, Cd19, Ly6g,
Mrc1, and Cd163) were all expressed at low level (Figure 2C).
The result of PCA performed on RNA-seq data showed that
samples in the same group clustered together, and samples in
different groups separated clearly (Figure 2D), indicating robust
transcriptomic differences between the SAH and Sham group.

Next, to determine the transcriptomic changes of microglia
induced by SAH, differential expression analysis was performed.
A total of 1576 genes were identified as DEGs (fold change > 2
or <−2, Benjamini–Hochberg adjusted p-value < 0.01), which
contained 928 upregulated genes and 648 downregulated genes
in post-SAH microglia compared with sham hemispheres
(Figure 2E and Supplementary Table 1), indicating strong
alterations of the genome (6.85% of total ∼23,000 genes).
To elucidate the functional alterations in post-SAH microglia,
pathway enrichment analysis was performed on the DEGs by an
online tool Metascape. Regulation of biological process (21.79%),
immune system process (18.18%), and chemotaxis and adhesion
(9.36%) accounted for a major proportion of GO terms obtained
from Metascape (Figure 2F). The top 20 clustered GO terms

and specific GO terms obtained by Metascape are shown in
Supplementary Tables 2, 3, respectively.

Immune Response and Chemotaxis
Were Activated in Post-SAH Microglia
We analyzed the biological processes related to immune
inflammatory responses in microglia after SAH, and the Top
20 GO terms predicted to be activated (z-score > 2) are
shown in Figure 3A. The inflammatory response, defense
response, innate immune response, adaptive immune response,
and neuroinflammatory response were all involved.

As chemotaxis was a large cluster that participates in immune
inflammatory response, we further compared the pathways that
related to cytokines and chemokines. 17 GO terms were exhibited
in Figure 3B, all of them were predicted to be activated (z-
score > 2). We also screened the expression level of a panel of
cytokine and chemokine genes (Bhattacharya et al., 2018), and
there were 17 significantly upregulated genes. The upregulated
genes involved seven chemokine-encoding genes (Cxcl1, Cxcl2,
Cxcl3, Cxcl10, Cxcl11, Cxcl14, and Cxcl16), and 10 cytokine-
encoding genes, such as Ccl6, Ccl9, Il1b, Il23a, Ifng, Il33, and
Mif (Figure 3C). These data indicated that a variety of pro-
inflammatory cytokines and chemokines were released from
post-SAH microglia, to recruit peripheral immune cells into
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FIGURE 3 | Immune response and chemotaxis term were activated in post-SAH microglia. (A) GO enrichment analysis was performed by Metascape on all DEGs in
sham and SAH microglia. Shown are the z-scores of biological functions on inflammatory and immune response-related pathways. (B) Shown are the z-scores of
biological functions on cytokine and chemokine-related pathways. (C) Expression profiles of DEGs (fold change > 2, adj_pval < 0.01) in SAH microglia related to
leukocyte recruitment pathways. (D–F) Flow cytometric analysis showed that the number of Ly6c+ and Ly6g+ cells increased after SAH, n = 4 per mice group.
DEG, differentially expressed gene. *P < 0.05, ***P < 0.001.

brain parenchyma, and it also suggested that myeloid cells
were the main target of upregulated cytokines and chemokines
(Figure 3C). Then, we detected the different populations of
myeloid cells in ipsilateral hemispheres of SAH and sham mice by
flow cytometry. Compared to sham mice, there were significant
increases in the amount of infiltrating immune cells in post-SAH
hemispheres, such as CD45+Ly6C+Ly6G− monocytes (p < 0.01)
and CD45+Ly6C−Ly6G+ neutrophils (p < 0.05) (Figures 3D–F).

Irf7 Is a Master Regulator Involved in the
Post-SAH Microglia
Next, we investigated the DEGs involved in cytokine- and
chemokine-related pathways. These upregulated products could

also be defined as receptors (e.g., TLR2), cytokines (e.g., IFNG
and IL1B), and chemokines (e.g., CXCL1 and CXCL10). The
top 15 genes, including Ifng, Cxcl1, Cxcl10, Tlr2, and Il1b,
were associated with at least three functional subcategories
of cytokine- and chemokine-related pathways (Figure 4A).
In addition, we also screened out the genes that contribute
multiple steps in immune inflammatory response, including
inflammatory response, regulation of innate immune response,
neuroinflammatory response, and so on (Figure 4B). The
products of these genes predicted to be active included TFs
(e.g., NR1H3 and IRF7), receptors on the membrane (e.g.,
CD40 and TLR2), nuclear receptor (e.g., PLSCR1), enzyme (e.g.,
DNASE1L3), and inflammatory-related proteins (e.g., ADAM8,
RSAD2, and ZBP1).
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FIGURE 4 | Irf7 is a transcription factor involved in the post-SAH microglia. (A) Circular plot showed the DEGs involved in cytokine- and chemokine-related
pathways. (B) Circular plot showed the DEGs involved in inflammatory and immune response-related pathways. (C) Expression profiles of differentially expressed
transcriptional factors (fold change > 2, adj_pval < 0.01) in SAH microglia. (D) Regulatory network of Irf7. (E) Shown are the z-scores of biological functions that are
correlated with Irf7. (F) Immunofluorescence staining results of Irf7 and Iba1 in sham and ICH mice, n = 3 per mice group. DEG, differentially expressed gene.

In order to investigate the upstream regulators of these
biological processes, the interactions between all DEGs, which
consisted of 985 nodes and 11,456 edges, were constructed
based on STRING database (Supplementary Table 5). Then, the
nodes related to high-frequency DEGs in Figures 4A,B were
retrieved, out of which 11 unigenes were TFs (Figure 4C).

In our dataset, the expression of Irf7, Spib, and Parp12 were
significantly upregulated, whereas Nfkb1 was downregulated
in post-SAH microglia. The upstream regulator analysis was
performed by IRegulon, a plugin in Cytoscape. The top
10 potential TFs that target the selected DEGs are shown
in Table 1. According to the transcriptional level and the
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results from IRegulon, IRF7 was predicted to be a potent
master regulator of the transcriptional processes related to
immune inflammatory response and chemotaxis. In the TF target
gene network, IRF7 was predicted to target 19 genes in the
selected high-frequency DEGs (e.g., Cd40, Il1b, Cxcl10, and
Il23a) (Figure 4D). Moreover, Figure 4E demonstrated that
IRF7 involved a GO term that was predicted to be activated.
Using dual immunofluorescence staining of Iba1 and IRF7, we
confirmed that IRF7 expression was induced in microglia at
72 h after SAH (Figure 4F). IRF7 immunosignal was detected
in the cortex from sham mice, while the IRF7 was hardly
colocalized with Iba1.

The TLR2/IRF7 Signaling Axis Potentially
Mediates Neuroinflammation After SAH
Following SAH, microglia were activated to cope with the
disruption of brain homeostasis. We examined the GO terms
related to “cellular response” and found that response to
stimulus (e.g., response to virus and response to external
stimulus) and response to cytokines (e.g., response to interferon
and response to macrophage colony-stimulating factor) were
enriched in post-SAH microglia (Figure 5A). We also examined
SAH-induced gene expression changes of receptor on the
membrane in microglia (Figure 5B), most of which were
upregulated (e.g., Bst1, Gpnmb, Fgr, and Tlr2). Figure 5B
also showed that several receptors participated in microglia
“cellular response,” including response to external stimulus
and response to interferon. Additionally, hub genes of the
selected high-frequency genes were identified by CytoHubba, and
the top 10 genes were calculated based on Degree algorithm

TABLE 1 | Top 10 transcription factors obtained by IRegulon.

Transcription
factor

NES Target genes

Irf8 8.7502 Parp12, Zbp1, Tlr3, Atf3, Cxcl10, Cd40, Ccr7,
Irf7, Ccl6, Ccr2, Tlr2, Mafb, Egr1, Nr3c1, Il33,
Tslp, Rsad2

Nfkb2 8.20316 Cxcl10, Egr1, Nfkb1, Cd40, Cxcl1, Il1b, Cxcl3,
Tslp, Ccr7, Atf3, Cxcl2, Spib, Smad7, Plscr1,
Il23a, Tlr2, Csf1r, Mafb, Il33

Irf7 6, 986 Atf3, Tlr2, Cd40, Zbp1, Il23a, Irf7, Il33, Nr3c1,
Cxcl10, Il1b, Tlr3, Parp12, Ccr7, Smad7, Mafb,
Csf1r, Plscr1, Nfkb1, Ifng, Ccr2, Egr1, Rsad2,
Ccl6, Ccl7, Tslp, Cxcl3, Cxcl1

Homez 4.708 Nr3c1, Egr1, Smad7, Mafb, Atf3, Csf1r, Ccr7,
Nfkb1

Cebpb 4.674 Atf3, Smad7, Il23a, Ltf, Ddit3, Spib, Il1b, Ccr7,
Cxcl1, Cxcl3, Tslp, Nfkb1, Egr1, Zbp1, Nr3c1, Il33

Pbx1 4.529 Smad7, Egr1, Ccr7, Atf3, Nr3c1, Mafb, Cxcl1,
Nfkb1, Il33, Ccr2, Ltf, Ifng, Irg1, Tslp, Parp12,
Tlr2, Zbp1, Tlr3, Cxcl3

Yy1 4.118 Egr1, Nr3c1, Tlr2, Mafb, Smad7, Ccr2, Il23a,
Atf3, Zbp1

Cebpa 4.080 Il23a, Ddit3, Atf3, Ccr2, Il1b

Tbx5 4.042 Cxcr3, Ddit3, Nfkb1, Irf7, Ccr7, Nr3c1, Smad7,
Plscr1, Atf3

Scrt2 3.999 Nfkb1, Ccr7, Nr3c1, Irf7

(Figure 5C and Supplementary Table 4). All of the hub
genes were upregulated except Tlr3, and Irf7 was the only one
identified as TF. In addition, Tlr2 was also regarded as a hub
gene, and the interaction between TLR2 and IRF7 indicates
that the TLR2/IRF7 signaling axis may mediate the immune
inflammatory response and chemotaxis in post-SAH microglia.
Furthermore, immunostaining confirmed that the expression of
TLR2 was elevated and colocalized with Iba1 in post-SAH brain
(Figure 5D).

DISCUSSION

In this work, we presented, for the first time, genome-
wide transcriptional analyses of microglia isolated from the
brain at 72 h after SAH, compared with sham mice. The
results demonstrated that (i) post-SAH microglia have robust
transcriptomic changes that drive them into an activated
state; (ii) transcriptional alteration contributes to SAH-induced
neuroinflammation, especially the functional terms related to
immune inflammatory response and chemotaxis; and (iii) the
TLR2/IRF7 signaling axis may mediate the microglial activation.

Previous studies have reported that microglia contribute
to both neuroinflammation and brain recovery, during the
acute stage and recovery phase after stroke, respectively (Jiang
et al., 2020; Xu et al., 2020). Elmore et al. (2014) found that
microglia depletion by PLX3397 for either 21 days or 2 months
does not affect learning, memory, motor function, or behavior
in adult mice. Furthermore, the blood–brain barrier (BBB)
remains intact in microglia-depleted mice (Elmore et al., 2014).
However, other researchers claimed that microglia depletion
could have unexpected effects, including increased pro- and
anti-inflammatory cytokines, circadian system disruption, and
increased BBB leakage under hypoxia condition (Miron and
Priller, 2020; Sominsky et al., 2021; Yegla et al., 2021). In our
study, pharmacological depletion of microglia using PLX3397
ameliorates short-term neurological deficits in post-SAH mice,
and long-term neurological functions still need to be tested.

Since microglia are heterogeneous cells, many specific markers
are pathologically decreased. However, the expression level
of CD45 is increased in injury conditions (Plemel et al.,
2020). Therefore, we choose CD45+CD11b+ to sort out
microglia in this study.

We discovered dramatic transcriptomic changes between
microglia in the post-SAH and sham mice. A total of 1576
DEGs were identified (6.85% of total ∼23,000 genes), including
928 upregulated DEGs and 648 downregulated DEGs. The
functional enrichment analysis showed that biological processes
related to inflammatory response were significantly enriched,
including inflammatory response, regulation of defense response,
chemotaxis, leukocyte migration, cytokine production, and
chemokine production. Flow cytometry data examined the
infiltration of neutrophils and monocytes into the cortex at 72 h
after SAH. These results suggested that microglia switched to
pro-inflammatory state at 72 h after SAH compared to sham
mice. As expected, this finding is consistent with previous studies
that showed increased pro-inflammatory cytokines after SAH
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FIGURE 5 | TLR2/IRF7 signaling axis potentially mediates neuroinflammation after SAH. (A) GO enrichment analysis was performed by Metascape on all DEGs in
sham and SAH microglia. Shown are the z-scores of biological functions on cell response-related pathways. (B) Expression profiles of DEGs (fold change > 2,
adj_pval < 0.01) in SAH microglia related to cell response-related pathways. (C) Top 10 hub genes identified by CytoHubba. (D) Immunofluorescence staining
results of Tlr2 and Iba1 in sham and SAH mice, n = 3 per mice group. DEG, differentially expressed gene.

(Zheng et al., 2020). However, the underlying mechanisms of
these processes remain elusive.

IRF7, as a TF, mainly plays a role in interferon production
pathway. IRF7 is also involved in apoptosis and TLR4 pathway.
According to the analysis conducted by IRegulon, IRF7 was
predicted to be a master regulator whose targets are involved
in immune response and cytokine production (e.g., Cd40,
Il1b, Cxcl10, Ifng, Ccl6, Il33, and Tlr2). Besides, Irf7 was also
predicted to be a hub gene mediating inflammatory response
and chemokines. We examined the protein expression level of
IRF7 in post-SAH microglia. Some of these effects have been
previously reported. Sin et al. (2020) reported that IRF7 promotes
IL-1β production. CXCL10 production is IRF7-dependent in
macrophages (Tsiantoulas et al., 2018). IRF7 also participates
in monocyte differentiation and other inflammatory cytokine
production (e.g., TNF-α, IL6, CCL2, and IL33) (Ning et al., 2011;

Sun et al., 2014; Simons et al., 2019). Tanaka et al. (2015)
demonstrated that the expression level of IRF7 increased during
the M2 to M1-like switch in microglia. However, another study
found that Irf7 expression induced by spinal cord injury reduced
microglial pro-inflammatory activity (Cohen et al., 2014).

Toll-like receptor 2 (TLR2), a member of the TLR family,
recognizes PAMPs and DAMPs, leading to upregulation
of signaling pathways to modulate inflammatory response
(Lalancette-Hebert et al., 2017). We observed an increasing
expression level of Tlr2 in microglia at 72 h after SAH, and it
participated in biological processes, such as the cellular response
to interferon, response to external stimulus, defense response,
inflammatory response, cytokine production, and chemotaxis.
According to the results from CytoHubba, Tlr2 was confirmed
as a hub gene in activating immune inflammatory response
and pathways related to cytokines and chemokines. Consistent
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with the results of the present study, Jiang et al. (2020) have
reported an elevated expression level of Tlr2 in microglia purified
from post-ischemic stroke mice. Mottahedin et al. (2019) and
Deng et al. (2020) have demonstrated that TLR2 participates
in microglia activation and peripheral immune cell infiltration
in ischemic stroke. Administration of the inhibitor targeting
TLR2 decreased the release of pro-inflammatory cytokines
(Wang et al., 2020).

According to the results from the PPI network and CytoHubba
calculation, we identified the TLR2/IRF7 signaling axis that
potentially mediates an inflammatory response in microglia after
SAH. As previous studies reported, TLR2 activation induces IFN
via IRF7, leading to CXCL10 production (Dietrich et al., 2010).

Several limitations of our study should be noted. Firstly, bulk
RNA-seq was performed on the sorted cells, which measured
the average expression level in a sample, thus limiting us to
distinguish the subpopulations of cells within each sample.
Combining bulk RNA-seq with single-cell RNA-seq technology
may help to improve this problem. Secondly, because microglia
are heterogeneous, it is hard to distinguish them from infiltration
macrophages and perivascular macrophages, and more specific
markers should be considered to refine our FACS strategy.
Thirdly, we obtained the data from a single time point
(3 days) after SAH, because the number of microglia reached
the maximum at 72 h (Xu et al., 2019). However, 24 h
after SAH is a critical time point to investigate microglial
activation, and further studies should expand the time window
to confirm the protein expression levels and investigate microglia
transcriptional profiles at different time points. Fourthly, the
verification of the TLR2/IRF7 signaling axis is limited; in vivo and
in vitro functional/mechanical experiments should be conducted
in further studies.

In summary, we report that microglia at 72 h after SAH
harbor robust transcriptional changes compared to sham mice.
The alteration in post-SAH microglia genes may contribute
to immune inflammatory response, cytokine and chemokine
production, and chemotaxis, which then lead to a poor outcome.
The TLR2/IRF7 signaling axis is considered to be capable of
regulating neuroinflammatory processes after SAH. Based on

these findings, further investigation targeting the TLR2/IRF7 axis
may help to improve the outcome of SAH patients.
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Background and Purpose: The effect of antiplatelet therapy (APT) on early
postoperative rehemorrhage and outcomes of patients with spontaneous intracerebral
hemorrhage (ICH) is still unclear. This study is to evaluate the effect of preoperative APT
on early postoperative rehemorrhage and outcomes in ICH patients.

Methods: This was a multicenter cohort study. ICH patients undergoing surgery were
divided into APT group and no antiplatelet therapy (nAPT) group according to whether
patients received APT or not. Chi-square test, t-test, and Mann–Whitney U test were
used to compare the differences in variables, postoperative rehematoma, and outcomes
between groups. Multivariate logistics regression analysis was used to correct for
confounding variables, which were different in group comparison.

Results: One hundred fifty ICH patients undergoing surgical treatment were
consecutively included in this study. Thirty five (23.33%) people were included in the
APT group, while 115 (76.67%) people were included in the nAPT group. The incidence
of early postoperative rehemorrhage in the APT group was significantly higher than
that in the nAPT group (25.7% VS 10.4%, p = 0.047 < 0.05). After adjustment
for age, ischemic stroke history, and ventricular hematoma, preoperative APT had
no significant effect on early postoperative rehemorrhage (p = 0.067). There was no
statistical difference between the two groups in early poorer outcomes (p = 0.222) at
14 days after surgery. After adjustment for age, ischemic stroke history, and ventricular
hematoma, preoperative APT also had no significant effect on early poorer modified
Rankin Scale (mRS) (p = 0.072).

Conclusion: In conclusion, preoperative APT appears to be safe and have no significant
effect on early postoperative rehematoma and outcomes in ICH patients.
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INTRODUCTION

The incidence of spontaneous intracranial hemorrhage (ICH)
increases with age (An et al., 2017). According to reports
(Cordonnier et al., 2018; Luzzi et al., 2019), the mortality
rate of ICH can be as high as 50%. Although there is no
specific treatment for ICH patients, emergency surgery may
reduce the mortality rate of ICH patients (Wu et al., 2020).
Surgical methods mainly include craniectomy with hematoma
evacuation, endoscopic surgery, minimally invasive puncture,
and thrombolysis (Luzzi et al., 2019). These procedures can
effectively reduce the intracranial pressure and hematoma
volume of ICH patients (Luzzi et al., 2019; Wu et al., 2020).
However, surviving ICH patients may be at risk of postoperative
complications, especially postoperative rehemorrhage, which
may seriously affect the prognosis of patients (Yu et al., 2016).

According to report, antiplatelet therapy (APT) is widely used
in neurosurgery patients at the time of consultation (Fiaschi
et al., 2020). Although the impact of APT on tumor patients
can be reduced by delaying surgery (Rahman et al., 2015),
patients with ICH usually do not have enough time to completely
eliminate the impact of APT before surgery. Previous studies
mainly focused on the effect of APT on hematoma volume or
hematoma expansion in ICH patients (Sansing et al., 2009; Khan
et al., 2017). The evidence for the effect of preoperative APT on
early postoperative rehemorrhage and prognosis of ICH patients
is still insufficient.

Thus, to evaluate the impact of APT on early postoperative
rehemorrhage and outcomes in ICH patients, we designed
this cohort study.

MATERIALS AND METHODS

This was a multicenter cohort study that has been registered
on the website of the Chinese Clinical Trial Registry (trial
registration number: ChiCTR1900024406)1 and has received
the support of the Institutional Review Board of Beijing
Tiantan Hospital, Capital Medical University (reference
number: KY2019-096-02).

Study Population
The population of the current study was consecutively enrolled
from a retrospective and a prospective ICH cohort according
the inclusion and exclusion criteria. Patients in the retrospective
cohort were those who received surgical treatment in Beijing
Tiantan Hospital, Capital Medical University between January
1, 2015 and July 31,2019, while patients in prospective
cohort were those who received surgical treatment in Beijing
Tiantan Hospital, Beijing Chaoyang Hospital, Beijing Friendship
Hospital, Beijing Anzhen Hospital, Beijing Shunyi District
Hospital, Beijing Pinggu District Hospital, or Guangzhou Red
Cross Hospital between August 1, 2019 and December 31, 2019.
All patients’ informed consent forms were signed by themselves
or their family members.

1http://www.chictr.org.cn/

Inclusion and Exclusion Criteria
Inclusion criteria were as follows: (1) patients older than 18 years
old, (2) patients diagnosed as ICH, and (3) patients received
surgery treatment within 7 days after the onset of symptoms.

Exclusion criteria were as follows: (1) ICH caused by
secondary causes such as trauma, tumor, moyamoya disease,
aneurysm, venous thrombosis, cerebral ischemic infarction,
etc.; (2) patients accompanied by primary and secondary
coagulopathy; (3) patients accompanied by malignant tumor
or liver or renal dysfunction; (4) patients receiving any form
of anticoagulation therapy within 7 days before surgery; (5)
patients with incomplete clinical data; and (6) patients without
informed consent.

Surgery
All ICH patients in this study received standard care in
accordance with guidelines (Hemphill et al., 2015) and received
craniotomy, endoscopic, or minimally invasive surgery to remove
hematoma within 7 days after the onset of symptoms. Two
or three experienced neurosurgeons jointly decided on the
surgical plan and performed the operation. The selection of
surgical methods has been described in our previous reports (Wu
et al., 2020), and the surgical indications included supratentorial
hematoma greater than 30 ml, subtentorial hematoma greater
than 10 ml, midline displacement larger than 1 cm, and brain
herniation. In addition, APT before the onset of ICH was not
considered an absolute contraindication to surgery. However,
the patients with insufficient platelet count or decreased
platelet activity may be treated with platelet transfusion. After
operation, the first follow-up computerized tomography (CT)
scan was routinely performed in 24 h. Then, follow-up CTs
were performed every 2–3 days or when patients had new
neurological symptoms.

Data Collection
The collected characteristics of ICH patients included (1)
demographic characteristics, such as patients’ age and gender;
(2) vascular risk factors, such as patients’ history of smoking
and alcohol; (3) medical history, such as patients’ history of
hypertension, diabetes, coronary heart disease, ischemic stroke,
cerebral hemorrhage, and antiplatelet agent types (including
aspirin, clopidogrel, or aspirin plus clopidogrel); (4) radiography
characteristics analyzed by three neurosurgeons who were
blinded to the information of enrolled patients, such as
hematoma side, localization (the basal ganglia, thalamus, internal
capsule, brain stem, and cerebellum were defined as deep; the
frontal, temporal, parietal, and occipital were defined as lobar),
hematoma volume calculated by A × B × C/2 method (Kothari
et al., 1996), hemorrhage expansion, ventricular hematoma, and
subarachnoid hemorrhage; (5) surgery information, such as time
from symptom onset to surgery, surgical approach, intraoperative
blood loss, and hematoma evacuation rate; (6) laboratory
characteristics, such as platelets (PLT) count, international
normalized ratio (INR), activated partial thromboplastin time
(APTT), and platelet transfusion; and (7) functional status, such
as modified Rankin Scale (mRS) and mortality.
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TABLE 1 | Patient’s baseline characteristics according to preoperative APT.

Variables nAPT
(N = 115,
76.67%)

APT (N = 35,
23.33%)

P-value

Demographic characteristics

Gender 0.175

Male 97 (84.35%) 26 (74.29%)

Female 18 (15.65%) 9 (25.71%)

Age (years) 48.39 ± 12.713 57.29 ± 13.024 0.001

Vascular risk factors
Smoking 59 (51.30%) 12 (34.29%) 0.077

Alcohol 73 (63.48%) 16 (45.71%) 0.061

Medical history
Hypertension 107 (93.04%) 32 (91.43%) 0.719

Diabetes 11 (9.57%) 6 (17.14%) 0.230

Coronary heart disease 6 (5.22%) 5 (14.29%) 0.129

Ischemic stroke history 5 (4.35%) 14 (40.00%) 0.000

Cerebral hemorrhage history 4 (3.49%) 3 (8.57%) 0.355

Imaging
Side 0.709

Left 60 (52.17%) 17 (48.57%)

Right 55 (47.83%) 18 (51.43%)

Localization 0.096

Lobar 21 (18.26%) 11 (31.43%)

Deep 94 (81.74%) 24 (68.57%)

Hematoma volume (ml) 46.37 (31.36,
58.58)

54.11 (33.36,
76.90)

0.077

Hemorrhage expansion 43 (37.39%) 10 (28.57%) 0.629

Ventricular hematoma 52 (45.22%) 29 (82.86%) 0.000

Subarachnoid hemorrhage 25 (21.74%) 7 (20.00%) 0.826

Surgery
Time from symptom onset to
surgery (h)

45 (22, 93) 32 (15, 60) 0.149

Surgery 0.368

Craniotomy 50 (43.48%) 19 (54.29%)

Endoscopic surgery 10 (8.70%) 4 (11.43%)

Minimally invasive surgery 55 (47.83%) 12 (34.29%)

Intraoperative blood loss (ml) 200 (100, 400) 300 (200, 500) 0.053

Rate of hematoma evacuation
(%)

92.30 (75.90,
96.77)

89.00 (70.42,
93.40)

0.226

Postoperative residual
hematoma volume (ml)

2.63 (1.03,
12.79)

4.33 (1.12,
21.14)

0.645

Laboratory test

PLT 10ˆ9/l 0.102

<125 2 (1.74%) 3 (8.57%)

125–350 107 (93.04%) 29 (82.8%)

>350 6 (5.22%) 3 (8.57%)

INR 0.96 (0.89,
1.02)

0.99 (0.94,
1.04)

0.087

APTT (s) 26.00 (23.50,
28.48)

26.80 (24.20,
30.40)

0.109

Platelet transfusion 7 (6.09%) 5 (14.29%) 0.152

Neurological condition at
admission

1.000

mRS (0–3) 12 (10.43%) 4 (11.43%)

mRS (4–5) 103 (89.57%) 31 (88.57%)

APT, antiplatelet therapy; nAPT, no antiplatelet therapy; N, number; PLT, platelets;
INR, international normalized ratio; mRS, postoperative modified Rankin Scale;
APTT, activated partial thromboplastin time.

Outcomes and Definition
Taking into account the effective time of antiplatelet drugs
(Cahill et al., 2005; Hornor et al., 2018), outcomes were
determined according to the mRS and all-cause mortality at
14 days after surgery.

The definition of postoperative hemorrhage is as follows:
compared with the previous postoperative CT scan, the volume
of the hematoma increased by >33% (the ICH volume decreased
significantly after minimally invasive surgery), or the CT
scan at the follow-up after the operation found that the
volume of hematoma was completely high-density shadows that
appeared again in the excised primary site (Wu et al., 2017;
Shen et al., 2018).

Preoperative APT is defined as the continuous administration
of aspirin (100 mg), clopidogrel (75 mg), or aspirin plus
clopidogrel for more than 7 days due to coronary heart
disease, cerebral infarction, or other ischemic lesions before the
operation, and the interruption time is less than 7 days (Ford,
2015; Hornor et al., 2018).

Statistical Analysis
Platelets count and mRS values were transformed into categorical
variables. Categorical variables were described by percentage,
and continuous variables were described by means (standard
deviations) or medians (quartiles) when appropriate. Categorical
variables were analyzed by chi-square test. According to whether
continuous variables conformed to normal distribution, the t
or Mann–Whitney U test were used for analysis. Multivariate
logistics regression analysis was used to correct confounding
factors whose p-value was less than 0.05 in the comparison
between groups. All statistical tests were performed by SPSS
statistical software (IBM, version 26). A p-value of <0.05 on both
sides was considered statistically significant.

RESULTS

Study Population
From January 1, 2015 to July 31, 2019, 1,548 patients were
diagnosed with ICH in Beijing Tiantan Hospital, Capital

TABLE 2 | The association between preoperative APT and postoperative
rehemorrhage or outcomes.

nAPT
(N = 115,
76.67%)

APT (N = 35,
23.33%)

P-value

Postoperative rehemorrhage 12 (10.43%) 9 (25.71%) 0.047

Postoperative hematoma
expansion volume (ml)

15.76 (3.26,
24.48)

8.50 (3.80,
13.99)

0.286

Outcomes 0.222

mRS (0–3) 19 (16.52%) 9 (25.71%)

mRS (4–5) 94 (81.74%) 23 (65.72%)

Mortality 2 (1.74%) 3 (8.57%)

APT, antiplatelet therapy; nAPT, no antiplatelet therapy; N, number; mRS,
postoperative modified Rankin Scale.
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FIGURE 1 | The outcomes of patients with ICH after surgery. APT, antiplatelet therapy; nAPT, no antiplatelet therapy; mRS, modified Rankin Scale.

Medical University. Among them, 176 adult patients received
surgery treatment; 38 patients were excluded because they
were diagnosed with aneurysm, arteriovenous malformation,
moyamoya disease, etc.; eight patients were excluded due to
receiving anticoagulation therapy within 7 days before surgery;
and eight patients were excluded due to incomplete data. In the
end, 122 patients in the retrospective cohort were included in
this study. And according to the inclusion and exclusion criteria,
from January 2019 to December 2019, a total of 28 patients in
the prospective cohort were consecutively enrolled into current
study. Totally, 150 ICH patients were involved in this study.

Baseline Characteristics
The enrolled population was divided into APT group and no
antiplatelet therapy (nAPT) group according to whether they
accept APT or not. Thirty five (23.33%) people were included
in the APT group, while 115 (76.67%) people were included in
the nAPT group. The baseline characteristics of the two groups
are shown in Table 1. As shown, the age of patients in the
APT group was older than that in the nAPT group (p = 0.001);
patients in the APT group were more likely to have a history of
ischemic stroke than patients in the nAPT group (p = 0.000);
patients in the APT group were also more prone to ventricular
hemorrhage when ICH occurred than patients in the APT group
(p = 0.000) (Table 1). In addition, there was no statistical
difference between the two groups in variables of hematoma
volume, hemorrhage expansion, surgical methods, intraoperative
blood loss, hematoma evacuation rate, postoperative residual
hematoma volume, APTT, and other factors (Table 1).

Differences in Postoperative
Rehemorrhage and Outcomes Between
Groups
Nine (25.7%) patients in the APT group developed early
postoperative rehematoma, and 12 (10.4%) patients in the nAPT
group developed early postoperative rehematoma (Table 2). As
Table 2 shows, the incidence of early postoperative rehemorrhage
in the APT group was significantly higher than that in the nAPT
group (p = 0.047 < 0.05). However, there was no significant
difference (0.286) in postoperative hematoma expansion volume
between the two groups.

In the APT group, 9 (25.7%) patients had a good early
prognosis, while 26 (74.3%) patients had a poor early prognosis,
of which 3 (8.6%) patients died early after surgery (Figure 1). In
the nAPT group, 19 patients (16.5%) had a better early prognosis,
while 96 patients (83.5%) had a poor early prognosis and two
patients (1.7%) died earlier after surgery (Figure 1). As Table 2
shows, there was no statistical difference between the two groups
in early poorer outcomes (p = 0.222) at 14 days after surgery.

Effect of APT on Postoperative
Rehemorrhage and Outcomes
After adjusting for age, history of ischemic stroke, and ventricular
hematoma variables, preoperative APT had no significant effect
on early postoperative rehemorrhage [p = 0.067; 95% confidence
interval (CI), 3.046 (0.926, 10.031)], as shown in Table 3.

As shown in Table 4, preoperative APT also had no significant
effect on early poorer outcomes [p = 0.072; 95% CI, 0.324 (0.095,
1.105)] after adjusting for age, history of ischemic stroke, and
ventricular hematoma.

TABLE 3 | The effects of preoperative APT on postoperative rehemorrhage
after adjustment.

Variables Odds ratio (95% CI) P-value

APT 3.046 (0.926, 10.031) 0.067

Age (years) 0.998 (0.962, 1.036) 0.920

Ischemic stroke history 0.941 (0.237, 3.735) 0.931

Ventricular hematoma 1.034 (0.368, 2.906) 0.949

APT, antiplatelet therapy; CI, confidence interval.

TABLE 4 | The effects of APT on outcomes after adjustment.

Variables Odds ratio (95% CI) P-value

APT 0.324 (0.095, 1.105) 0.072

Age (years) 0.991 (0.958, 1.026) 0.620

Ischemic stroke history 1.160 (0.279, 4.813) 0.838

Ventricular hematoma 3.792 (1.408, 10.213) 0.008

APT, antiplatelet therapy; CI, confidence interval.
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DISCUSSION

Postoperative rehemorrhage seriously affects the prognosis of
ICH patients. Previous research reported that postoperative
rehemorrhage is an independent risk factor of poor outcome
(Ren et al., 2018). However, there is still a lack of evidence
in neurosurgery to support the hypothesis that preoperative
APT may increase the risk of early postoperative rehemorrhage
and affect early prognosis. So based on the hypothesis, we
designed this study.

The results of the current study found that although the
proportion of early postoperative rehemorrhage in ICH patients
receiving APT is higher than that of patients not receiving
APT, after adjusting for age, history of ischemic stroke, and
ventricular hematoma, preoperative APT did not significantly
increase the probability of early postoperative rehemorrhage in
ICH patients. Similarly, preoperative APT did not significantly
affect early poorer prognosis (mRS and mortality) of ICH patients
undergoing surgery.

The results of current study were consistent with previous
studies on the effects of APT on neurosurgery. Hanalioglu et al.
(2020) studied 1,346 cases of intracranial tumor surgery and
reported that discontinued APT before surgery and continued
APT during perioperative period all did not significantly
increase the probability of postoperative rehematoma. The same
conclusion was also obtained in patients with traumatic brain
injury undergoing craniotomy or craniectomy (Greuter et al.,
2019). Although there were reports that preoperative APT was an
independent risk factor for postoperative rehematoma in patients
with ICH, the population of this study excluded deep ICH, which
was the majority part of ICH (Biffi et al., 2010). This may cause
bias in the results of their study. Besides, in another observational
study on lobar and deep ICH, APT did not affect the recurrence
of ICH after ICH (Weimar et al., 2011). Although its population
included ICH patients who have not undergone surgery, it
showed that APT had no significant effect on rehematoma, which
indirectly proved the conclusion of the current study.

However, some studies in the field of non-neurosurgery
have reached the opposite conclusion. In 2016, a retrospective
research analyzed more than 4,500 patients undergoing thyroid
surgery and found that patients who received preoperative APT
had a significantly higher risk of postoperative hematoma than
patients who did not undergo preoperative APT (p < 0.01)
(Oltmann et al., 2016). Noteworthy, the population in this
study took aspirin at a dose of 325 mg, which is higher
than the low dose (100 mg) for cerebrovascular disease.
Therefore, the conclusion of this study may not be applicable
to patients with cerebrovascular disease. Subsequently, Luni
et al. (2017) reported in a meta-analysis of cardiac surgery
patients that patients who did not discontinue aspirin in
time (>5 days) suffered a higher risk of postoperative
rehemorrhage (p = 0.04). It seems that preoperative aspirin
abuse increases the risk of postoperative rehemorrhage.
However, its p-value was at a critical point, and the studies
included in this meta-analysis have a moderate degree
of heterogeneity (Luni et al., 2017), which may lead to
controversial results.

Although previous studies have shown that preoperative APT
does not significantly affect the occurrence of postoperative
rehemorrhage, platelet transfusion is still used before surgery
in ICH patients to prevent hemorrhage and postoperative
rehemorrhage by improving platelet function. However, majority
of evidences (Naidech et al., 2012; Suzuki et al., 2014; Baschin
et al., 2017) supporting the efficacy of platelet transfusion on
ICH come from observational studies, and such studies (Naidech
et al., 2012; Suzuki et al., 2014; Baschin et al., 2017) are
susceptible to various confounding factors and cannot accurately
reflect the impact of platelet transfusion on ICH. In 2016,
a randomized controlled trial conducted by PATCH showed
that platelet transfusion after ICH in people receiving APT
increased the patient’s chance of death (Baharoglu et al., 2016).
Subsequently, the research of Al-Shahi Salman et al. (2018) also
reached the same conclusion, and some researchers (Magid-
Bernstein et al., 2021) proposed that the poor efficacy after platelet
transfusion may be related to the mismatch of ABO blood type.
In the current study, only a small percentage of ICH patients
received platelet transfusion before surgery and no significant
difference was observed between the two groups. Therefore,
this study cannot clarify the effect of platelet transfusion on
postoperative rehemorrhage in ICH patients. More researches
need to be implemented to clarify the effect of platelet transfusion
in ICH patients.

On the other hand, some previous observational studies
have shown that preoperative APT was a risk factor for poorer
prognosis and mortality (Roquer et al., 2005; Yang et al., 2014;
Won et al., 2017; Maas et al., 2018; Würtz et al., 2018), but this
result was not observed in our study. The group comparison and
correction analysis in our study showed preoperative APT did
not affect the early outcome of ICH patients. This may be related
to different study populations and observation periods from
previous studies. Unlike previous studies (Roquer et al., 2005;
Yang et al., 2014; Won et al., 2017; Maas et al., 2018; Würtz et al.,
2018), our study only included ICH patients undergoing surgical
treatment and the observation period was shorter. Recently, two
studies (Khan et al., 2017; Franco et al., 2020) have challenged
previous conclusions that preoperative APT is a risk factor
for poor prognosis and death in ICH patients. Khan et al.
(2017) analyzed the data of 82,576 ICH patients and found that
single APT did not significantly increase the risk of in-hospital
mortality. Franco et al. (2020) found a similar conclusion that
previous APT was not an independent predictor of in-hospital
mortality, which was exactly the conclusion of our research.

This study explored the effect of preoperative APT on early
postoperative rehemorrhage and prognosis in ICH patients
undergoing surgery and may provide some evidence for the
clinical application of APT in ICH patients. In addition, this
is a multi-center cohort study, which could avoid certain case
limitations and bias. The research still has certain shortcomings.
The current study is only based on the effective time of
antiplatelet drugs to determine the study observation time, but
did not detect the patient’s platelet function during this period,
which may have a certain impact on the accuracy of the results.
Besides, this study was non-random and the included population
was small, which inevitably had a certain impact on the accuracy
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of the results. Therefore, large randomized controlled trials are
needed to verify the accuracy of this conclusion.

CONCLUSION

Preoperative APT appears to be safe and has no significant
effect on early postoperative rehematoma and outcomes
in ICH patients.
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Objective: Severe carotid artery stenosis (CAS) can lead to atrophy of gray matter
(GM) and memory impairment; however, the underlying mechanism is unknown. Thus,
we aimed to identify memory impairment and GM atrophy and explore the possible
correlation between them in patients with asymptomatic severe CAS.

Methods: Twenty-four patients with asymptomatic severe CAS and 10 healthy controls
completed the mini-mental state examination (MMSE) and clinical memory scale
(CMS) and underwent 7T magnetic resonance imaging (MRI) scan. Field intensity
inhomogeneities were corrected. Images were processed using VBM8, and GM images
were flipped. First, 11 flipped and 10 non-flipped images of patients with unilateral CAS
and 5 flipped and 5 non-flipped images of controls were pre-processed using DARTEL
algorithm and analyzed using an analysis of variance (ANOVA). Second, flipped and
non-flipped images of unilateral patients were similarly pre-processed and analyzed
using the paired t-test. Third, pre-processed non-flipped GM images and CMS scores
of 24 patients were analyzed by multiple regression analysis. Nuisance variables were
corrected accordingly.

Results: Basic information was well matched between patients and controls. MMSE
scores of patients were in the normal range; however, memory function was significantly
reduced (all P < 0.05). GM volumes of patients were significantly reduced in the
anterior circulation regions. The stenosis-side hemispheres showed greater atrophy. GM
volumes of the left pars opercularis, pars triangularis, and middle frontal gyrus were
strongly positively correlated with the total scores of CMS (all r > 0.7, P = 0.001).
Additionally, the left middle frontal gyrus was strongly positively correlated with
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associative memory (r = 0.853, P = 0.001). The left pars opercularis was moderately
positively correlated with semantic memory (r = 0.695, P = 0.001).

Conclusion: Patients with asymptomatic CAS suffer from memory impairment. Bilateral
anterior circulation regions showed extensive atrophy. The hemisphere with stenosis
showed severer atrophy. Memory impairment in patients may be related to atrophy
of the left frontal gyrus and atrophy of different regions may result in different
memory impairments.

Keywords: asymptomatic carotid stenosis, memory deficiency, VBM analysis, cerebral gray matter atrophy,
7T-MRI

INTRODUCTION

Carotid artery stenosis (CAS), a type of vascular degenerative
disease, can cause cerebral ischemic events, such as amaurosis,
transient ischemic attack (TIA), and stroke, which threaten
life and health. Several large-sample studies, such as the
Cardiovascular Health Study and the Framingham Study, have
revealed that CAS can lead to cortical atrophy (Newman et al.,
2005; Romero et al., 2009) and the MART-MR study confirmed
progressive loss of gray matter (GM) in patients with severe
CAS during long-term follow-up (Muller et al., 2011). However,
these studies focused primarily on whole brain GM volumes
and left specific areas of atrophy unexplored. Despite some
recent researches reporting that cortical atrophy mainly occurs in
cerebral areas supplied by the anterior circulation (Asllani et al.,
2016; Avelar et al., 2016; Marshall et al., 2017), few studies have
investigated the location and characteristics of atrophy, especially
difference in cerebral atrophy between the hemisphere affected by
severe stenosis and the contralateral hemisphere.

Moreover, cognitive impairment was detected in around 50%
of patients with severe CAS (Pettigrew et al., 2000; Smith, 2017),
and memory decline, one of the most common complaints,
was reported in 25.5% patients approximately (Luo et al.,
2018). Furthermore, thinning of the cortex is considered a
potential biomarker, which has shown to be associated with
cognitive impairment in aging, neurodegenerative disease, and
small vascular disease (Seo et al., 2010; Kim et al., 2014;
Pettigrew et al., 2016; Weston et al., 2016). All these studies
raise the possibility that cortical thinning in CAS patients may
contribute to memory decline; however, this has not been
clarified. Furthermore, locating the specific correlating cortex
may allow a better understanding of the mechanism of memory
impairment in CAS patients.

Thus, we acquired 7T-MRI T1 images and cognitive scores
from patients with severe asymmetric CAS and healthy controls.
This study aimed to show the changes in memory function

Abbreviations: ANOVA, analysis of variance; CAS, carotid artery stenosis; CBF,
cerebral blood flow; CMS, clinical memory scale; CSF, cerebrospinal fluid; CTA,
computed tomography angiography; DLPFC, dorsolateral prefrontal cortex; DSA,
digital subtraction angiography; FDR, false discovery rate; GE, gradient echo; GM,
gray matter; MMSE, mini-mental state examination; MQ, memory quotient; MRI,
magnetic resonance imaging; PFC, prefrontal cortex; ROI, region of interest; TIA,
transient ischemic attack; TIV, total intracranial volume; TPM, tissue probability
map; VBM, voxel-based morphometry; VLPFC, ventrolateral prefrontal cortex;
WM, white matter.

and gray matter volumes of patients to delineate whether
cerebral atrophy in patients was asymmetric between the
stenosis-side hemisphere and the contralateral hemisphere
and to better understand the correlation between memory
impairment and GM atrophy.

MATERIALS AND METHODS

This study was approved by the ethics committee of Beijing
Tiantan Hospital, Capital Medical University. All patients and
healthy volunteers were voluntarily involved in this study
and provided consent. The inclusion criteria of CAS patients
were as follows: (1) severe CAS (grade of stenosis ≥70%),
based on either or both computed tomography angiography
(CTA) and digital subtraction angiography (DSA), following the
guidelines for CAS (criteria of the North American Symptomatic
Carotid Endarterectomy Trial) (Barnett et al., 1998); and
(2) asymptomatic CAS, where no cerebral ischemic events
(amaurosis, TIA, and stroke) had occurred during the last
6 months. The exclusion criteria of CAS patients were as follows:
(1) contraindications to magnetic resonance imaging (MRI), such
as claustrophobia or metal implants in the body; (2) history of any
other cognitive impairment disease, such as Alzheimer’s disease;
and (3) history of surgery of the carotid artery. The inclusion
criteria of healthy volunteers were as follows: (1) no carotid
stenosis; (2) no history of cerebral disease; and (3) no history
of cognitive impairment. To match healthy volunteers with
patients, volunteers were recruited online using random stratified
sampling according to age, sex, and educational background.

A total of 24 patients with severe asymptomatic CAS and
10 healthy volunteers were recruited from April 2016 to
August 2018. All patients and healthy volunteers completed
cognitive scales and underwent 7T-MRI scan. Baseline
information obtained for the study included age, sex, and
educational background.

Cognitive Examination
The cognitive function of patients and volunteers were assessed
using the mini-mental state examination (MMSE) and clinical
memory scale (CMS), which was completed several days before
the MRI scan. All tests and reports were conducted by doctors.

The MMSE was used to estimate general cognitive function
and detect moderate and severe cognitive impairment. MMSE
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consists of 30 items, which include evaluation of temporal
and spatial orientation, verbal memory, attention and
calculation, short-term memory, object naming, retelling,
reading comprehension, language comprehension, speech
articulation, and graphic drawing, among others. Reference
scores for cognitive impairment are defined as ≤18 for illiteracy,
≤21 for primary school education, and ≤25 for middle school
education and above.

Clinical memory scale was employed to assess memory
function. CMS was adapted by the Institute of Psychology of
Chinese Academy of Sciences and is composed of five tests, which
include directed memory, associative memory, meaningless
graphic recognition, free image recall, and portrait characteristic
recall. After the test, original scale scores were converted into
scores according to age and educational background, according
to user guide. Then, the five scores were summed up to obtain
the total scale score. The total scale score was transformed into
a memory quotient (MQ) according to the user guide. The
grades of memory function were defined as follows: MQ ≥ 130
as super-excellence, 120–129 as excellence, 110–119 as upper
level, 90–109 as moderate level, 80–89 as lower level, 70–79
as poor, and MQ < 70 as very poor. Directed memory test
and associative learning tests were used to assess the semantic
memory function, and these two scores were summed up to
obtain a semantic memory score.

7T-MRI Acquisition
MRI data were acquired at the Beijing Brain MRI Center using
the 7T-MRI investigational system (Magnetom 7T, Siemens
Healthineers, Erlangen, Germany), which was equipped with a
Nova 32 channel phased-array head coil. We chose T1-MPRAGE
as researching MRI sequence with the following parameters: TR
2200 ms, TE 3.01 ms, flip angle 7◦, FOV 224 × 224 mm2,
matrix 320 × 320, slice thickness 0.70 mm, and voxel size
0.7 × 0.7 × 0.7 mm3.

Processing and Analysis of MRI Images
Because 7T T1-MPRAGE images are not acquired with additional
gradient echo (GE) images to correct intensity inhomogeneities
of the bias field, we followed a two-step pre-processing pipeline.
First, the non-parametric non-uniform intensity normalization
(N3) algorithm was used before VBM processing. This step
was implemented in the FreeSurfer software and followed the
optimal parameters (proto-iters = 1000, distance = 15, n = 1),
proposed by Lüsebrink et al. (2013) Second, two parameters
were adapted for VBM processing to correct any remaining
intensity inhomogeneities using the following parameters: bias
regularization changed from the default of “very light” to
“extremely light, bias FWHM cutoff changed from the default of
60 to 30 mm (Lüsebrink et al., 2013).

After processing using the N3 algorithm, three-dimensional
(3D) T1 images were processed automatically using voxel-
based morphometry (VBM) analysis in VBM8 software running
in SPM8 under MATLAB 2012a. During this procedure, two
parameters were adapted as above, and a symmetric tissue
probability map (TPM) provided by Kurth et al. (2015) was used
instead of the default unsymmetrical TPM. The T1 images were

spatially normalized and then segmented into gray matter (GM),
white matter (WM) and cerebrospinal fluid (CSF). Meanwhile,
the absolute volumes (ml) of GM, WM, and CSF were calculated.
Total intracranial volume (TIV) was calculated as the sum
of the absolute volumes of GM, WM, and CSF. GM images
of all subjects were then flipped in the right–left orientation
to obtain corresponding mirror GM images in SPM8 using
image calculation.

Patients vs. Controls
We defined the left cerebral hemisphere as the stenosis-side
hemisphere and the right hemisphere as the contralateral
hemisphere. Thus, flipped GM images of patients with right
CAS should be involved, and an equal proportion of flipped
images of controls should be involved for comparison. The
flipped images of controls were selected at random. In total,
there were 11 flipped GM images of patients with right CAS,
10 non-flipped GM images of patients with left CAS, and 5
flipped and 5 non-flipped GM images of healthy volunteers.
All these images were processed using the DARTEL algorithm,
modulated by flow field files and smoothed at an 8-mm full
width at half maximum. The GM template was used to make
a mask to limit analysis to the cortex. The grayscale threshold
was a minimum of 0.3. Finally, the smoothed GM images were
analyzed using an analysis of variance (ANOVA) of all factors
(a 2 × 2 ANOVA) in SPM8 software to verify the impact of
CAS on cerebral atrophy and eliminate the effect of sides. The
nuisance variables TIV, sex, age, and educational background
were used for correction. Statistical significance was defined as
P < 0.05 using false discovery rate (FDR) correction and a
minimum of 200 contiguous voxels. After comparison, atrophic
cerebral areas on the left hemisphere demonstrated the effect
of CAS on the stenosis-side hemisphere, and areas on the right
hemisphere demonstrated the effect of CAS on the contralateral
hemisphere. This enabled us to determine whether atrophy
caused by unilateral CAS was unilateral or bilateral and where
it was located, while eliminating the impact of laterality.

Stenosis-Side Hemisphere vs. Contralateral
Hemisphere
We defined the left cerebral hemisphere as the region of interest
(ROI). The non-flipped and flipped GM images of 21 patients
were processed using the DARTEL algorithm, and then images
were modulated by flow field files and smoothed at an 8-mm
full width at half maximum. The left-hemisphere mask was made
using the GM template with grayscale threshold >0.3, which
limited the analysis to the left hemisphere. Finally, smoothed
non-flipped and flipped GM images were analyzed using the
paired t-test to compare the contralateral hemisphere with the
stenosis-side hemisphere on the left side defined by the left-
hemisphere mask. The statistical significance was defined as
PFDR < 0.05 and a minimum of 100 contiguous voxels. The
diagram is shown in Figure 1.

Memory-Related Cortex
The non-flipped GM images of 24 patients were processed using
the DARTEL algorithm to create templates and then these images
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FIGURE 1 | Diagram of stenosis-side hemisphere vs. contralateral hemisphere. First, in each unilateral CAS patient, ipsilateral hemisphere and contralateral
hemisphere cannot be paired and compared directly. So, the GM image of each patient needs to be flipped in the right–left orientation and then each patient had
one non-flipped image and one paired flipped image. In this way, each patient had a stenosis hemisphere and a contralateral image on the left side when his/her
non-flipped image and flipped image were paired together. Thus, patients’ non-flipped images and flipped GM images were analyzed by paired t-test following mode
of contralateral hemisphere vs. stenosis-side hemisphere on the left side defined by left-hemisphere mask.

were modulated and smoothed at an 8-mm full width at half
maximum. The mask was made using the GM template with
a grayscale threshold of 0.3. The smoothed GM images and
CMS scores, including the total scores, the five subtest scores,
and semantic memory scores, were analyzed successively using
multiple regression analysis in SPM8 software. The nuisance
variables TIV, sex, and degrees of carotid stenosis on each
side were used for correction. Age and educational background
were not used for correction because they had already been
adjusted for during scoring. Statistical significance was defined
as PFDR < 0.05 and a minimum of 100 contiguous voxels.

If correlated regions were detected, these were each defined
as an ROI and a corresponding mask was created. A customized
script referring to Kurth’s “extract” script was used to extract the
volume (mm3) from each GM image in MATLAB R2012a, and
each volume was divided by corresponding TIV to obtain the
relative volume (Kurth et al., 2015). Relative volumes and CMS
scores were analyzed by Pearson correlation analysis in SPSS
(Windows version 23.0, IBM).

Statistical Analysis
Statistical analyses were conducted in SPSS (Windows version
23.0, IBM). Continuous variables are shown as means ± standard
deviations, and categorical values are described as percentages
(numbers). Absolute volumes of GM, WM, CSF, and TIV were
used as references to correct results during analysis but were

not used as explicit values for data comparison. We focused
mainly on the relative volumes, which were obtained by dividing
the absolute volumes by the corresponding TIV. A chi-square
test was used to compare categorical data. Student’s t-test and
rank sum test were used to compare continuous data. Pearson
correlation analysis was used to correlate relative volumes of
correlated cerebral areas with CMS scores, and the Pearson
correlation coefficient (r) indicated the strength of correlation.
Correlation was considered strong when 1 > r ≥ 0.7, moderate
when 0.7 > r ≥ 0.4, and weak when 0.4 > r > 0 (Dancey and
Reidy, 2007). Statistical significance was defined as P < 0.05.
VBM results were shown as 3D reconstructed images and slice
views using xjView software.

RESULTS

Baseline information, including age, gender, details of stenosis,
and education background, is listed in Table 1, and there were
no statistical differences between patients with asymptomatic
severe CAS and healthy controls. For cognitive function, MMSE
scores of patients with CAS were in normal range and were
similar to those of healthy controls (all P ≥ 0.05). For CMS,
the total scores, MQ, and memory function grade of the patient
group were much lower than those of the control group (all
P < 0.05). Moreover, the scores of the four subtests (i.e., directed
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TABLE 1 | Basic information of CAS patients and healthy controls.

CAS patients
(n = 24)

Healthy controls
(n = 10)

P-value

Age (years) 63.8 ± 5.6 65.0 ± 5.1 0.585

Gender (male) 15 (62.5%) 6 (60.0%) 1.000

Carotid stenosis

Bilateral 3 (12.5%) – –

Unilateral 21 (0.875) – –

Left 10 (47.6%) – –

Right 11 (52.4%) – –

Contralateral

Moderate 5 (23.8%) – –

Mild 5 (23.8%) – –

None 11 (52.3%) – –

Education 0.493

None 2 (8.3%) 0 (0.0%)

Primary school 5 (20.8%) 1 (10.0%)

High school 14 (58.4%) 7 (70.0%)

University/above 3 (12.5%) 2 (20.0%)

memory, associative learning, free image recall, and portrait
characteristic recall) were lower in patients with CAS than in
healthy controls (all P < 0.05). Meaningless graphic recognition
test scores were lower in patients than in healthy controls;
however, this did not reach statistical significance (P = 0.080;

TABLE 2 | Cognitive function assessment of CAS patients and healthy controls.

CAS patients
(n = 24)

Healthy controls
(n = 10)

P-value

MMSE

Scores 26.2 ± 2.1 27.3 ± 0.9 0.050

Grade of MMSE 1.000

Normal 24 (100%) 10 (100%)

Impairment 0 (0%) 0 (0%)

CMS

Directed memory 10.6 ± 5.8 19.6 ± 2.0 0.001

Associative memory 11.1 ± 4.5 22.1 ± 3.0 0.001

Meaningless graphic
recognition

11.6 ± 5.1 21.0 ± 2.7 0.001

Free image recall 15.4 ± 8.1 18.8 ± 1.9 0.080

Portrait characteristic recall 15.0 ± 5.5 19.2 ± 3.1 0.037

Semantic memory 41.7 ± 4.7 22.1 ± 9.3 0.001

Total scores 64.3 ± 19.5 99.4 ± 11.2 0.001

MQ 80.4 ± 14.9 108.4 ± 9.3 0.001

Grade of memory 0.001

Super-excellence (≥130) 0 (0%) 0 (0%)

Excellence (120–129) 0 (0%) 1 (10%)

Upper level (110–119) 1 (4.8%) 3 (30%)

Moderate level (90–109) 6 (28.6%) 5 (50%)

Lower level (80–89) 2 (9.5%) 1 (10%)

Poor (70–79) 6 (28.6%) 0 (0%)

Very poor (≤69) 6 (28.6%) 0 (0%)

Table 2). Compared with healthy controls, the relative GM
volumes of patients were significantly lower (P = 0.027), and
the relative CSF volumes were significantly higher (P = 0.001),
whereas relative WM volumes were similar between the two
groups (P = 0.082). The reduction in relative GM volume was
approximately 3.1% (Table 3).

As shown in Figure 2 and Table 4, loss of GM volume in
patients was not only limited to the stenosis-side hemisphere,
but also observed in the contralateral hemisphere. Atrophy was
widely distributed in the frontal, temporal, and parietal lobes
as well as in smaller regions of the occipital lobes on both
the ipsilateral and contralateral hemispheres. Meanwhile, large
parts of the occipital lobes and cerebellar lobes were unaffected
bilaterally. Furthermore, the stenosis-side hemisphere showed
more severe atrophy of the inferior parietal lobule and cingulate
gyrus compared with the contralateral hemisphere (Figure 3 and
Table 5).

Figure 4 and Table 5 illustrate the positive correlation of
GM volumes of the left middle frontal gyrus, left frontal pars
triangularis, and left frontal pars opercularis with the total scores
of CMS and their Pearson correlations being strong (left middle
frontal gyrus: r = 0.841, P = 0.001; left frontal pars triangularis:
r = 0.724, P = 0.001; left frontal pars opercularis: r = 0.798,
P = 0.001).

Moreover, GM volumes of the left medial frontal gyrus were
strongly positively correlated with the associative memory scores
(r = 0.853, P = 0.001; Figure 5 and Table 5). GM volumes of
the left posterior inferior frontal gyrus were moderately positively
correlated with the semantic memory scores (r = 0.695, P = 0.001;
Figure 6 and Table 5).

DISCUSSION

Cortical Atrophy
This study confirmed cortical atrophy and increased CSF
volumes in patients with CAS by analyzing relative GM and
CSF volumes and VBM, which were consistent with several
previous studies (Newman et al., 2005; Romero et al., 2009;
Muller et al., 2011). Large-sample cross-sectional studies, such
as the Cardiovascular Health Study and the Framingham Study,
reported that moderate and severe CAS leads to brain atrophy,
which mainly manifest as enlarged ventricles and sulci and
reduced GM volumes (Newman et al., 2005; Romero et al., 2009).
Furthermore, a SMART-MR study demonstrated that during a
long-term follow-up of 3–9 years, unilateral severe CAS and
bilateral CAS caused severe progressive atrophy of the cortex
(Muller et al., 2011).

We found that the average reduction in cerebral GM in
patients with asymptomatic severe CAS was 3.1%, which is close
to 3.7% published by Iris et al. previously (Asllani et al., 2016).
Although 3.1% may not seem substantial, the proportion is
clinically significant when compared with those of other cognitive
diseases. As reported in previous studies, cortical atrophy due
to aging is roughly 0.2% every year in middle-aged healthy
people (Shaw et al., 2016). The hippocampal cortices has been
reported to be 1.2–1.5% thinner in patients with mild cognitive
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TABLE 3 | Brain volumes of different parts in CAS patients and healthy controls.

Healthy controls (n = 10) Total CAS patients (n = 24) Unilateral CAS patients (n = 21) Bilateral CAS patients (n = 3)

Data P Data P Data P

Absolute volume

GM volume/ml 596.0 ± 50.2 527.7 ± 50.14 0.001 534.00 ± 50.06 0.003 483.87 ± 23.68 0.004

WM volume/ml 539.5 ± 71.2 475.77 ± 51.29 0.006 484.60 ± 47.97 0.017 413.99 ± 26.46 0.014

CSF volume/ml 231.1 ± 26.4 244.2 ± 37.9 0.327 245.90 ± 37.07 0.267 232.35 ± 50.44 0.953

TIV volume/ml 1366.1 ± 139.4 1247.7 ± 113.5 0.014 1264.50 ± 110.87 0.014 1130.22 ± 40.98 0.017

Relative volume

GM volume/% 43.69 ± 1.24 42.34 ± 2.17 0.029 42.26 ± 2.16 0.027 42.85 ± 2.63 0.640

WM volume/% 39.39 ± 1.59 38.11 ± 1.80 0.058 38.31 ± 1.56 0.082 36.68 ± 3.06 0.057

CSF volume/% 17.03 ± 0.90 19.28 ± 2.43 0.001 19.28 ± 2.43 0.001 20.47 ± 3.65 0.012

Reduced GM volume/% – 3.1 – 3.3 – 1.9 –

FIGURE 2 | Asymptomatic CAS patients vs. healthy controls. (A) Three-dimensional image. (B) Slice view. Cortical atrophy was observed in bilateral frontal,
temporal, and parietal lobes, but occipital lobe and cerebellum were barely affected. L: left, R: right.

impairment (Das et al., 2012) and 4.7% thinner in patients with
Alzheimer’s disease who carry the APOEε4 allele (Harrison et al.,
2016). Thus, cortical atrophy in patients with asymptomatic
severe CAS deserve clinical attention.

Our VBM analysis revealed that cortical atrophy was widely
distributed bilaterally in the frontal, temporal, and parietal
lobes; however, the occipital lobes and cerebellum were largely
unaffected, which is consistent with the areas of the anterior
circulation. This finding is in line with those of several previous
studies (Asllani et al., 2016; Avelar et al., 2016; Marshall et al.,
2017). This phenomenon may be caused by hypoperfusion, a
patent circle of Willis, and susceptibility to hypoperfusion. First,
in regard to hypoperfusion, Gabriella et al. (2018) confirmed that
carotid artery occlusion can lead to cortical atrophy in a mouse
model and found a correlation between cortical atrophy and
cerebral hypoperfusion. Marshall et al. (2017) further reported
in a human MRI study that anterior circulation hypoperfusion
caused by CAS leads to atrophy of the primary motor cortex,
and these were positively correlated. Second, a patent circle of
Willis may compensate for hypoperfusion by directing blood

from the contralateral to the stenosis-side hemisphere, which
may result in general hypoperfusion across the whole brain.
Previous studies have found that the opening rate of the anterior
communicating artery in patients with CAS was significantly
higher than that of healthy controls (Lee et al., 2004). Marshall
et al. (2017) showed that cerebral blood flow (CBF) of both the
anterior and posterior circulation regions of both hemispheres
in patients with CAS was lower than that of healthy controls.
Third, the same study found that the posterior circulation regions
also showed hypoperfusion, whereas the occipital and cerebellar
cortices were barely affected, which led them to speculate that the
anterior circulation region, but not the but posterior circulation,
is susceptible to hypoperfusion (Marshall et al., 2017).

We also found that atrophy of the stenosis-side hemisphere
was more severe than that of the contralateral hemisphere.
Previous study findings on asymmetrical atrophy are
inconsistent. Nickel et al. (2019) did not find significant
reductions in cortical thickness in brain regions ipsilateral to
the stenosis. Asllani et al. (2016) reported significant reductions
in cortical thickness on the stenosis-side hemisphere, but
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TABLE 4 | Details of gray matter regions reaching statistical significance in comparison between CAS patients and healthy controls.

Anatomical structure Brodmann area MNI coordinates Voxel size PFDR t z

x y z

On Stenosis Side

Frontal and temporal lobe 21, 22, 13, 40, 11 -42 34.5 6 25300 0.001 7.47 5.27

Limbic lobe 36, 25 −22.5 −24 −7.5 4029 0.001 6.03 4.62

Basal ganglia −24 −43.5 −10.5 378 0.013 3.72 3.26

Superior frontal gyrus 10, 32 −12 66 15 1262 0.006 4.39 3.70

Cingulate gyrus 23, 24 0 −12 31.5 787 0.010 3.94 3.41

On contralateral side

Inferior frontal gyrus 47, 44, 45 51 36 −3 1766 0.002 5.48 4.34

Limbic lobe 19, 36 22.5 −55.5 −7.5 531 0.002 5.63 4.42

Middle occipital gyrus 19, 37 45 −73.5 −7.5 593 0.004 4.70 3.90

Parahippocampal gyrus 27, 28 22.5 −24 −9 569 0.003 5.10 4.13

Medial frontal gyrus 10, 32 7.5 52.5 13.5 1017 0.005 4.43 3.73

Insular lobe 13 39 −9 10.5 1259 0.001 6.29 4.75

Occipital cuneus 18, 19 18 −94.5 18 369 0.012 3.79 3.30

Superior parietal lobule 39, 40 30 −73.5 45 3406 0.001 5.84 4.53

Superior temporal gyrus 13, 40 45 −37.5 16.5 219 0.004 4.70 3.90

Superior frontal gyrus 6 25.5 −12 67.5 279 0.007 4.22 3.59

MNI, Montreal Neurological Institute.

FIGURE 3 | Stenosis-side hemisphere vs. contralateral hemisphere. (a) Three-dimensional image. (b) Slice view. The stenosis-side hemisphere suffered more severe
atrophy on inferior parietal lobule and cingulate gyrus, compared with contralateral hemisphere. L: left, R: right.

no difference was observed in cortical volumes between the
stenosis and the contralateral hemispheres. Marshall and Avelar
drew similar conclusions by confirming a greater reduction
of cortical volumes of the stenosis-side hemisphere (Avelar
et al., 2016; Marshall et al., 2017). Differences in the inclusion
and exclusion criteria and algorithms may contribute to the
inconsistent findings.

Comparisons between the two hemispheres carry the issue
of structural asymmetries of the brain, and detection of brain
asymmetries requires methods that can establish accurate spatial
correspondence not only across subjects, but also across an
individual’s hemispheres. VBM was proven to be capable of
capturing gray matter asymmetries with an extremely high
voxel-based regional accuracy. Thus, we followed the VBM
guideline published by Kurth et al. to analyze the structural

asymmetries in cortical atrophy in CAS patients. According
to this guideline, regional specificity and accurate spatial
correspondence is ensured by the spatial normalization of images
into the symmetrical TPM, using the DARTEL algorithm (Kurth
et al., 2015). Moreover, we used an explicit brain mask to avoid
the blurring of information across hemispheres and to control
the possible impact of noise in the data. These modifications were
included in our study to maximize the accuracy of our study.

Cognitive Impairment
In this study, we found that patients with asymptomatic
unilateral severe CAS performed poorly in the CMS examination,
which indicated memory impairment in patients with CAS.
Numerous studies have reported similar levels of memory
decline in patients with CAS (Hayashi et al., 2004; Lee et al.,
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TABLE 5 | Details of gray matter regions reaching statistical significance in the ipsilateral and the contralateral comparison and memory function-related cortex.

Anatomical structure Brodmann area MNI coordinates Voxel size PFDR t z r* P*

x y z

Ipsilateral vs. Contralateral ‡

Left inferior parietal lobule 40 −51 −58.5 39 236 0.001 8.50 5.47 – –

Left cingulate gyrus 31 −15 −27 42 124 0.004 6.64 4.77 – –

Memory function related cortex§

General memory

Left middle frontal gyrus 10 −22.5 46.5 22.5 312 0.022 5.82 4.31 0.841 0.001

Left frontal pars triangularis 46 −42 27 19.5 252 0.022 5.78 4.29 0.724 0.001

Left frontal pars opercularis 44 −60 6 12 473 0.022 6.16 4.46 0.798 0.001

Associative memory

Left middle frontal gyrus 10 −30.5 51 13.5 137 0.048 6.86 4.75 0.853 0.001

Semantic memory

Left frontal pars opercularis 44 −58.5 3 15 157 0.015 6.47 4.59 0.695 0.001

‡Paired t-test. §Multiple regression analysis. *Pearson correlation analysis.
MNI, Montreal Neurological Institute.

FIGURE 4 | The cortex related with general memory function and their Pearson correlation coefficients. (a) Three-dimensional image. (b) Correlation between the
total scores of CMS and regional relative GM volumes. (c) Slice view. GM volumes of the left pars opercularis gyri frontalis inferioris, left pars triangularis gyri frontalis
inferioris, and the frontal part of left middle frontal gyrus were positively related with the total clinical memory scores closely. L: left, R: right.

2004; Laura et al., 2012). Scores of directed memory, associative
learning, free image recall, and portrait characteristic recall
were significantly lower in patients than in healthy controls,
which indicated that the corresponding memory functions were
impaired. Furthermore, lower scores in the direct memory and
associative learning test indicated impaired semantic memory
function. Lower scores in the free image recall and portrait
characteristic recall test proved that non-verbal memory was
also impaired in patients with CAS. Previous studies have also
reported similar results (Newman et al., 2005; Laura et al., 2012).
However, scores in the meaningless graphic recognition test
were lower than those of healthy controls, but not significantly
so. Our relatively small sample size may account for this
result. Furthermore, this may also indicate that non-verbal
memory decline may not have been as prominent as semantic
memory impairment.

Mini-mental state examination was used in our research to
detect moderate and severe cognitive impairment (Folstein et al.,
1978). The MMSE scores of patients with CAS were slightly lower
than those of healthy controls; however, the scores were defined
as normal, which is consistent with previous studies (Martinić-
Popović et al., 2009; Luo et al., 2018). This indicated that cognitive
impairment in asymptomatic patients is relatively mild.

The Relationship Between Memory
Impairment and Regional GM Volumes
General Memory Function
We found that the GM volumes of the left frontal pars
triangularis, left frontal pars opercularis, and the frontal part of
the left middle frontal gyrus were strongly positively correlated
with the total score of CMS. This indicated that GM atrophy
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FIGURE 5 | The cortex related to associative memory and their Pearson correlation coefficients. (a) Three-dimensional image. (b) Correlation between associative
scores and regional relative GM volumes. (c) Slice view. GM volumes of the anterior medial frontal gyrus cortex were positively related with the associative memory
scores. L: left, R: right.

FIGURE 6 | The cortex related to semantic memory and their Pearson correlation coefficients. (a) Three-dimensional image. (b) Correlation between semantic
memory scores and regional relative GM volumes. (c) Slice view. GM volumes of the posterior inferior frontal gyrus were positively related with the semantic memory
scores. L: left, R: right.

in these areas caused by CAS may be an important factor
underlying the memory impairment in patients. Several studies
have also found that cerebral atrophy may account for the
decline in memory, execution, attention, and other functions,
although focus was primarily on whole brain volume rather
than specific regional GM volume (Hayashi et al., 2004;
Newman et al., 2005; Romero et al., 2009). In this study,
we not only identified the specific correlated cortical areas
form extensive atrophied areas but also demonstrated how they
correlated with memory function. These findings may provide

theoretical support and inspiration for clinical practice and
further studies.

In cognitive neuroscience, the prefrontal cortex (PFC) has
been shown to play an important role in memory functions.
D’Esposito and Postle (1999) reported that damage to the
PFC may not affect short-term memory but may impair the
maintenance and processing of memory. Fuster et al. (1985)
demonstrated that a hypothermic PFC reduced performance
of delayed memory, which supports our results. Furthermore,
the PFC can be divided into the dorsolateral prefrontal cortex
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(DLPFC), at or near Brodmann’s areas (BA) 9/10 and 46, and
the ventrolateral prefrontal cortex (VLPFC), at or near BA
6/8, 44, 45, and 47, according to their cognitive functions and
anatomical structure (Ranganath, 2006). In our study, the pars
opercularis and pars triangularis of the inferior frontal gyrus
were a part of the VPFC and the frontal part of left middle
frontal gyrus belonged to the DLPFC. The VLPFC is activated in
tasks that require transient encoding (Paller and Wagner, 2002),
organizing, reordering (Blumenfeld, 2006), and maintaining
relevant items (Ranganath et al., 2004) and inhibiting distractions
(Konishi et al., 1999). More specifically, the area near BA 6 and 8
is involved in encoding spatial items (Courtney et al., 1998), the
area near left BA 45 and 47 is activated during classification and
comparison of semantic items (Wagner et al., 2001b), the area
near BA 44 and 47 is engaged during non-verbal memory (Braver
et al., 2001), and that near BA 44 and 45 is involved in resisting
distractions (Thompson-Schill and D’Esposito, 1997). Moreover,
the DLPFC is activated in memory tasks that require reasoning
and relating (Kroger et al., 2002; Blumenfeld, 2006; Murray
and Ranganath, 2007), especially in tasks involving reasoning
abstract relation (Kroger et al., 2002; Badre and Wagner, 2004),
encoding relationships between items (Davachi and Goldman-
Rakic, 2001), and reordering relevant items (Blumenfeld, 2006).
Taken together, these findings explain why extensive atrophy of
both the VLPFC and DLPFC due to CAS can lead to a decline in
general memory functions. These findings also offer theoretical
support for our findings.

Associative Memory
We found that GM volumes of the frontal part of the left
middle frontal gyrus were positively correlated with associative
memory scores, which indicated that atrophy of this region leads
to associative memory decline. In previous studies, the DLPFC
has been shown to be involved in memory tasks that require
relating and reasoning (Kroger et al., 2002; Blumenfeld, 2006).
Blumenfeld (2006) reported that the DLPFC was activated in
tasks requiring reordering items, and Wagner et al. (2001a)
found that the DLPFC was involved in encoding relationships
among relevant items. These findings explained why atrophy
of the left middle frontal gyrus results in associative memory
impairment. Although some studies have found that the middle
temporal gyrus and hippocampus are also involved in associative
memory (Diana et al., 2007; Mayes et al., 2007), Becker et al.
(2015) found that atrophy of these regions due to aging was not
severe and Brehmer et al. (2020) demonstrated that atrophy of
the frontal lobe can predict memory function more precisely in
older adults. Similarly, atrophy of the middle temporal gyrus and
hippocampus may not have been severe enough, or alternatively,
they may not be closely correlated with associative memory
in CAS patients.

Semantic Memory
The GM volumes of the left pars opercularis were positively
correlated with semantic memory scores, which suggested
that GM atrophy may lead to semantic memory decline.
The left pars opercularis is located in the posterior VLPFC,
which has been shown to be involved in semantic memory

processes (Wagner et al., 2001b; Murray and Ranganath, 2007).
Poldrack et al. (1999) reported that the VLPFC is specifically
activated in memory tasks requiring semantic processing, and
the posterior/dorsal region is active in both semantic and
phonological processing. In a review of previous studies, they
found that the posterior/dorsal VLPFC is also involved in
semantic generation, semantic decision, lexical tasks, and viewing
the world (Poldrack et al., 1999). Additionally, Stebbins et al.
(2002) reported that semantic memory decline caused by aging
was related to the reduced function of the DLPFC. These studies
support our findings and suggest that atrophy of the VLPFC
may be a leading risk factor of semantic memory impairment in
patients with CAS.

7T-MRI
Benefiting from ultra-high resolution, 7T-MRI has become
more widely used in clinical work and scientific research.
Wei et al. (2018) demonstrated that 7T-MRI could visualize
the superficial temporal artery as well as DSA. Furthermore,
Matsushige et al. (2016a) succeeded in visualizing the triple-
layered microstructure of the giant aneurysm wall using 7T-
MRI. They also applied 7T TOF-MRI to detect submillimeter-
range microaneurysms that are invisible under DSA and 3T-
MRI (Matsushige et al., 2016b). Furthermore, Lüsebrink et al.
(2013) further found that 7T-MRI T1 images are more precise
than 3T-MRI for segmentation for structural analyses. However,
there is still some debate regarding structural analyses of 7T-
MRI images (Seiger et al., 2015; Chen et al., 2017) and further
studies are needed.

Limitation
We analyzed the 7T-MRI data of 24 patients with asymptomatic
severe CAS and 10 healthy controls. Although our sample size
is the largest among previous reports, the absolute number
of patients is still small, which may result in false positives
or negatives. In addition, we only analyzed memory functions
and did not investigate other cognitive functions. Finally,
structural analysis of 7T-MRI images remains controversial
at this stage. Despite using the best available correction and
processing procedures, insufficiencies are still likely and further
studies are required.

CONCLUSION

Patients with asymptomatic severe CAS show greater memory
impairment compared with healthy controls. Patients with
asymptomatic severe unilateral CAS showed extensive GM
atrophy in the frontal, temporal, and parietal lobes and in
small parts of the occipital lobe in both the stenosis-side
and the contralateral hemispheres. The areas were consistent
with the anterior circulation region. GM atrophy of the
stenosis hemisphere was more severe than that of contralateral
hemisphere. Memory impairment in patients with asymptomatic
severe CAS may be related to GM atrophy of the left inferior
frontal and middle frontal gyri. Moreover, the atrophy of the
anterior medial frontal gyrus may be responsible for the decline
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of associative memory, whereas atrophy of the posterior inferior
frontal gyrus may contribute to the decline of semantic memory.
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Background: Timely diagnosis of ischemic stroke (IS) in the acute phase is extremely
vital to achieve proper treatment and good prognosis. In this study, we developed a
novel prediction model based on the easily obtained information at initial inspection to
assist in the early identification of IS.

Methods: A total of 627 patients with IS and other intracranial hemorrhagic diseases
from March 2017 to June 2018 were retrospectively enrolled in the derivation cohort.
Based on their demographic information and initial laboratory examination results,
the prediction model was constructed. The least absolute shrinkage and selection
operator algorithm was used to select the important variables to form a laboratory
panel. Combined with the demographic variables, multivariate logistic regression
was performed for modeling, and the model was encapsulated within a visual and
operable smartphone application. The performance of the model was evaluated on an
independent validation cohort, formed by 304 prospectively enrolled patients from June
2018 to May 2019, by means of the area under the curve (AUC) and calibration.

Results: The prediction model showed good discrimination (AUC = 0.916, cut-
off = 0.577), calibration, and clinical availability. The performance was reconfirmed in the
more complex emergency department. It was encapsulated as the Stroke Diagnosis Aid
app for smartphones. The user can obtain the identification result by entering the values
of the variables in the graphical user interface of the application.
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Conclusion: The prediction model based on laboratory and demographic variables
could serve as a favorable supplementary tool to facilitate complex, time-critical acute
stroke identification.

Keywords: ischemic stroke, prediction model, laboratory variables, demographic variables, least absolute
shrinkage and selection operator, smartphone app

INTRODUCTION

Stroke is currently the second cause of death worldwide and
the leading cause of death in China. Approximately 70% of
all strokes are ischemic and this will significantly increase the
health burden due to the aging population (Zhou et al., 2016;
GBD 2016 Causes of Death Collaborators, 2017; Wang et al.,
2017). When it comes to treatment, intravenous tPA (tissue-
type plasminogen activator) has been used to treat most acute
ischemic strokes (AISs). However, it is highly risky and can
be lethal in the case of intracerebral hemorrhage (ICH) (Zerna
et al., 2018). Therefore, determining the stroke subtype in
an early, timely, and accurate manner is essential to achieve
proper treatment and good prognosis (Hankey, 2017; Deboevere
et al., 2019). Furthermore, stroke mimics, which present with
an acute neurological deficit simulating AIS and represent a
significant percentage of all acute stroke hospital admissions,
pose a diagnostic challenge to emergency physicians (Vilela, 2017;
Liberman et al., 2019). A recent meta-analysis was performed
on 23 studies, including a total of 15,721 patients and reported
that the initial diagnosis was misdiagnosed in 26–40% of the
cases. Besides, 2–26% of ischemic stroke (IS) patients were
misdiagnosed (Tarnutzer et al., 2017). This might be due to the
absence of acute ischemic signs or the presence of non-specific
stroke symptoms on initial computed tomography (CT) imaging,
as well as the interference of stroke mimics (Walsh, 2019). In
such cases, the diagnosis may not be confirmed until additional
imaging tests are performed several hours or even a day later,
which results in missing the optimal intervention time (Martins
et al., 2020). In addition, neuroimaging examination needs to
be performed in a qualified medical institution with specialized
equipment and under the guidance of professional physicians;
these conditions seem overly ideal and unreliable for community
hospitals and hospitals in most underdeveloped regions in Asia
and Africa (Clarke et al., 2017). In China, only 10–20% of
stroke patients can reach the medical institution qualified to
complete neuroimaging examination within 3 h (Jin et al., 2012;
Jiang et al., 2016). In addition, these neurological examination

Abbreviations: IS, ischemic stroke; HP, hypertension; DM, diabetes mellitus;
HLP, hyperlipidemia; RBC, red blood cell; Hb, hemoglobin; Hct, hematocrit;
RDW, red cell distribution width; CV, coefficient of variation; SD, standard
deviation; PLT, platelets; WBC, white blood cell; PT, prothrombin time;
APTT, activated partial thromboplastin time; TT, thromboplastin time; FIB,
fibrinogen; AT-III, antithrombin III; TBIL, total bilirubin; DBIL, direct bilirubin;
ALT, alanine aminotransferase; IBIL, indirect bilirubin; TP, total protein;
Alb, albumin; CREA, serum creatinine; URIC, uric acid; GLU, glucose; AST,
glutamic oxaloacetic transaminase; ALP, alkaline phosphatase; CK, creatine
kinase; GGT, γ-glutamyl transpeptidase; LDH, lactate dehydrogenase; HBDH,
hydroxybutyrate dehydrogenase; TG, triglyceride; CHOL, cholesterol; HDLC,
high-density lipoprotein cholesterol; LDLC, low-density lipoprotein cholesterol;
TBA, total bile acid; DCA, decision curve analysis; AUC, area under the curve.

equipments are usually expensive, bulky, difficult to popularize,
and in need for highly educated, trained, and skilled operators.
Obviously, this is not conductive to the early clinical diagnosis
and treatment in the case of inadequate medical conditions,
such as community hospitals, primary hospitals, and clinics in
regions where patients often do not have rapid access to imaging
examinations (Chen et al., 2018; Mathur et al., 2019). Therefore,
clinicians need a useful supplementary tool to promote early
diagnosis and provide possible directions for the triage process
and referral management at the initial visit, which is not to replace
CT/magnetic resonance imaging but to complement its work and
provide a necessary supplement.

The comprehensive diagnostic efficacy of blood biomarkers
has been seriously underestimated or even ignored in stroke.
However, with the recent research development, their application
value has been revisited (El-Serag et al., 2014; Valappil et al.,
2017; Lee et al., 2018; Dagonnier et al., 2021). Unlike univariate
analysis in neuroimaging, some preliminary studies related to
stroke classification have focused on models that combine blood
biomarkers, showing great potential (Misra et al., 2017; Makris
et al., 2018). As a result, more attention has been paid to blood
biomarkers that can be objectively measured in the laboratory at
hyperacute phase, hoping to assist in the accurate identification
of ISs. The application of fast, reliable, and inexpensive blood
biomarkers as an auxiliary tool, along with CT characteristics,
would provide more diagnostic information that may improve
stroke identification and management, especially in atypical or
hyperacute IS (Wu et al., 2019; Fan et al., 2020; Baez et al., 2021).

In this study, we propose a stroke prediction model that
combines demographic and laboratory variables to provide an
early and accurate stroke prediction. Then, we validate the model
in a more complex emergency department. This model can serve
as a supplemental tool to help clinicians get more information to
improve the identification of IS in the acute phase and provide
the patients with an accurate treatment, which could significantly
promote the prognosis.

MATERIALS AND METHODS

Study Subjects
The derivation cohort consisted of 322 patients with IS and
305 patients with other intracranial hemorrhagic diseases,
including hemorrhagic stroke, subarachnoid hemorrhage,
subdural hematoma, and brain tumor–associated ICH,
who were admitted to West China Hospital of Sichuan
University from March 2017 to June 2018. These patients
were retrospectively enrolled to construct the prediction
model. The exclusion criteria included patients younger
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than 18 years or those treated with anticoagulation therapy
before hospitalization. All the patients underwent a
preliminary clinical evaluation, including the demographic
characteristics, physical examination, electrocardiogram,
laboratory examinations, and neuroimaging. The laboratory
examinations were completed within 45 min after
admission. The final diagnosis of all the patients was
reconfirmed by a team of experienced vascular neurologists
(three independent neurologists) based on the World
Health Organization definitions, clinical symptoms, and
neuroimaging findings.

The validation cohort consisted of 304 patients from
the emergency department with suspected stroke symptoms
(headache, dizziness, nausea, walking instability, partial sensory

disturbance, language dysfunction, coma, etc.) on admission
from June 2018 to May 2019. These patients were prospectively
and consecutively included for the model validation. The
same preliminary clinical evaluation was performed on all
the patients, and their final definite diagnosis was obtained
(IS, subarachnoid hemorrhage, hemorrhagic stroke, or stroke
mimics) by a team of neurologists. The research process is shown
in Figure 1.

Informed consents were obtained from all the participants.
This study was approved by the Clinical Trials and Biomedical
Ethics Committee of West China (no. 812) and was performed
in accordance with the ethical standards as laid down in the 1964
Declaration of Helsinki and its later amendments or comparable
ethical standards.

FIGURE 1 | Study flowchart.

Frontiers in Aging Neuroscience | www.frontiersin.org 3 July 2021 | Volume 13 | Article 630437192

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-630437 July 2, 2021 Time: 17:47 # 4

Meng et al. Prediction Model for Ischemic Stroke

Variable Collection
The demographic characteristics (Table 1), including the age,
smoking habits, drinking, hypertension, hyperlipidemia,
and diabetes, were collected according to the uniform
format by the resident physicians on admission. If the
patients were dysphasic, aphasic, or unconscious, the
information was then provided orally by their close relatives
or legal representatives and documented in the patient’s
medical history.

The laboratory findings before therapy were collected
through the laboratory management system of West China
Hospital, including 35 indicators (Table 1) of complete
blood count (SYSMEXXN-10, Sysmex, Japan), coagulation
tests (SYSMEXCS-5100, Sysmex, Japan), and biochemical
examination (Cobas c702, Roche, Germany). All tests were
conducted according to the standard operating procedure
(Supplementary 1).

Variable Selection and Laboratory Panel
Construction
In the derivation cohort, in order to select the IS predicting
factors and obtain the corresponding coefficients, we first
performed a statistical consolidation of all the laboratory
variables using the least absolute shrinkage and selection operator
(LASSO). First proposed by Robert Tibshirani in 1996, LASSO
is a method of shrinkage estimate based on model reduction.
The main idea of LASSO is to construct a first-order penalty
function to shrink the regression coefficient of each variable
to a certain range, independent of variable selection based
on statistical significance. The variables with a coefficient of
0 are eliminated, and a panel of optimal and representative
variables is finally obtained. Thus, the coefficients are optimized,
and relatively unimportant variables are excluded. This can
effectively avoid the influence of factors such as the number
of variables, different orders of magnitude, various units, and
possible colinearity between the indicators on the classical
analysis methods. In this regard, the LASSO program can choose
the truly valuable variables to constitute the model and has
been well applied in multiple types of studies on different
subjects (radiomics, genomics, and histology). In this work, the
resulting predictors were combined to form a scoring formula
called the “laboratory panel.” As a result, a large number
of laboratory variables were integrated into a single variable
associated with IS.

Construction of the Prediction Model
and Smartphone Application
The prediction model was constructed based on the demographic
variables together with the laboratory panel using univariate
and multivariate logistic regression. Through 10-fold cross-
validation, the model with the highest accuracy was selected
and encapsulated as a visual Java-based smartphone application
(app) (Wojciechowski et al., 2015). The app can be easily used
by both patients and clinicians, who can input the required
predictors into the graphical user interface to obtain the
probability of IS.

Evaluation of the Prediction Model
The model was evaluated by comparing the predicted results
with the confirmed diagnoses in the validation cohort to
calculate the metrics of sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV). The area
under the curve (AUC) and calibration curve were used
to comprehensively evaluate the model’s discrimination and
consistency (Muntner et al., 2014).

Statistical Analysis
Continuous variables are represented by the median (upper
and lower quartiles). Categorical variables are expressed in
terms of frequency. Comparisons of the categorical variables
and continuous variables were performed using the χ2 test
and Mann–Whitney U test. The LASSO algorithm was used to
select laboratory variables and construct the “laboratory panel.”
Univariate logistic regression was used to select predictors of
IS, and the model was constructed using multivariate logistic
regression. All statistical analyses were completed using the R
software version 3.5.0. The LASSO algorithm was performed
by the “glmmet” R package, and the logistic regression model
was constructed by the “glm” R package. The app was
developed in Java.

RESULTS

Patient and Clinical Characteristics
A total of 931 patients were included in this study, among
which 627 patients (322 IS vs. 305 controls) were enrolled
in the derivation cohort, and 304 patients (159 IS vs. 145
controls) were enrolled in the validation cohort. There was
no statistically significant difference in the frequency of IS
between the derivation cohort (51.35%) and validation cohort
(52.30%). The comparison of both control groups (derivation vs.
validation) and IS groups (derivation vs. validation) is listed in
Supplementary 2.

Development of the Laboratory Panel
and Prediction Model
Fourteen representative variables were screened by the LASSO
method and integrated into a laboratory panel (Table 2 and
Figures 2A,B), which could obtain a C-index of 82%. The
formula is as follows:

Laboratory score = −2.4449367225 + 0.0324156962 × age +
0.3467528672 × hematocrit (Hct) − 0.0328739639 × red cell
distribution width standard deviation (RDWSD)+ 0.0023251346
× platelets (PLT) − 0.1514963590 × white blood cell (WBC)
+ 0.0880501180 × thromboplastin time (TT) + 0.2269026873
× fibrinogen (FIB) + 0.0037785538 × antithrombin III (AT-
III) + 0.0023879174 × alanine aminotransferase (ALT) +
0.0075773496 × indirect bilirubin (IBIL) − 0.0010988689 ×
serum creatinine (CREA) − 0.0493824972 × glucose (GLU)
− 0.0002345279 × creatine kinase (CK) + 0.0558149527
× urea.
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TABLE 1 | Baseline patient characteristics.

Group Derivation cohort (627) Validation cohort (304)

Study group (322) Control group (305) Study group (159) Control group (145)

Subtype IS (322) HS (176) IS (159) HS (60)

SAH (45) SAH (21)

SDH (62) SDH (14)

Brain tumor–associated ICH (22) Brain tumor–associated ICH (11)

– SM (39)

Age, y 63 (52.25–73.75) 53 (43–64) 65 (54–75) 54 (45–65)

Sex (female) 114 (35.40%) 99 (32.46%) 55 (34.59%) 50 (34.48%)

Drinking 136 (42.24%) 103 (33.77%) 63 (39.62%) 48 (33.10%)

Smoking 148 (45.96%) 100 (32.79%) 78 (49.06%) 48 (33.10%)

Height 163 (157–170) 165 (159–170) 165 (158–170) 165 (158–170)

Weight 65 (55.62–70) 65 (55–72) 65 (59.50–72.50) 65 (61–75)

HP 223 (69.25%) 201 (65.90%) 113 (71.07%) 102 (70.34%)

DM 114 (35.40%) 25 (8.20%) 42 (26.42%) 13 (8.97%)

HLP 51 (15.84%) 4 (1.31%) 18 (11.32%) 1 (0.69%)

RBC 4.63 (4.21–4.96) 4.58 (4.17–5.00) 4.59 (4.28–4.93) 4.46 (4.02–4.92)

Hct 0.41 (0.38–0.44) 0.41 (0.38–0.45) 0.41 (0.38–0.44) 0.41 (0.37–0.44)

Hb 139 (127–150) 139 (125–152) 137 (124–149.50) 137 (123–149)

RDW-CV 13.50 (12.90–14.30) 13.60 (13.00–14.50) 13.60 (13.00–14.60) 13.70 (13.00–14.40)

RDW-SD 43.70 (41.02–46.68) 43.90 (41.40–46.50) 44.20 (41.70–47.65) 44.10 (40.90–47.30)

WBC 7.63 (6.20–9.39) 10.80 (7.95–14.37) 7.63 (6.56–9.32) 10.92 (7.41–13.29)

PLT 181 (134.25–219.75) 172 (130–213) 177 (137.50–230) 165 (124–222)

PT 11.50 (10.90–12.30) 11.30 (10.70–11.90) 11.00 (10.50–11.80) 11.20 (10.60–12.00)

APTT 27.50 (25.22–29.70) 26.00 (23.80–28.20) 26.50 (24.95–28.30) 25.20 (23.40–27.60)

TT 18.20 (17.50–18.90) 18.00 (17.30–18.90) 17.90 (17.30–18.60) 18.00 (17.30–18.60)

FIB 2.85 (2.40–3.58) 2.58 (2.07–3.23) 2.83 (2.41–3.42) 2.60 (2.14–3.35)

AT-III 90.50 (82.43–99.60) 90.10 (81.70–98.90) 87.90 (80.65–95.20) 89.60 (78.40–98.10)

D-dimer 0.44 (0.23–1.03) 0.73 (0.31–1.68) 0.63 (0.27–1.64) 0.64 (0.27–1.38)

TBIL 12.65 (8.83–18.98) 13.00 (9.50–18.00) 12.00 (9.50–17.00) 11.00 (8.60–15.90)

DBIL 4.65 (3.30–6.88) 4.90 (3.30–6.50) 3.90 (2.80–5.75) 3.90 (3.00–5.70)

IBIL 7.95 (5.50–11.78) 8.10 (5.80–11.20) 8.20 (6.15–11.20) 6.90 (5.10–10.30)

TP 71.70 (68.32–75.60) 72.00 (68.40–77.00) 72.50 (68.60–75.90) 72.50 (68.40–76.40)

Alb 42.65 (39.80–45.00) 43.00 (40.50–46.00) 42.70 (39.35–45.00) 43.40 (40.10–45.60)

Globin 29.05 (26.40–32.30) 29.10 (26.00–32.10) 29.60 (26.95–32.40) 29.80 (25.80–32.80)

CREA 74 (61–91) 72 (60–86) 72 (63–86) 67 (55–82)

URIC 338 (273.25–403) 318 (248–409) 329 (263.50–407.50) 315 (243–382)

GLU 6.75 (5.88–8.36) 7.46 (6.13–9.72) 6.74 (5.93–8.61) 7.76 (6.37–9.75)

ALT 19 (13–27.75) 19 (14–30) 19 (13.50–31) 20 (15–28)

AST 20.50 (17–27) 23 (18–31) 20 (16–27) 22 (17–28)

ALP 81 (67–96) 80 (66–97) 83 (68–97.50) 77 (67–103)

CK 86 (56–131.75) 110 (72–176) 86 (56.50–128) 95 (64–125)

GGT 29 (18–46.75) 25 (15–50) 28 (19–51.50) 31 (16–53)

LDH 185 (155–220) 205 (176–252) 185 (159–215) 202 (177–240)

HBDH 148 (125–179.75) 167 (142–203) 151 (132.50–180) 165 (144–198)

TG 1.39 (0.96–2.01) 1.16 (0.75–1.82) 1.27 (0.95–1.92) 1.08 (0.73–1.49)

CHOL 4.29 (3.54–5.09) 4.30 (3.71–4.93) 4.22 (3.37–5.08) 4.25 (3.69–4.96)

HDL-C 1.17 (0.93–1.42) 1.27 (0.98–1.55) 1.12 (0.92–1.38) 1.32 (1.08–1.62)

LDL-C 2.48 (1.93–3.14) 2.56 (2.04–3.09) 2.64 (1.90–3.30) 2.58 (2.07–3.14)

TBA 3.50 (1.70–6.18) 2.30 (1.10–4.50) 3.20 (1.70–5.50) 2.20 (1.20–4.80)

Urea 5.60 (4.50–7.09) 5.00 (3.90–6.30) 5.10 (4.20–6.67) 4.90 (3.90–6.26)

Data are presented as n (%) for categorical variables and as median (upper and lower quartiles) for continuous variables. *p < 0.05.
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TABLE 2 | Indicators in the Stroke Diagnosis Aid app.

Derivation cohort (627) Validation cohort (304)

p-Value OR 95% CI p-Value OR 95% CI

Age <0.001 0.945 0.928, 0.963 <0.001 0.917 0.890, 0.945

Smoking <0.001 2.342 1.473, 3.723 0.005 2.289 1.206, 4.346

HP 0.370 0.539 0.335, 0.867 0.890 0.447 0.210, 0.954

DM <0.001 6.790 3.294, 13.997 <0.001 8.157 2.576, 25.827

HLP <0.001 8.634 2.632, 28.324 <0.001 35.415 3.735, 335.760

Hct 0.869 0.173 0.002, 13.43 0.370 0.004 0.000, 2.198

RDWSD 0.630 1.087 1.030, 1.147 0.792 1.046 0.970, 1.127

PLT 0.143 0.996 0.992, 0.999 0.249 0.992 0.987, 0.997

WBC <0.001 1.250 1.172, 1.334 <0.001 1.228 1.115, 1.352

TT 0.186 0.739 0.619, 0.882 0.783 1.033 0.847, 1.262

FIB <0.001 0.631 0.480, 0.828 0.020 0.762 0.558, 1.042

ATIII 0.753 0.979 0.961, 0.997 0.501 0.969 0.942, 0.996

ALT 0.194 0.989 0.981, 0.997 0.916 0.985 0.970, 1.000

IBIL 0.939 0.965 0.930, 1.001 0.028 0.936 0.874, 1.003

CREA 0.124 1.006 1.001, 1.011 0.013 1.004 0.998, 1.010

GLU 0.009 1.134 1.048, 1.228 0.004 1.281 1.120, 1.465

UREA <0.001 0.793 0.700, 0.897 0.171 0.823 0.715, 0.949

CK <0.001 1.001 1.000, 1.002 0.179 1.000 0.999, 1.001

Data are presented as n (%) for categorical variables and as median (upper and lower quartiles) for continuous variables. *p < 0.05.

Next, we combined the demographic variables and laboratory
panel and constructed a model through univariate and
multivariate logistic regression. The formula is as follows:

Risk = 1/{1 + EXP [−(1.624515 × laboratory score +
0.2387812 + 0.8346704 × smoke − 0.5875043 × hypertension
(HP) + 2.2938255 × hyperlipidemia (HLP) + 1.7165673 ×
diabetes mellitus (DM))]}, AUC = 0.916, cut-off = 0.577.

This prediction model was further encapsulated as the Stroke
Diagnosis Aid app. It is freely available, and Android users can
download it through the link1 or QR code (Supplementary 3).
In addition, we also provide an operational and free Web app
for the Stroke Diagnosis Aid app at2 to reduce usage restrictions
(Supplementary 4).

Independent Validation
The performance of the proposed model was evaluated
using the data of 304 patients with suspected stroke from
the emergency department, among which 159 patients had
confirmed IS, and 145 had confirmed hemorrhagic stroke,
subarachnoid hemorrhage, or stroke mimics, including subdural
hematoma, intracranial tumor, hypoglycemic encephalopathy,
epileptic seizures, hepatic encephalopathy, hysteria, intracranial
infections, or moyamoya disease. The results showed that
the sensitivity, specificity, PPV, and NPV values were 89.31%
[95% confidence interval (CI), 83.18–93.46%], 87.59% (95%
CI, 80.83–92.28%), 88.75% (95% CI, 82.56–93.01%), and
88.19% (95% CI, 81.51–92.77%), respectively. The AUC
was 0.896 (Figure 3C). The calibration curve showed good

1http://t.cn/A6AKOPTJ
2https://zirui.shinyapps.io/shiny/

performance (Figures 3A,B) in both the derivation and
validation cohorts. The p-value of the Hosmer–Lemeshow test
was much greater than 0.05.

DISCUSSION

Our research showed an excellent performance of the laboratory
and demographic variables in assisting the identification of AIS.
On the one hand, the predictors in our model are objective,
biologically plausible, and initially available. All the laboratory
variables are common and have a short turnaround time, which
is convenient for primary health care and community hospitals.
Besides, they can provide possible management directions for
the patients with no immediate access to CT scans. On the
other hand, the computational predictions can be less influenced
by subjective judgments, especially that they do not rely on
the experience of the clinicians. For patients with atypical
symptoms, the predicted results can be used to strengthen the
awareness and reduce the chance of misdiagnosing stroke. It
can be a good complementary tool for stroke management,
especially for atypical or hyperacute IS, although it cannot be
used as an independent diagnostic method. To the best of
our knowledge, our study presents the most comprehensive,
timely, and practical laboratory method to assist in the early
identification of stroke.

Notably, many previous studies used variables with
statistically significant differences in disease diagnosis (Kadayifci
et al., 2017; Zhang et al., 2018; Han et al., 2019; Sui et al.,
2019). However, it has been indicated that too much reliance
on the statistically significant threshold could result in wasted

Frontiers in Aging Neuroscience | www.frontiersin.org 6 July 2021 | Volume 13 | Article 630437195

http://t.cn/A6AKOPTJ
https://zirui.shinyapps.io/shiny/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-630437 July 2, 2021 Time: 17:47 # 7

Meng et al. Prediction Model for Ischemic Stroke

FIGURE 2 | (A) Coefficient diagram of the LASSO variables. Each curve in the figure represents the trajectory of the coefficient of an independent variable. The
ordinate is the value of the coefficient. The lower abscissa, λ, is the parameter that controls the severity of the penalty. The upper abscissa is the number of non-zero
coefficients in the model under the penalty parameter. (B) Adjustment parameters in the LASSO model. The λ is screened by 10-fold cross-validation. A dashed
vertical line is drawn at 1 standard error (1-SE standard) of the minimum and maximum standards. λ.1se corresponds to a model that has a good performance with
the fewest number of arguments.

resources and even misleading decisions (Amrhein et al., 2019).
To this end, we adopted the LASSO algorithm, which does not
depend on statistical significance for regularization but shrinks
the coefficients of complex laboratory variables and excludes
relatively unimportant ones. Finally, a set of valid and concise
variables was selected and synthesized into a laboratory panel.
This normalization can also avoid the difference of the same
index caused by different laboratory methods to a certain extent.

Although the selected predictors are not specific to IS or
the brain, and one single index does not play a decisive role
in identifying IS, they may reflect the changes in different

pathways (coagulation function, inflammatory response, and
oxidative stress damage) in the body during the occurrence
and development of IS. Besides, the joint assessment of these
predictors with a suitable weighting model can help us to achieve
a more comprehensive IS identification.

Another inspiring finding in this work might be that the
model also showed a relatively precise identification in the
validation cohort, which contains more various cerebrovascular
diseases (IS, hemorrhagic stroke, subarachnoid hemorrhage, or
stroke mimics). This indicates that the model has a stable
performance even under real and complex clinical conditions.
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FIGURE 3 | (A) Calibration curves in the derivation cohort. (B) Calibration curves in the validation cohort. The calibration curve was drawn based on the consistency
between the prediction and the label. The y-axis represents the actual results, and the x-axis represents the predicted results. Diagonal lines represent perfect
predictions of the ideal models. Solid lines represent the performance of the model, and a closer fit to the dotted diagonal line indicates better prediction. The ideal
model is a perfectly fitting curve, where the predicted probability is equal to the actual probability. The non-parametric part is the calibration result obtained by fitting
the sample data through non-parametric regression, which is a built-in fitting method of the R software. The logistic calibration is the calibration result obtained by
the fitting method used to construct our model. Dxy, Somer D rank correlation; R2, Nagelkerke–Cox–Snell–Maddala–Magee R2 index; D, discrimination index; U,
unreliability index; Q, quality index; Emax, maximum absolute difference in predicted and calibrated probabilities; S: z, Spiegelhalter Z test; S: p, two-tailed p-value of
the Spiegelhalter Z test. (C) Receiver operating characteristic curve. This model had an area under the receiver operating characteristic curve of 0.916 in the
derivation cohort and 0.896 in the validation cohort.
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The results showed high specificity and PPV, which means that
the rate of misdiagnosis is low, and our model can help to avoid
the risk of misusing tPA. Meanwhile, the model showed high
sensitivity and NPV, which indicates that it can well recognize
the presence of IS, providing additional incremental evidence
for the clinicians to identify AIS. The results also showed a
satisfactory discrimination ability (AUC = 0.896) and a prediction
curve that is close to the actual curve, which indicates that the
model can correctly identify IS and provide prediction results
that are highly consistent with the actual ones. Therefore, it may
be more applicable to Asian populations and certain conditions
than some of the currently recommended screening scales and
biomarkers (with a specificity of 37–75%) (Demir et al., 2015;
Wendt et al., 2015).

Although some of the previously proposed diagnostic models
based on programming have the feature of visualization,
they require specific programming experience, which greatly
limits their convenient app and promotion. In this study,
we developed a more user-friendly design of the app, called
the Stroke Diagnosis Aid app. Our app is qualified with
visualization and also has a strong operability (Lynch, 2015).
Both clinicians and patients can use this app on their
own smartphones. By entering the value of the required
indicators, dragging the slider, or selecting individual items
to enter the corresponding parameters on the app client
or web app, the user can intuitively obtain the probability
of having an IS.

Our model can be applied to the following conditions to
improve the diagnosis of IS. First, it can help the patients
to receive reference information in the case of inadequate
medical conditions, such as in community hospitals, primary
hospitals, and clinics in the remote areas of low- to middle-
income countries. In these conditions, patients often do not
have rapid access to imaging examinations; thus, our model
can provide possible directions for the early triage and referral
management at the initial visit. Second, it can act as a decision-
support system for clinicians when the patients have atypical
clinical characteristics and imaging manifestations. In fact, 70%
of IS patients have atypical CT features in the hyperacute phase
(<24 h of onset) (Lin and Liebeskind, 2016). This tool can
assist in identifying and assessing the patient’s condition from
different perspectives. In addition, our app is an open-source,
web-based online prediction model, which can be installed on
the personal mobile of the clinical staff in all kinds of medical
and health institutions at all levels to build a communication
network between medical institutions. Furthermore, we can
safely implant this software into the laboratory reporting system
once the agency’s permission is granted. The probability of IS
can be directly calculated as the laboratory test is completed
to save more time.

In this work, we do not deny the important role of imaging
technology in the stroke diagnosis or intend to replace it. The
purpose is to present our app as a necessary and important
supplement. We hope that our research can help the physicians
to obtain reference information concerning stroke evaluation
when the medical conditions can benefit from support, such
as community hospitals, primary hospitals, and clinics in

regions with relatively scarce medical resources. The patients
in these areas are often limited by insufficient CT inspection
equipment or high costs and are unable to quickly obtain
the imaging results. Under these circumstances, our model
can provide valuable preinspection auxiliary information. While
the contribution of our model might be less significant in
developed countries or capitals, the vast majority of the world’s
population lives in areas lacking basic medical resources, where
our model can be of great benefit. It is worth mentioning
that expensive imaging techniques are far more difficult to
promote than experimental diagnostic techniques. In fact,
training qualified medical imaging physicians also requires a
huge investment in the medical resources. Still, there is a
clinical need for early and rapid diagnosis of stroke, and with
the popularization of digital medical and mobile terminals,
we believe that our research can provide better diagnostic
services in this regard.

Our study has some limitations. First, because of the
urgency of emergency stroke, we did not repeatedly measure
the laboratory indicators, and dynamic testing results may
correlate with the disease progression and prognosis, which
is of great importance. Second, this model can be used
only as a supplementary tool in the earlier period of stroke
identification to provide predictive insights rather than an
independent diagnosis app. Finally, as this work is a hospital-
based, case–control study, inherent selection bias cannot be
completely excluded. Our study was designed as a nested
case–control study that involved a prospective collection of
the validation cohort to avoid extreme selection bias that can
affect inference and conclusions (Sallam, 2015; Simmons et al.,
2019). In the future, we plan to enhance the model with
some specific markers and clinical symptoms to improve its
diagnostic efficiency. In addition, we intend to dynamically
detect the laboratory indicators to explore their value in
the prognosis of stroke. We will also validate this model
in various mimicking diseases and across many centers to
ensure its generalization capabilities. The smooth development
of these tasks may greatly enhance the early identification and
treatment of IS.

CONCLUSION

In conclusion, our study confirmed the important value of
the laboratory variables and demographic variables in the
identification of stroke and used these variables to construct a
new, universal, and applicable supplementary tool to provide
more reference information to increase awareness. The proposed
model can help to improve the identification of AIS, even in the
absence of specific manifestations or adequate medical resources.
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Objective: To explore the different compensatory mechanisms of brain function
between the patients with brain dysfunction after acute ischemic stroke (AIS) in the
dominant hemisphere and the non-dominant hemisphere based on Resting-state
Functional Magnetic Resonance Imaging (Rs-fMRI).

Methods: In this trial, 15 healthy subjects (HS) were used as blank controls. In total, 30
hemiplegic patients with middle cerebral artery acute infarction of different dominant
hemispheres were divided into the dominant hemisphere group (DH) and the non-
dominant hemisphere group (NDH), scanned by a 3.0 T MRI scanner, to obtain the
amplitude of low-frequency fluctuations (ALFF) and regional homogeneity (ReHo) and
compare the differences.

Results: Compared with the HS, increased ALFF values in the brain areas, such as
the bilateral midbrain, were observed in DH. Meanwhile decreased ReHo values in the
brain areas, such as the right postcentral gyrus (BA3), were also observed. Enhanced
ALFF values in the brain areas, such as the left BA6, and enhanced ReHo values in the
brain areas, such as the left precuneus, were observed in the NDH. The ALFF and ReHo
values of the right BA9 and precentral gyrus were both increased. Compared with DH,
the NDH group showed lower ALFF values in the left supplementary motor area and
lower ReHo values in the right BA10.

Conclusion: After acute infarction in the middle cerebral artery of the dominant
hemisphere, a compensation mechanism is triggered in brain areas of the ipsilateral
cortex regulating motor-related pathways, while some brain areas related to cognition,
sensation, and motor in the contralateral cortex are suppressed, and the connection
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with the peripheral brain regions is weakened. After acute infarction in the middle
cerebral artery of the non-dominant hemisphere, compensatory activation appears
in motor control-related brain areas of the dominant hemisphere. After acute middle
cerebral artery infarction in the dominant hemisphere, compared with the non-
dominant hemisphere, functional specificity in the bilateral supplementary motor area
weakens. After acute middle cerebral artery infarction in different hemispheres, there are
hemispheric differences in the compensatory mechanism of brain function.

Keywords: resting-state functional magnetic resonance imaging, AIS, amplitude of low frequency fluctuations,
regional homogeneity, dominant hemisphere, non-dominant hemisphere

INTRODUCTION

The brain is the most complex organ in humans, and research on
it is the most advanced and popular field in life science. With the
implementation of the “Brain Plan,” more researchers nowadays
are exploring cerebral functional changes with an aim to study
various cerebral diseases.

As one of the cerebral diseases in the “brain program,”
stroke is listed as the primary cause of disability and death
(Wang et al., 2013, 2017) due to its characteristics of high
incidence, high disability rate, and high mortality rate. The
existing basic researches mainly concentrate on proteomics,
genomics, and metabolomics (Nguyen et al., 2016; Hasin et al.,
2017; Wang et al., 2020). Neuroimaging technology is a research
focus in the field of in vivo research on post-stroke injury.
With the continuous development of neuroimaging technology,
neuroimaging diagnosis is no longer limited to observing the
changes in brain histomorphology but has entered the stage of
comprehensive diagnosis by combining brain morphology with
function (Hojjati et al., 2019). In particular, understanding of
cerebral reorganization after the injury in the central nervous
system has been increased significantly through the non-invasive
examination of functional MRI.

Functional magnetic resonance imaging (fMRI) is one of the
representative neuroimaging techniques and can be divided into
task-state fMRI technology and resting-state fMRI technology
(resting-state fMRI, rs-fMRI). Under the rest state, Rs-fMRI (Li
et al., 2016; Wang et al., 2016) receives feedback on neuronal
activity by detecting the change of the hemodynamics in the local
brain area after the spontaneous cerebral function activity and
measuring the change of deoxyhemoglobin content. It can also
reflect the pathophysiological changes of cerebral functions in the
resting state and directly display the location, range, and size of
the activated area of cerebral functions with accurate positioning.
This is beneficial to compare the rs-fMRI results of acute ischemic
stroke in different lesions and is more meaningful for stroke
patients with dysfunction in clinical diagnosis and treatment
evaluation (Golestani et al., 2013).

Abbreviations: ALFF, amplitude of low-frequency fluctuations; ReHo, regional
homogeneity; AIS, acute ischemic stroke; MRI, Magnetic Resonance Imaging;
Rs-fMRI, Resting-state Functional Magnetic Resonance Imaging; BA, Brodmann
area; fALFF, fractional amplitude of low frequency fluctuations; FC, Functional
Connectivity; HS, healthy subjects; DH, the dominant hemisphere group; NDH,
the non-dominant hemisphere group; NHISS, National Institute of Health stroke
scale; tDCS, transcranial direct current stimulation.

At present, clinical researchers have utilized different
analytical methods of rs-fMRI to study a variety of brain
diseases. However, most studies only use a single parameter
(ALFF/fALFF/ReHo/FC) of rs-fMRI to observe local or overall
functional changes in the brain after stroke (Yin et al., 2013;
van Hees et al., 2014). Moreover, functional disorders in
patients with acute stroke in the dominant hemisphere (left
hemisphere) differ significantly from those in the non-dominant
hemisphere (right hemisphere) clinically. Physiologically, there
are hemispheric differences between the dominant hemisphere
and non-dominant hemisphere in neuroanatomy, physiology,
neurotransmitters, and the control of sympathetic nerves
(Yoon et al., 1997).

However, specific effects of dominant hemispheric and
non-dominant hemispheric infarctions on brain function
reorganization have not been reported in human trials, and there
is a lack of rs-MRI studies on hemispheric differences in brain
function after acute stroke.

Therefore, this study aims to explore the difference of brain
function between dominant hemisphere and non-dominant
hemisphere after acute middle cerebral artery infarction
using two parameters of rs-fMRI: amplitude of low-frequency
fluctuation (ALFF) and regional homogeneity (ReHo).

MATERIALS AND METHODS

Study Design
This study was conducted as an exploratory case-control study.

Participants
Ethical approval was obtained from the Ethics Committee of
China-Japan Union Hospital of Jilin University on July 18,
2016 (No: 2016ks043). Participants aged 40–70 years old were
recruited from January to December 2017 in this hospital, and
written informed consent was obtained from each participant.

Healthy Subjects
In total, 15 healthy subjects were recruited into the normal
group (HS). The inclusion criteria included the following: (1)
moderate figure, regardless of gender; (2) regular diet and
normal sleep, no addiction to smoking or alcohol, no tea or
coffee for 24 h; (3) no head acupuncture and physiotherapy
performed in the last month; (4) right handed. All of the
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above conditions were met. The exclusion criteria included
the following: (1) having a history of stroke; (2) sensory
aphasia/mixed aphasia/claustrophobia/dementia or other
factors affecting communication and operation during the
experiment; (3) pregnant and lactating women; (4) having
metallic substances in the body (e.g., heart stents); (5) cerebral
vascular pathological variation; (6) cardiovascular, renal, and
liver diseases, tumors, or other diseases affecting the test results;
(7) having underlying hypertension or diabetes or thyroid
disease, and the recent disease control is not stable. Any of the
above conditions were excluded.

Patients
A total of 1983 stroke patients with acute stroke were
consecutively selected from the Department of Neurology. Based
on the complexity and particularity of fMRI image acquisition
and data statistics of stroke patients, this article estimates the
sample size of the fMRI study. Referring to the systematic
review (Guo et al., 2014) and statistical analyses (Desmond
and Glover, 2002) on estimating sample size in functional
MRI, and considering the 20% shedding rate, 15 patients were
included in the dominant hemisphere group (DH) and the non-
dominant hemisphere group (NDH), respectively. The inclusion
criteria included the following: (1) meet the diagnostic criteria
of Chinese Guidelines for Diagnosis and Treatment of Acute
Ischemic Stroke, 2014 by the Neurology Branch of Chinese
Medical Association and the Cerebrovascular Disease Group
of the Neurology Branch of Chinese Medical Association; (2)
first-ever ischemic stroke within 72 h after symptoms appear;
(3) limb motor and sensory deficits; (4) stroke lesions located
within the right or left middle cerebral artery (MCA) territory,
as verified by magnetic resonance imaging (MRI) or computed
tomography (CT); (5) in stable condition; (6) normal diet and
sleep and no addiction to smoking, alcohol, tea, or coffee; (7)
right handed. All of the above conditions were met. The exclusion
criteria included: (1) hemorrhagic stroke, as verified by CT;
(2) sensory aphasia/mixed aphasia/claustrophobia/dementia or
other factors affecting communication and operation during
the experiment; (3) pregnant and lactating women; (4) having
metallic substances in the body (e.g., heart stents); (5) cerebral
vascular pathological variation; (6) cardiovascular, renal and liver
diseases, tumors, or other diseases affecting the test results; (7)
having underlying hypertension or diabetes or thyroid disease,
and the recent disease control is not stable. Any of the above
conditions were excluded.

MRI Data Acquisition
The MRI system (Siemens 3.0T, Siemens Healthineers, Germany)
and the standard head coil were used to obtain data of
T1MPRAGE and rs-fMRI (EPI sequence). The technician asked
the participants to lie on the MRI scanning bed and fixed
their heads in the coil with foam pads to keep their heads
still. Participants were required to remain awake, maintain calm
breathing, cover their eyes with a black eye mask, plug their ears
with sponge earplugs, and try not to engage in specific thinking
activities during the scanning.

T1MPRAGE scanning parameters were as follows: three
D TFE sequence cross-section scans, and a high-resolution
anatomical image T1WI of the whole brain is obtained.
Scanning parameters were repetition, time/echo time
ratio = 2300 ms/2.45 ms, flip angle = 8◦, field of view
(FOV) = 250 mm × 250 mm, slice thickness = 1 mm,
Voxel = 1.0 mm × 1.0 mm, Matrix = 256 × 256, number
of slices = 192.

Functional magnetic resonance imaging-BOLD scanning
parameters were as follows: the single excitation echo plane
imaging (EPI) technique was used for horizontal axis scanning,
and Pulse time (TR) = 2000 ms, echo time (TE) = 30 ms, flip
Angle = 90◦, slice thickness = 3.5 mm, slice spacing = 0.7 mm,
voxel = 3.5 mm × 3.5 mm × 3.5 mm, field of view
(FOV) = 224 cm × 224 mm, phases per location = 240,
matrix = 64 × 64, and number of slices = 37, covering
a total of 8 min.

Data Processing
Amplitude of low-frequency fluctuations and ReHo values of
the three groups were calculated, respectively, based on the
Matlab 2012a platform and by using the DPABI toolkit to launch
statistical parameter maps (SPM 12) after removing time point,
time correction, head movement correction, registration, de-
linear drift, covariate removal, and image filtering, etc. Then,
based on the two independent samples t test in the rest 1.8
software package, the three sets of data were compared and
analyzed to get statistical parameters maps. We identified and
corrected (AlphaSim correction, Cluster Size 27, rmm = 4,
P < 0.005) the statistical parameter maps to achieve the
anatomical location and activation intensity of brain regions
with significant changes in ALFF and ReHo. The maps were
finally calibrated by an experienced neurologist with anatomical
knowledge and clinical experience. When DH or NDH was
compared with HS, sex, age, and head movements were used
as covariates; when DH and the NDH were compared, sex,
age, course of disease, systolic blood pressure, diastolic blood
pressure, and NHISS score were used as covariates.

In addition, data such as gender were measured by χ2 test and
other data like age were checked by t-test. Statistical analysis was
completed with statistical software SPSS20.0.

RESULTS

General Information
According to the diagnostic inclusion and exclusion criteria, 30
patients were selected into patient groups from 1983 patients
suspected of acute ischemic stroke. A total of five cases in DH and
three in NDH failed to complete fMRI-BOLD data collection as
participants were unable to withstand long magnetic resonance
scans. The EPI scanning parameters of two cases in NDH were
different from the experimental design and the data were thus
stripped out. Participants in one case of the normal group fell
asleep during the test, and two cases had different T1 MPRAGE
scanning parameters from the experimental design, and the
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FIGURE 1 | Integration of stroke patients and healthy subjects.

TABLE 1 | Demographic and clinical characteristics of all patients in three groups.

Group Case (n) Gender (case) Age (year) Course of disease Systolic pressure (mmHg) Diastolic pressure (mmHg) NHISS

Male Female

HS 12 4 8 56.17 ± 3.83 \ \ \ \

DH 10 7 3 63.70 ± 6.00 2.15 ± 0.94 147.80 ± 13.14 84.90 ± 10.07 5.30 ± 4.99

NDH 10 8 2 59.40 ± 7.65 2.10 ± 0.88 152.90 ± 12.34 90.40 ± 10.74 3.80 ± 1.03

Statistics χ2 = 5.728 F = 4.437 t = 0.123 t = −0.895 t = −1.181 t = 0.931

P Value 0.057 0.021 0.904 0.383 0.253 0.374

Values presented are mean ± SD (range) or median [IQR]. NIHSS, National Institutes of Health Stroke Scale.

data were all removed. A flowchart of participants is shown in
Figure 1.

There were no significant differences among the three groups
in their gender, course of disease, systolic and diastolic blood
pressure, and NHISS scores (P > 0.05) (Table 1). However, the
age difference of the included subjects in the three groups was
statistically significant (P < 0.05) (Table 1).

fMRI Results
Normal Group vs. Dominant Hemisphere Group
Compared with HS, DH showed significantly increased ALFF
values in the right midbrain and lobus anterior cerebelli,
extending to the vermis (including cerebellar lingual), and in the
left midbrain and mammillary body.

Increased ReHo values appeared mainly in the left caudate
tai, extending to the pulvinar in DH. On the contrary, the

ReHo values decreased mainly in right inferior orbital gyrus
(including BA47), triangular inferior frontal gyrus (BA45),
and the supra marginal and postcentral gyrus (mostly in
BA3), extending to the precentral gyrus (BA4) (Table 2 and
Figures 2, 3).

Normal Group vs. Non-dominant Hemisphere Group
Compared with HS, ALFF values of NDH increased significantly
mainly in the left inferior orbital gyrus (including BA47),
extending to left BA25, mainly in the left cerebellum
anterior lobe (including cerebellar lingual) and Vermis, in
left lentiform nuclei and globus pallidus, in the medial dorsal
nucleus, extending to left midbrain, in the right caudate
head, and in left BA6 and the paracentral lobule. On the
contrary, the ALFF values decreased in the right BA9 and
precentral gyrus.
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TABLE 2 | Regions of DH showing significant changes in ALFF and ReHo values compared with HS.

Parameter Effect Brain region MNI coordinate Intensity (T-value)

X Y Z

ALFF Enhanced Right midbrain, lobus anterior cerebelli and Vermis 9 −33 −18 5.6226

Enhanced Left Midbrain and Mammillary Body −3 −12 −12 5.0006

ReHo Enhanced Left Caudate Tai and Pulvinar −21 −36 15 5.3222

Reduced Right inferior orbital gyrus (including BA47) 27 33 −9 −5.1493

Reduced Right triangular inferior frontal gyrus (BA45) 48 30 24 −7.3696

Reduced Right supramarginal gyrus 66 −42 30 −4.876

Reduced Right postcentral gyrus (mostly in BA3) and precentral gyrus (BA4) 60 −15 30 −6.2719

X, Y, Z represent the brain space position axis, respectively, in the MiNi standardized spatial coordinate system in the left and right, front and back, and up and down
position of the coordinate position.

FIGURE 2 | ALFF (Dominant hemisphere vs. Normal).

ReHo values were increased mainly in the left Precuneus
(BA7) and rectal gyrus, extending to the orbital gyrus
(including BA11), mainly in the left parahippocampal gyrus,
extending to BA47.

In contrast, the ReHo values decreased mainly in the left
cerebellum posterior lobe, tubera valvulae, right BA9, and
precentral gyrus (Table 3 and Figures 4, 5).

Non-dominant Hemisphere Group vs. Dominant
Hemisphere Group
Compared with NDH, DH indicated significantly decreased
ALFF values mainly in the left supplementary motor area
(including BA6). While decreased ReHo values appeared mainly
in the right BA10 (Table 4 and Figures 6, 7).

DISCUSSION

In this study, changes in brain function in patients after acute
stroke were observed, and differences between the dominant
hemisphere and the non-dominant hemisphere were explored
through ReHo and ALFF. For now, this is the first rs-fMRI study
to compare the hemispheric differences of brain functions after
stroke, especially in the acute period. Analyses of these differences
are demonstrated as follows.

Normal Group (HS) vs. Dominant
Hemisphere Group (DH)
Compared with HS, the ALFF values of changed brain regions
in DH were mainly activated, which means the focal neuronal
activities of these regions were enhanced.
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FIGURE 3 | ReHo (Dominant hemisphere vs. Normal).

TABLE 3 | Regions of NDH showing significant changes in ALFF and ReHo values compared with HS.

Parameter Effect Brain region MNI coordinate Intensity (T-value)

X Y Z

ALFF Enhanced Left inferior orbital gyrus (including BA47), BA25 −15 12 −24 6.8358

Enhanced Left cerebellum anterior lobe (including cerebellar lingual) and Vermis 0 −39 −28 4.633

Enhanced Left lentiform nuclei and globus pallidus −9 3 3 7.4651

Enhanced Left medial dorsal nucleus and midbrain −3 −12 3 5.3041

Enhanced Right caudate head 9 6 0 6.6047

Enhanced Left BA6 and paracentral lobule −3 −15 66 5.0251

Reduced Right BA9 and precentral gyrus 57 9 36 −4.9502

ReHo Enhanced Left precuneus (BA7) −9 −54 45 5.1723

Enhanced Left rectal gyrus and orbital gyrus (including BA11) −6 33 −27 4.5542

Enhanced Left parahippocampal gyrus and BA47 −15 6 −24 4.386

Reduced Left cerebellum posterior lobe and tubera valvulae −30 −75 −36 −5.4037

Reduced Right BA9 and precentral gyrus 54 12 36 −5.0544

X, Y, Z represent the brain space position axis, respectively, in the MiNi standardized spatial coordinate system in the left and right, front and back, and up and down
position of the coordinate position.

The midbrain, as the reflex center of vision and hearing,
participates in the information feedback link of the closed-
loop control system and can modify an executing movement in
time. This is part of the typical theory of motion control (Faul
et al., 2020). The cerebellar vermis (including cerebellar lingual)
belongs to the anterior cerebellum and plays an important
role in the transmission and feedback of the brain-cerebellar
sensorimotor network (Cano-de-la-Cuerda et al., 2015; Zuk and
Bertrand, 2019). The mammillary body related to the operation

of emotions is a part of the limbic system of the brain. According
to some literature (Habas et al., 2009), fierce emotions can affect
the control of movement and produce significant behavioral
responses to posture patterns or motor strategies.

Both the ALFF and ReHo values were enhanced in the left
caudate tai and pulvinar. The pulvinar receives fibers from the
inner and outer geniculate body and participates in the visual
and auditory pathways (Tamietto et al., 2009, 2012; Pessoa and
Adolphs, 2010; Faivre et al., 2012; Gainotti, 2012). The caudate
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FIGURE 4 | ALFF (Non-dominant hemisphere vs. Normal).

FIGURE 5 | ReHo (Non-dominant hemisphere vs. Normal).
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FIGURE 6 | ALFF (Dominant hemisphere vs. Non-dominant hemisphere).

TABLE 4 | Regions of DH showing significant changes in ALFF and ReHo values
compared with NDH.

Parameter Effect Brain region MNI coordinate Intensity
(T-value)

X Y Z

ALFF Reduced Left supplementary
motor area
(including BA6)

−12 15 63 −4.9172

ReHo Reduced Right BA10 30 69 9 −5.6143

X, Y, Z represent the brain space position axis, respectively, in the MiNi standardized
spatial coordinate system in the left and right, front and back, and up and down
position of the coordinate position.

tail is one of the important components of the extravertebral
motor pathway, which engages in the generation and regulation
of motor planning.

As is well known, when the brain receives a specific action
command, a signal sent by the cerebral cortex will pass through
the outgoing fiber to the skeletal muscle motor endplate
and finally complete the action. Motor planning generation,
coordinated control of the action, and the feedback for correction
are assisted by the cortex, basal ganglia, cerebellum, and
midbrain. Therefore, it is speculated that due to the infarction
of the middle cerebral artery in the dominant hemisphere, it is
difficult for the motor cortex to send out accurate action task

signals in contrast to healthy subjects. The signal and function
of the brain areas involved in the regulation of movement
are strengthened as compensation to ensure the integrity and
accuracy of movement.

In addition, ReHo values of the right inferior orbital gyrus
(including BA47), triangular inferior frontal gyrus (including
BA45), postcentral gyrus (mostly BA3), central anterior gyrus
(BA4), and supramarginal gyrus decreased. These brain areas
are distributed in the blood supply area of the middle cerebral
artery. Vincent has shown that there is a high correlation
between bilateral hemispheric ipsilateral brain interval neural
activity (Vincent et al., 2007). Therefore, after an acute stroke
in the dominant hemisphere, the connection between the
homologous brain regions of the non-dominant hemisphere
and the peripheral brain regions weakens. Among these brain
regions, BA45 is responsible for performing semantic tasks and
text production (Jacot-Descombes et al., 2012), BA47 is related
to grammar processing of language (Levitin and Menon, 2003),
the precentral gyrus (BA4) can control behavior and movement
(Levitin and Menon, 2003; Jacot-Descombes et al., 2012; Itabashi
et al., 2016) the postcentral gyrus (BA3) manages somatosensory,
and the upper marginal gyrus (BA40) is relevant with fine
movement (Hämäläinen et al., 2002). ALFF and ReHo values of
some brain areas were not reduced in the dominant hemisphere,
which may be related to the ischemic stroke classification
(TOAST) and the compensation mechanism of cerebral collateral
circulation (Liebeskind, 2003).
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FIGURE 7 | ReHo (Dominant hemisphere vs. Non-dominant hemisphere).

Normal Group vs. Non-dominant
Hemisphere Group
Compared with HS, neuronal activities of the injured side and
precentral gyrus in the non-dominant hemisphere weakened
in the NDH. The connection with peripheral brain regions
was also reduced, which is consistent with the physiological
changes caused by the responsible lesions. The precentral gyrus
is the advanced motor control center, and BA9, BA6, and BA8
constitute the supplementary motor area. They serve as the main
brain regions for motor sequence management and participate
in the learning, planning, preparation, starting, and production
of movement (Kwan et al., 1978; Meier et al., 2008). Negative
activation of these two brain regions matches the hemiplegic
symptoms of patients.

Interestingly, brain regions with activated ALFF and ReHo
values were mainly located in the dominant hemisphere. We
believe this is due to the compensation of the uninjured
hemisphere (Zaaimi et al., 2012). The paracentral lobule and
the precentral gyrus constitute the primary motor cortex and
participate in the stage of motor execution. BA6 belongs to
part of the premotor cortex and mainly engages in the initial
stage of motor preparation and planning (Kwan et al., 1978;
Meier et al., 2008). The supramarginal gyrus is related to the
fine motor (Hämäläinen et al., 2002). Thalamus and lentiform
nuclei are basal ganglia nuclei and play an important role in
regulating complex and voluntary movement (Groenewegen,
2003). The lentiform nucleus, dorsomedial nucleus of the
left thalamus, and the midbrain can control and purposefully

perform active movement through two pathways: cortex-
striatum (globus pallidus)-dorsal thalamus cortex and striatum
midbrain (substantia nigra)-striatum. The precuneus are brain
regions related to the cerebrum’s cognitive function (Cavanna
and Trimble, 2006), which can analyze external stimuli and
adjust the movement. As part of the cerebellum, the anterior
lobe and superior vermis (including lingula of the cerebellum)
can coordinate the motor through the feedback path of
cerebellum-thalamus-(pre) motor cortex. On the other hand,
the parahippocampal gyrus and cingulate cortex in BA25
are components of the limbic system and can make the
cerebral cortex form higher cognitive connection and program
movement to achieve an ideal motor control effect (Geyer
et al., 1996). According to the theory of motor control,
sensation, cognition, and activity act together in the process
of motor control. Based on the theory of neuroplasticity,
activation of the upper brain areas indicates a new motor
control network has established in the uninjured hemisphere
soon after a stroke, which can strengthen body movement
coordination in many aspects and ensure active movement to the
greatest extent.

In addition, the orbital gyrus (including BA47), the orbital part
of the left inferior frontal gyrus, and the rectal gyrus (including
BA11) were activated (Berlin et al., 2004; Camille et al., 2004;
Kringelbach and Rolls, 2004; Rolls, 2004). Related to the emotion
control of humans, these are components of the orbitofrontal
cortex and regulate motor together with brain regions of the
motor network mentioned above.
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Dominant Hemisphere Group vs.
Non-dominant Hemisphere Group
Compared with the NDH, focal neuronal activities in BA6, the
area responsible for motor guidance and sequence control, were
lessened in the left supplementary motor area in DH. BA10 is the
brain area related to emotion control movement. After Stroke,
the connection between BA10 and its peripheral brain areas also
reduced at the uninjured-side hemisphere. This may be related to
the specific influence on the functional impairment of the brain
regions responsible for the sequential control of motor guidance
in the motor brain network after the injury of the dominant
hemisphere (Russo et al., 2020).

Hemispheric Differences in Stroke Can
Conduct the Clinical Application of
Transcranial Direct Current Stimulation
Early studies have found that when the cathode of tDCS
(transcranial direct current stimulation) is close to the cell body
or dendrite of nerve cells, the resting potential threshold increases
and the discharge of neurons decreases, while the anode reduces
the threshold of resting potential and increases the discharge
of neurons (Yavari et al., 2018). Therefore, tDCS can regulate
cortical excitability and has the function of nerve regulation. We
believe that exploring the changes in brain function after acute
stroke in different hemispheres is of great clinical significance
for conducting the application of tDCS in the early phase. The
cathode can be placed in the abnormal activation enhanced brain
area to inhibit the local neuronal activity, while for the brain
area with reduced function, the anode should be placed in the
corresponding position to enhance the excitability of the neurons.

Limitations of the Study
This study also has some limitations. First of all, due to the
high requirement of resting-state functional magnetic resonance
imaging on patients, although the sample size of this study was
estimated according to the literature, there was still a large drop-
off rate (33.3%), resulting in the study’s sample size of only 10–12
cases. But the volunteers of this study were patients with acute
stroke in the middle cerebral artery, which made the recruitment
difficult. Additionally, the sample size of the same type of fMRI
study in stroke patients was around 10–15 cases (Guo et al.,
2014). Therefore, it can be considered that the sample size of
this study is sufficient to illustrate the conclusion. Secondly, this
study only used ALFF and ReHo, the focal indicators of the
rs-fMRI, to observe the changes in brain function of patients
after acute stroke. And the results were not further discussed by
the association between cerebral hemispheres after acute stroke,
which needs to be verified in animal experiments.

CONCLUSION

The findings of this study are as follows. Firstly, after acute
infarction in the middle cerebral artery of the dominant
hemisphere, a compensation mechanism is triggered in brain
areas of the ipsilateral cortex regulating motor-related pathways,

while some brain areas related to cognition, sensation, and
motor in the contralateral cortex are suppressed, and the
connection with the peripheral brain regions is weakened.
Secondly, after acute infarction in the middle cerebral artery
of the non-dominant hemisphere, compensatory activation
appears in motor control-related brain areas of the dominant
hemisphere. Thirdly, after acute middle cerebral artery infarction
in the dominant hemisphere, compared with the non-dominant
hemisphere, functional specificity in the bilateral supplementary
motor area weakens. After acute middle cerebral artery infarction
in different hemispheres, there are hemispheric differences in the
compensatory mechanism of brain function.
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Background: Intracranial atherosclerotic disease (ICAD) tends to affect multiple arterial

segments, and previous studies rarely performed a comprehensive plaque analysis of the

entire circle of Willis for the evaluation of recurrent stroke risk. We aimed to investigate the

features of circle of Willis ICAD on 3D magnetic resonance vessel wall imaging (MR-VWI)

and their relationships with recurrent acute stroke.

Methods: Patients with either acute ischemic stroke (within 4 weeks after stroke) or

chronic ischemic stroke (after 3 months of stroke) due to intracranial atherosclerotic

plaque underwent 3D contrast-enhanced MR-VWI covering major cerebral arteries.

Participants were divided into three groups: first-time acute stroke, recurrent acute

stroke, and chronic stroke. Culprit plaque (defined as the only lesion or the most stenotic

lesion when multiple plaques were present within the same vascular territory of the

stroke) and non-culprit plaque characteristics, including total plaque number, plaque

thickness, plaque area, plaque burden (calculated as plaque area divided by outer wall

area), enhancement ratio (ER), eccentricity, and stenosis, were measured and compared

across the three groups. Associations between plaque characteristics and recurrent

acute stroke were investigated by multivariate analysis.

Results: A total of 176 participants (aged 61 ± 10 years, 109 men) with 702 intracranial

plaqueswere included in this study. There were 80 patients with first-time acute stroke, 42

patients with recurrent acute stroke, and 54 patients with chronic stroke. More intracranial

plaques were found per patient in the recurrent acute stroke group than in the first-time

acute stroke or chronic stroke group (5.19 ± 1.90 vs. 3.71 ± 1.96 and 3.46 ± 1.33, p <

0.001). Patients in the recurrent acute stroke group had greater culprit plaque burden (p

< 0.001) and higher culprit ER (p < 0.001) than the other two groups. After adjustment

of clinical demographic factors, in multivariate analysis, coronary artery disease (CAD)
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(odds ratio, OR = 4.61; p = 0.035), total plaque number (OR = 1.54; p = 0.003), culprit

plaque ER (OR = 2.50; p = 0.036), and culprit plaque burden (OR per 10% increment =

2.44; p= 0.010) were all independently associated with recurrent acute stroke compared

to the first-time acute stroke.

Conclusion: Increased intracranial atherosclerotic plaque number, higher culprit plaque

ER, greater culprit plaque burden, and CAD are independently associated with recurrent

acute stroke.

Keywords: intracranial artery, atherosclerosis, recurrent acute stroke, culprit plaque, 3D high-resolution vessel

wall MR imaging

BACKGROUND

Intracranial atherosclerotic disease (ICAD) is a common cause
of ischemic stroke in Asians (Holmstedt et al., 2013; Wang et al.,
2014) and is associated with a high risk of stroke recurrence (as
high as 10–24% annually) (Mazighi et al., 2006). Determination
of the factors associated with stroke recurrence is critical for
the secondary prevention of stroke. Previous studies suggest that
several vascular risk factors such as high blood pressure, diabetes,
the circle of Willis variations, and previous coronary artery
disease (CAD) are well-known risk factors for recurrent stroke
(Holmstedt et al., 2013; Wang et al., 2014; Kang et al., 2016).
Patients with severe symptomatic intracranial stenosis (70–99%
of the diameter of a major intracranial artery) are at particularly
high risk for recurrent stroke in the territory of the stenotic
artery (5–23% at 1 year) despite under standard medication
(Kasner et al., 2006; Zaidat et al., 2008; Chimowitz et al., 2011;
Wang et al., 2014). Besides, ICAD is a systemic disease and
can affect multiple arterial segments and vascular beds (Hoshino
et al., 2018). Many large prospective studies have documented
that the presence of multiple intracranial atherosclerotic stenoses
(ICAS) or concurrent extracranial atherosclerosis, on computed
tomography angiography (CTA) (Lau et al., 2013), magnetic
resonance angiography (MRA) (Man et al., 2009; Wang et al.,
2014; Sun et al., 2018), or digital subtraction angiography (DSA)
(Zhao et al., 2018), was an independent predictor of stroke
recurrence. Coexisting cerebrovascular atherosclerosis involving
both intracranial and extracranial arterial beds is an independent
predictor for subsequent vascular events (including ischemic
stroke) (Li et al., 2020).

During the past decades, the development of vessel wall
MRI has enabled the evaluation of intracranial plaque features
in vivo, and recently, three-dimensional (3D) MR vessel wall
imaging (MR-VWI) allows for the evaluation of plaque in the

Abbreviations: ACA, anterior cerebral artery; BMI, body mass index; BA, basilar

artery; CVD, cerebro-cardiovascular disease; CAD, coronary artery disease; DBP,

diastolic blood pressure; DM, diabetes mellitus; DWI, diffusion-weighted imaging;

ER, enhancement ratio; FLAIR, fluid-attenuated inversion recovery imaging;

HDL, high-density lipoprotein; Hs-CRP, high-sensitivity C-reactive protein; ICAD,

intracranial atherosclerosis disease; ICA, internal carotid artery; LDL, low-density

lipoprotein; MCA, middle cerebral artery; MR-VWI, MR vessel wall imaging;

NIHSS, NIH Stroke Score; PCA, posterior cerebral artery; SBP, systolic blood

pressure; TG, triglyceride; TC, total cholesterol; T1-VISTA, T1WI volume isotropic

turbo spin-echo acquisition; VA, vertebral artery.

entire Circle of Willis with high isotropic resolution (Qiao et al.,
2011; Xie et al., 2016). The intracranial plaque enhancement
detected by gadolinium-contrasted MRI is associated with vasa
vasorum, which is possibly a surrogate marker of vessel wall
inflammation (Portanova et al., 2013), and it was associated with
stroke risk (Rudd and Fayad, 2008; Qiao et al., 2014). There were
a few studies that investigated the association between plaque
features using MR-VWI and recurrent stroke risk and found
that contrast enhancement and plaque burden were the potential
factors associated with recurrent stroke (Kim et al., 2016; Ran
et al., 2020; Shi et al., 2021). However, these studies were limited
in the use of two-dimensional (2D) imaging, only one single
segment [middle cerebral artery (MCA) stenosis], and only in
patients with anterior circulation stroke.

We hypothesize that the number of intracranial plaques and
vulnerable plaque features revealed on 3D contrast-enhanced
MR-VWI are associated with stroke recurrence. This study
sought to investigate whether these features are associated with
patients with recurrent acute stroke in both the anterior and
posterior circulation.

METHODS

Study Population
This was a prospective, cross-sectional study, and the study
protocol was approved by the institutional review board, and
informed written consent was obtained from all patients. Patients
with ischemic stroke symptoms prospectively and consecutively
underwent 3D contrast-enhanced MR-VWI covering major
cerebral arteries from October 2017 to December 2020, and
we reviewed these images in 1 week after scans (from October
2017 to January 2021). Inclusion criteria for this study were as
follows: (1) patients with intracranial arterial stenosis detected
on MRA or CTA (including bilateral C6-7 segment of internal
carotid artery, A1-2 segment of anterior cerebral artery, M1-2
segment of MCA, V4 segment of vertebral artery, P1-2 segment
of posterior cerebral artery and basilar artery); (2) ischemic
infarct confirmed by diffusion-weighted imaging (DWI) for the
acute group, and chronic infarct was identified from T2-fluid
attenuated inversion recovery imaging (FLAIR) and DWI; and
(3) stroke etiology determined to be ICAS by the identification
of intracranial artery plaque on 3D MR-VWI. Exclusion criteria
were as follows: (1) intracranial artery occlusion; (2) coexistence
of >50% stenosis or unstable plaques (presence of at least three
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of the following features: calcification, hemorrhage, superficial
irregularity, and being lipid-rich) of the ipsilateral extracranial
carotid artery detected by imaging (ultrasound, MRA, CTA,
or DSA); (3) evidence of cardioembolic source ischemic
stroke (recent myocardial infarction within 3 weeks, atrial
fibrillation or flutter, evidence of cardiac or valvular thrombus
on echocardiography, or other imaging; (4) clinical evidence of
the presence of vasculopathy other than atherosclerosis (e.g.,
vasculitis, reversible cerebral vasoconstriction syndrome or other
vasospastic processes, Moyamoya disease, or dissection); (5)
degraded image quality of 3D MR-VWI that limited accurate
delineation of the artery boundaries for quantitative analysis;
and (6) patients with subacute stroke (time from onset:1–3
months). Recurrent acute stroke events were defined as new
neurological deficits that fit the definition of acute ischemic
stroke occurring 24 h after the incident strokes in the same
vascular territory and were not attributable to cerebral edema,
mass effect, or hemorrhagic transformation (Coull and Rothwell,
2004). Participants were divided into three groups: first-time
acute stroke, recurrent acute stroke, and chronic stroke.

Clinical information including age, gender, body mass index
(BMI), vascular risk factors (hypertension, hyperlipidemia,
diabetes mellitus, smoking status, CAD), and relevant
medications (statins and antiplatelet agents) was recorded
for each patient. Hypertension was defined as a systolic blood
pressure ≥140 mmHg, a diastolic blood pressure ≥90 mmHg,
or current treatment with antihypertensive agents. Dyslipidemia
was defined as TC/HDL-C ratio ≥5, measured LDL-C ≥ 3.5
mmol/l, or taking lipid-modifying medications. Smoking status
was assessed at the time of the ischemic event, and the patients
were dichotomized into two groups: current smoker (defined as
a patient who had smoked continuously for 6 months with ≥1
cigarette per day) (Wang et al., 2014) or not a current smoker.
Clinical history of previous strokes was recorded for patients in
the recurrent acute stroke group.

3D MR-VWI Protocol
All the subjects underwent brain MRI on a 3.0T whole-
body scanner (Philips Ingenia, Philips Healthcare, Best, The
Netherlands). The MR protocol included three-dimensional
time-of-flight (3D-TOF) MRA and 3D MR-VWI. The imaging
parameters of these sequences were as follows: (1) 3D-TOFMRA:
TR/TE: 23/3.5ms, flip angle 18◦, field of view 199 mm×199mm;
slice thickness 1.2mm, and acquisition matrix 500 × 332; (2)
T1WI volume isotropic turbo spin-echo acquisition (T1-VISTA):
coronal imaging orientation, TR/TE 500/25ms, TSE factor 45,
with variable flip angle, number of slices 120, FOV 230m ×

250mm × 50mm, voxel size 0.6 × 0.6 × 0.6mm, scan time
7min 10 s; (3) Simultaneous Non-contrast Angiography and
intraPlaque hemorrhage (SNAP): FFE, TR/TE 9.9/4.8ms, flip
angle 11/5◦. Post-contrast T1-VISTA images were acquired 5min
after intravenous gadolinium contrast agent (Bayer Schering
PharmaAG, Germany) injection (with a dose of 0.1mmol/kg, at a
rate of 1.5 ml/s) with similar imaging parameters as pre-contrast.
DWI and T2-FLAIR were used for infarct identification.

Image Analysis
Evaluation of MR-VWI was conducted by two experienced
radiologists (XL and LW, each with 5 years of experience in
intracranial artery imaging) who were blinded to patient clinical
information and performed a quantitative evaluation of plaque
characteristics. A subgroup of 30 cases was randomly selected
from the studied population (10 cases in the first-time acute
stroke group, 10 cases in the recurrent acute stroke group,
and 10 cases in the chronic stroke group) for a reproducibility
study. Two readers (XL and LW) independently performed all
measurements on the 30 cases for the evaluation of inter- and
intra-reader agreement. One reviewer (XL) re-evaluated the same
30 cases independently after 2 months. Image quality rating was
assigned using a four-point scale (1, poor; 2, marginal; 3, good;
and 4, excellent) depending on the overall signal-to-noise ratio
and the clarity of the vessel wall boundaries (Zhao et al., 2013),
and the MR images with image quality ≥3 were qualified for
analysis. All atherosclerotic plaques on pre-contrast MR-VWI
were then identified using a previously reported definition, that
is, the presence of focal wall thickening (Qiao et al., 2014). Lumen
and outer wall boundaries were manually segmented on both
pre-contrast and post-contrast T1-VISTA, usingmedical imaging
viewer software (Vue PACS Livewire, Carestream, Rochester, NY,
United States). The contouring of the plaques in each patient took
10–20min depending on the number of plaques per patient.

Plaque quantitative parameters assessed included plaque
thickness, plaque length, plaque area, plaque burden, plaque
enhancement ratio (ER) and enhancement score, and luminal
stenotic rate. Qualitative parameters included eccentricity,
enhancement grade, and intraplaque hemorrhage (IPH). Luminal
stenotic rate, plaque length, plaque burden, and ER were
measured on the reconstructed pre-contrast and post-contrast
images at the site of the most stenotic lesion or the most
apparent wall thickening for each participant. The degree of
stenosis was measured on black blood T1-VISTA images using
WASID criteria:

Degree of stenosis =

(

1− Dstenosis
Dnormal

)

× 100% (Samuels et al.,

2000), where Dstenosis denotes the diameter of the artery at the
site of the most severe stenosis and Dnormal denotes the diameter
of the proximal normal artery. The use of 3D MR-VWI for
intracranial stenosis measurements has been validated against
luminal imaging techniques with the excellent agreement (Tian
et al., 2021). The plaque burden was calculated as:

Plaque burden =
total wall area− lumen area

total wall area
× 100%

(Qiao et al., 2016).

Diagram for the measurements of plaque morphology is shown
in Supplementary Figure 1.

The ER was measured at the slice of greatest enhancement,
using adjacent gray matter (in a region of ∼15 mm2) to
normalize the signal intensity (SI). The ER was calculated as

Enhancement ratio =

SI_Plaquepostcontrast
SI_gray matterpostcontrast

−
SI_Plaqueprecontrast

SI_gray matterprecontrast

SI_Plaqueprecontrast
SI_gray matterprecontrast

(Shi

et al., 2018) (SI short for signal intensity). Plaque enhancement
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FIGURE 1 | Patient selection flow chart.

grade was classified into three grades on post-contrast T1-VISTA
images by using published criteria (Qiao et al., 2014; Hartman
et al., 2019): grade 0, no enhancement, defined as the SI of
plaque was similar to that of adjacent normal vessel wall; grade
1, mild to moderate enhancement, defined as the SI of plaque
was lower than that of the pituitary infundibulum but higher
than that of adjacent normal vessel wall; and grade 2, significant
enhancement, defined as the SI of plaque was similar to or greater
than that of the pituitary infundibulum. The plaque enhancement
score of each patient was calculated by summing all enhancement
grades of all plaques in intracranial arteries (Cui et al., 2020).

Eccentricity was defined as a localized plaque surrounding
<75% of the vessel wall (Chung et al., 2012). The presence of
IPH was defined as >150% signal relative to muscles within the
covered anatomy on pre-contrast T1-weighted images (Zhu C.
et al., 2018).

The culprit plaque was defined as (a) the only lesion
within the vascular territory of the stroke or (b) the most
stenotic lesion when multiple plaques were present within
the same vascular territory of the stroke (Qiao et al., 2014).

The other plaques that were not culprit plaque were defined
as non-culprit.

Statistical Analysis
Quantitative and categorical data are presented as mean
± SD or median (range) and counts or percentages,
respectively. Comparisons between groups were made using
chi-square/Fisher’s test for categorical data and the Mann–
Whitney U-test or Student’s t-test for continuous data. The
inter- and intra-observer agreement was calculated through
the Cohen κ value for categorical data, and by intraclass
correlation coefficient (ICC) and Bland–Altman analysis for
continuous data. A value of κ and ICC > 0.80 was used
to indicate an excellent agreement. Parameters with a p <

0.1 from univariate analysis were included in the following
multivariate logistic regression analysis, which was used to
determine the independent factors associated with recurrent
stroke. Multicollinearity testing was performed using variance
inflation factor (VIF) as an evaluation standard. A VIF that
equals 1 indicates no multicollinearity among factors; a VIF
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TABLE 1 | Demographic information of the study population.

Group 1,

patients with

first-time acute

stroke (N = 80)

Group 2,

patients with

recurrent acute

stroke (N = 42)

Group 3, patients

with chronic

stroke (N = 54)

pa-value Between-group pb

values: group 1 vs. 2;

group 2 vs. 3, group

1 vs. 3

Male, n (%) 53 (66.3%) 24 (57.1%) 32 (59.3%) 0.547 0.322, 0.835, 0.410

Age, year 59.45 ± 9.85 60.64 ± 9.40 63.32 ± 9.37 0.075 0.515, 0.178, 0.025

BMI, kg/m2 24.60 ± 2.89 24.58 ± 2.34 24.68 ± 2.21 0.978 0.957, 0.845, 0.866

Interval between symptom

and MRI scan#
20d (2d−30d) 15d (2d−30d) 6M (3M−48M) NA 0.158†

Baseline NIHSS# 2 (0–8) 2.5 (0–6) 2 (0–8) 0.107 0.587, 0.051, 0.090

Risk factors

Current smoking, n (%) 15 (18.8%) 10 (23.8%) 7 (13.0%) 0.387 0.511, 0.188, 0.375

Alcohol, n (%) 7 (8.8%) 7(16.7%) 3(5.6%) 0.175 0.235, 0.098, 0.739

Family history of CVD, n

(%)

18 (22.5%) 10 (23.8%) 16 (29.6%) 0.633 0.870, 0.949, 0.352

DM, n (%) 36 (45.0%) 17 (40.5%) 16 (29.6%) 0.199 0.632, 0.524, 0.073

CAD, n (%) 4 (5.0%) 8 (19.0%) 7 (13.0%) 0.042 0.022, 0.415, 0.118

Hypertension, n (%) 56 (70.0%) 34 (81.0%) 42 (77.8%) 0.353 0.191, 0.704, 0.319

SBP, mmHg 145.05 ± 21.59 144.02 ± 23.02 143.33 ± 19.23 0.897 0.800, 0.875, 0.647

DBP, mmHg 84.00 ± 12.39 83.64 ± 13.79 83.65 ± 11.18 0.982 0.880, 0.998, 0.872

Dyslipidemia, n (%) 26 (33.3%) 9 (21.4%) 16 (31.4%) 0.381 0.171, 0.282, 0.816

Laboratory findings

Blood glucose, mmol/L 6.33 ± 2.15 5.81 ± 1.40 5.96 ± 1.54 0.269 0.137, 0.691, 0.250

HDL cholesterol, mmol/L 1.00 ± 0.31 1.05 ± 0.31 1.02 ± 0.36 0.751 0.452, 0.687, 0.731

LDL cholesterol, mmol/L 2.06 ± 0.83 2.03 ± 0.76 2.20 ± 0.88 0.555 0.874, 0.339, 0.349

TG, mmol/L 2.16 ± 1.33 1.76 ± 1.31 2.21 ± 1.30 0.199 0.112, 0.104, 0.847

TC, mmol/L 2.98 ± 1.38 3.18 ± 1.12 3.12 ± 1.59 0.720 0.451, 0.824, 0.578

Hs-CRP, mg/L# 2.15 (0.19–25.4) 3.48 (0.33–38.34) 1.25 (0.18–18.56) 0.167 0.397, 0.060, 0.197

Medication

Pre-admission statin use

(%) (>3months)

9 (11.3%) 22 (52.4%) 8 (14.8%) <0.001 <0.001, <0.001, 0.543

Pre-admission aspirin use

(%) (>3months)

3 (3.8%) 14 (33.3%) 6 (11.1%) <0.001 <0.001, 0.008, 0.157

Pre-admission dual

antiplatelet therapy use

(%) (>3months)

5 (6.3%) 7 (16.7%) 1 (1.9%) 0.024 0.106, 0.020, 0.401

†
Comparison confined to between group 1 and group 2 for comparability.

#Medium (range); d, day; m, month.

BMI, body mass index; CVD, cerebro-cardiovascular disease; CAD, coronary artery disease; DM, diabetes mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL,

high-density lipoprotein; LDL, low-density lipoprotein; TG, triglyceride; TC, total cholesterol; Hs-CRP, high-sensitivity C-reactive protein. NIHSS, NIH Stroke Score.

pa values are calculated by ANOVA or chi-square test among three groups, as appropriate; pb values are calculated by independent-samples t-test or Mann–Whitney U-test or chi-square

test between group 1 and 2, group 2 and 3, or group 1 and 3, as appropriate.

between 1 and 5 indicates moderate collinearity; a VIF between
5 and 10 indicates a high correlation that may be problematic;
a VIF > 10 indicates a significant correlation leading to
unreliability of the regression analysis (Kim, 2019). All tests
were two-tailed, and p < 0.05 were considered significant. The
receiver-operating characteristic (ROC) curves were plotted for
parameters with independent significance, and area under curves
(AUC) were calculated. SPSS (Statistics version 22) was used
for data analysis. MedCalc version 19.1 was used for drawing
ROC curves.

RESULTS

Characteristics of Patients
The patient selection flowchart is shown in Figure 1. From
October 2017 to December 2020, 278 patients met the inclusion

criteria. After the exclusion of 102 patients, 176 patients [aged 61

± 10 years; 109 (61.9%) men] were included in the final analysis.

The demographic information of patients is listed in Table 1.

Of these patients, 132 (75%) had hypertension, 69 (39.2%) had
diabetes, 51 (28.9%) had dyslipidemia, 44 (25%) had family
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TABLE 2 | Comparisons of plaque features among the three group patients.

Group 1,

patients with

first-time acute

stroke (N = 80)

Group 2,

patients with

recurrent acute

stroke (N = 42)

Group 3, patients

with chronic

stroke (N = 54)

pa-value Between-group

pb-values: group 1

vs. 2; group 2 vs. 3,

group 1 vs. 3

PLAQUE CHARACTERISTICS

Multiple plaque, n (%) 69 (86.2%) 39 (92.9%) 50 (92.6%) 0.371 0.376, 0.999, 0.253

Average plaque number, n 3.71 ± 1.96 5.19 ± 1.90 3.46 ± 1.33 <0.001 <0.001, <0.001, 0.417

Total plaque enhancement

score

3.24 ± 2.12 4.29 ± 2.24 2.65 ± 1.80 0.001 0.008, <0.001, 0.106

CULPRIT PLAQUE LOCATION

Anterior circulation

ICA (C6-C7), n (%) 2 (2.5%) 3 (7.1%) 1 (1.9%) 0.956 0.388, 0.316, 0.999

ACA (A1-A2), n (%) 0 0 0 NA

MCA (M1-M2), n (%) 55 (68.8%) 32 (76.2%) 35 (64.8%) 0.482 0.388, 0.229, 0.634

Posterior circulation

VA (V4), n (%) 14 (17.5%) 2 (4.8%) 8 (14.8%) 0.143 0.048, 0.178, 0.681

BA, n (%) 9 (11.3%) 5 (11.9%) 10 (18.5%) 0.452 0.999, 0.376, 0.237

PCA (P1-P2), n (%) 0 0 0 NA

CULPRIT PLAQUE FEATURES

Eccentricity, n (%) 28 (35.0%) 18 (42.9%) 19 (35.2%) 0.660 0.395, 0.444, 0.982

Stenosis>50%, n (%) 71 (88.8%) 38 (90.5%) 46 (85.2%) 0.707 0.769, 0.437, 0.543

Stenosis, % 75.31 ± 18.04 80.00 ± 19.36 71.85 ± 16.09 0.087 0.169, 0.027, 0.271

Plaque length, mm 8.30 ± 4.14 8.71 ± 5.93 6.92 ± 3.73 0.112 0.632, 0.056, 0.086

Plaque thickness, mm 1.70 ± 0.74 1.70 ± 0.71 1.63 ± 0.78 0.845 0.996, 0.647, 0.590

Plaque area, mm2 10.68 ± 8.36 9.02 ± 7.24 9.33 ± 7.87 0.463 0.276, 0.850, 0.339

Plaque burden, % 79.10 ± 9.28 83.42 ± 6.42 74.48 ± 13.64 <0.001 0.029, <0.001, 0.012

Plaque hemorrhage, n (%) 8 (10.0%) 4 (9.5%) 7 (13.0%) 0.829 0.933, 0.600, 0.594

PLAQUE ENHANCEMENT

Grade 0, n (%) 11(13.8%) 5 (11.9%) 15(27.8%) 0.060 0.774, 0.057, 0.044

Grade 1, n (%) 35(43.8%) 10 (23.8%) 22 (40.7%) 0.087 0.030, 0.081, 0.730

Grade 2, n (%) 34(42.5%) 27 (64.3%) 17 (31.5%) 0.005 0.022, 0.001, 0.198

Plaque ER 1.77 ± 0.63 2.06 ± 0.39 1.53 ± 0.37 <0.001 0.003, <0.001, 0.009

NON-CULPRIT PLAQUE FEATURES

Stenosis, % 31.48 ± 19.55 34.64 ± 16.46 39.82 ± 19.74 0.046 0.382, 0.185, 0.013

Max plaque thickness, mm 1.22 ± 0.73 1.44 ± 0.62 1.27 ± 0.58 0.219 0.083, 0.238, 0.616

Enhanced plaque number, n

(%)

118 (49.4%) 89 (50.6%) 65 (45.5%) 0.273 0.303, 0.110, 0.458

Grade 2 enhanced plaque

number, n (%)

33 (13.8%) 18 (10.2%) 16 (11.2%) 0.636 0.414, 0.968, 0.459

ICA, internal carotid artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; VA, vertebral artery; BA, basilar artery; PCA, posterior cerebral artery, ER, enhancement ratio.

pa values are calculated by ANOVA or chi-square test among three groups, as appropriate; pb values are calculated by independent-samples t-test or Mann–Whitney U-test or chi-square

test between group 1 and 2, group 2 and 3, or group 1 and 3, as appropriate.

history of cerebro-cardiovascular disease, 19 (10.8%) had CAD,
and 32 (18.2%) were current smokers at the time of imaging.
There were 80 first-time acute stroke patients, 42 recurrent acute
stroke patients, and 54 chronic stroke patients. Recurrent acute
stroke occurred with a mean of 12.6 ± 23.9 months (median 3.5
months, interquartile range 1–10.5 months) after the previous

events. The age of chronic stroke patients was older than that of
the first-time acute stroke patients (p = 0.025). The prevalence
of CAD of recurrent acute stroke patients was higher than that
of the first-time acute stroke patients (p = 0.022). Pre-admission
statin and aspirin use was more common in the recurrent acute
stroke group than in the other two groups, while dual antiplatelet
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use was more common in the recurrent acute stroke group
compared with the chronic stroke group, but no different from
the first-time acute stroke patients. No significant difference was
observed in other clinical characteristics among the three groups.

Comparison of Intracranial Plaque
Features Among the Three Groups
The comparison of intracranial plaque features among the three
groups is shown in Table 2. Seven hundred and two intracranial
plaques were identified in all participants (297 in the first-time
acute stroke group; 218 in the recurrent acute stroke group, and
187 in the chronic stroke group). A mean of 4.0± 1.9 (median 4,
range 1–9) plaques were identified per patient, with a mean of 3.7
± 1.9 (median 3, range 1–9) plaques in anterior circulation stroke
patients and 4.7± 1.8 (median 5, range 1–9) plaques in posterior
circulation stroke patients. Recurrent acute stroke patients had
more plaques than the other two groups (p < 0.001).

As for culprit plaque, there was the following arterial segment
involvement: 6 (3.4%) intracranial internal carotid artery, 122
(69.3%) M1-2 segment of the MCA, 24 (13.6%) V4 segment
of vertebral artery, and 24 (13.6%) were found in basilar
artery. Patients with acute stroke (first-time and recurrent) had
significantly larger culprit plaque burden and higher plaque
ER than patients with chronic stroke (p < 0.001, p < 0.001,
respectively). Patients in the recurrent acute stroke group had
larger culprit plaque burden (p < 0.001) and higher plaque ER
(p < 0.001) than the other two groups. The degree of stenosis
of culprit plaques was not significantly different among the three
groups (p = 0.087) but was significantly different between the
recurrent acute stroke group and the chronic stroke group (p =

0.027). Culprit plaque length (p= 0.112), culprit plaque thickness
(p = 0.845), culprit plaque area (p = 0.463), and culprit plaque
eccentricity (p = 0.660) were not significantly different among
the three groups. The prevalence of culprit IPH was generally
low in all three groups. Box plots are shown in Figure 2, and the
representative cases are shown in Figures 3, 4.

No significant difference was detected in the investigated
plaque features of non-culprit plaques among the three groups.

Association Between Intracranial Plaque
Characteristics and Recurrent Acute
Stroke
Table 3 shows univariate and multivariate analysis results for
the parameters associated with recurrent acute stroke compared
with the first-time acute stroke. The VIF values between
intracranial plaque enhancement score and culprit plaque ER,
culprit plaque enhancement grade, total plaque number are
1.279, 1.313, and 1.258, respectively, indicating a moderate
collinearity, which is unlikely to substantially affect the following
multivariate analysis significantly, whereas culprit plaque ER
had no collinearity with culprit plaque enhancement grade
(VIF = 1.0) (Supplementary Table 1). After the adjustment
of clinical demographic factors, CAD [odds ratio, 4.61 (95%
CI, 1.11–19.18); p = 0.035), total plaque number [odds ratio,
1.54, (95% CI, 1.16–2.03); p = 0.003], culprit plaque ER [odds
ratio, 2.50, (95% CI, 1.06–5.89); p = 0.036], and culprit plaque

burden [odds ratio, 2.44, per 10% increase (95% CI, 1.24–4.79);
p = 0.010] were all independently associated with recurrent
acute stroke.

The ROC curves of differentiating patients with the first-
time and recurrent acute strokes are shown in Figure 5. The
areas under the curve for CAD, culprit plaque burden, culprit
plaque ER, and total plaque number were 0.570, 0.636, 0.704, and
0.716, respectively. The AUCs for CAD, culprit plaque burden,
culprit plaque ER, and total plaque number were 0.570, 0.636,
0.704, and 0.716, respectively. The cutoff values of culprit plaque
burden, culprit plaque ER, and total plaque number were 81.60%
(sensitivity = 69.05%, specificity = 55.0%), 1.91 (sensitivity =

78.57%, specificity = 66.25%), and 4 (sensitivity = 76.19%,
specificity = 66.25%), respectively. The AUC was 0.804 for
the total plaque number combined with culprit plaque burden,
culprit plaque ER, and CAD (sensitivity = 78.57%; specificity =
73.75%), and the corresponding cutoff values of culprit plaque
burden, culprit ER, and total plaque number were 88.88%, 1.13,
and 5, respectively.

The logistic regression analysis and ROC curves for
differentiating between chronic and recurrent acute stroke
groups were also performed in Supplementary Table 2 and
Supplementary Figure 2. We found that culprit plaque ER
and total plaque numbers were independently associated with
recurrent acute stroke compared with chronic stroke patients
(OR = 51.01 and OR = 2.30, respectively). The AUCs of
culprit ER and total plaque number were 0.836 and 0.783, and
a combination of the two factors achieved an excellent AUC
of 0.916.

Reliability Assessment
There were excellent intra- and inter-reader agreements for
the identification of intracranial plaque, plaque enhancement
grade, IPH, measurement of stenosis, plaque length, plaque
thickness, plaque burden, ER, enhancement score, and total
plaque number. The kappa values or ICC values were all higher
than 0.8 (Table 4). Bland–Altman analysis results are shown
in Supplementary Figure 3. Good agreement was shown on
the Bland–Altman plots without significant bias. The above
quantitative results of the plaque analysis were based on
one reviewer (LW) because of the excellent intra- and inter-
reader agreements.

DISCUSSION

In this study, a group of plaque features of intracranial
atherosclerotic lesions in patients with ischemic stroke was
evaluated with 3D contrast-enhanced MR-VWI. We found that
plaque number, culprit plaque ER, plaque burden, and CAD
were independently associated with acute stroke recurrence. Our
study highlights the importance of performing whole-brain vessel
wall imaging and evaluating not only the culprit artery but
also the entire cerebral artery tree, considering the significant
associations between the total plaque number and the recurrence
of acute stroke events. Different from the previous vessel wall
MRI studies of recurrent ICAD stroke, the novelty of our study
is that we evaluated all the arterial plaques in the Circle of
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FIGURE 2 | Comparisons of intracranial plaque features among the three groups. Intracranial plaque numbers (A) and culprit plaque features (B, plaque burden, C,

enhancement ratio, D, degree of stenosis) on 3D MR-VWI in patient groups with the first-time acute stroke, recurrent acute stroke, and in patients with chronic stroke.

ER, enhancement ratio. **p < 0.001, *p < 0.05, ns, no significant.

FIGURE 3 | A case with recurrent acute stroke. A 62-year-old male patient presented with recurrent acute stroke. (a) Axial diffusion-weighted imaging detects

high-signal-intensity lesions in the right corona radiata. (b) Time-of-flight magnetic resonance angiography image shows severe stenosis on the M1 segment of right

middle cerebral artery (MCA) (red arrow) and no obvious stenosis on the left MCA, basilar artery (BA) or posterior cerebral artery (PCA). (c–f) curved planar

reconstruction images from pre-contrast and post-contrast whole-brain vessel wall imaging show multiple plaques in the right MCA (red arrow) and left MCA (white

arrow), bilateral C7 segment of internal carotid artery (ICA) (yellow arrow), P1 segment of right PCA (blue arrow), and V4 segment of vertebral artery (VA) (orange

arrow). Grade 2 enhancement pattern and obvious contrast enhancement are detected in the culprit plaque of the M1 segment of right MCA (red arrowhead).
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FIGURE 4 | A case with first-time acute stroke. A 68-year-old male patient with the first-time acute stroke. (a) Axial diffusion-weighted imaging detects

high-signal-intensity lesion in the right corona radiata. (b) Time-of-flight magnetic resonance angiography image shows moderate stenosis on the M1 segment of right

middle cerebral artery (MCA) (red arrow) and no stenosis on the left MCA. (c,d) Curved planar reconstruction images from pre-contrast and post-contrast whole-brain

vessel wall imaging show a focal plaque in the right M1 segment of MCA. No obvious contrast enhancement is identified in the culprit plaque of the right MCA M1

segment (red arrowhead).

TABLE 3 | Univariate and multivariate analyses for factors associated with recurrent stroke in comparison with the first-time stroke.

Parameters Univariate analysis Multivariate analysis

OR (95% CI) p-value OR (95% CI) p-value

Male 0.68 (0.32–1.46) 0.323

Age, year 1.01 (0.97–1.05) 0.517

BMI, kg/m2 0.10(0.87–1.15) 0.958

Hypertension 1.82 (0.74–4.51) 0.195

Dyslipidemia 0.55 (0.23–1.31) 0.174

Current smoking 1.35 (0.55–3.35) 0.512

Alcohol use 2.09 (0.68–6.41) 0.199

DM 1.13 (0.53–2.34) 0.761

CAD 4.47 (1.26–15.86) 0.020 4.61 (1.11–19.18) 0.035

Hs–CRP, mg/L 1.01 (0.96–1.11) 0.429

Culprit plaque stenosis, % a 1.25 (0.96–1.53) 0.101

Culprit plaque thickness, mm 1.00 (0.60–1.67) 0.996

Culprit plaque length, mm 1.02 (0.94–1.10) 0.652

Culprit plaque area, mm2 0.97 (0.92–1.02) 0.280

Culprit plaque burden, % a 2.03 (1.18–3.50) 0.011 2.44 (1.24–4.79) 0.010

Culprit plaque ER 2.51 (1.23–5.12) 0.011 2.50 (1.06–5.89) 0.036

Total plaque enhancement score 1.24 (1.04–1.48) 0.015 0.93 (0.72–1.19) 0.544

Total plaque number 1.47 (1.19–1.82) <0.001 1.54 (1.16–2.03) 0.003

aOR based on every 10% increase.

BMI, body mass index; CAD, coronary artery disease; DM, diabetes mellitus; Hs-CRP, high-sensitivity C-reactive protein; ER, enhancement ratio.
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FIGURE 5 | The ROC of plaque features for differentiating patients with the

first-time and recurrent acute stroke. ER, enhancement ratio; CAD, coronary

artery disease; ROC, receiver-operating characteristic curves; AUC, area

under curve. CAD: AUC = 0.570. Culprit plaque ER: AUC = 0.704 (cutoff =

1.91, sensitivity = 78.57% specificity = 66.25%). Culprit plaque burden: AUC

= 0.636 (cutoff = 81.60%, sensitivity = 69.05%, specificity = 55.0%). Total

plaque number: AUC = 0.716 (cutoff = 4, sensitivity = 76.19%, specificity =

66.25%). CAD + Total plaque number + Culprit plaque ER + Culprit plaque

burden: AUC = 0.804 (sensitivity = 78.57%, specificity = 73.75%).

Willis instead of only evaluated the features of a single culprit
plaque (mostly MCA plaque or basilar artery plaque) (Kim et al.,
2016; Ran et al., 2020; Shi et al., 2021). Some other studies were
assessing multiple plaques in ICAD, but they didn’t evaluate
recurrent stroke patients (Qiao et al., 2014; Zwartbol et al., 2020).
Another strength of this study is the relatively large sample size
(176 patients with 702 plaques), and our results demonstrate
the added value of performing 3D contrast-enhanced VWI and
multiplaque analysis.

Compared with traditional 2D high-resolution contrast-
enhanced MRI that was commonly used to assess intracranial
plaque, 3D quantitative MRI has several major advantages. First,
it covers the multiple plaques in the entire circle of Willis in a
single scan, while 2D scans need multiple scans for each plaque
and the slice position has inter-operator variations. Second, it
provides high isotropic resolution (voxel size 0.6mm3 in our
study); thus, the vessels can be reconstructed in any plane, while
2D imaging has larger slice thickness (2mm mostly), which
is challenging to evaluate the tortuous segments. The partial
volume effect of the thick slice also reduces the accuracy when
quantifying the plaque thickness, area, and plaque burden. Our
study found that intracranial plaque number was independently
associated with recurrent acute stroke. As a systemic disease,
atherosclerosis tends to affect multiple arterial segments. Several
studies have documented that multiple intracranial stenoses

were associated with recurrent stroke. The Chinese Intracranial
Atherosclerosis Study (CICAS) (Wang et al., 2014; Sun et al.,
2018) and Clopidogrel in High-Risk Patients With Acute
Nondisabling Cerebrovascular Events trial (CHANCE) (Zhu B.
et al., 2018) were two multicenter, prospective MRA trials,
which found that multiple ICAS was significantly associated with
recurrent stroke in patients with previous stroke or transient
ischemic attack. A retrospective DSA study with 576 non-
disabling ischemic stroke patients established that asymptomatic
ICAS was an independent risk factor for 30-days recurrent
stroke (odds ratio = 2.37, 95% CI, 1.14–5.63) in patients
undergoing symptomatic ICAS stenting (Zhao et al., 2018). In
a prospective, long-term transcranial Doppler (TCD) follow-up
study, Arenillas et al. reported that the number of coexisting
asymptomatic ICAS showed a trend toward a higher recurrence
rate (Arenillas et al., 2001). This supports the importance of
evaluating the entire cerebral artery tree. Also, the use of 3D
black blood MRI can potentially detect more plaques without
stenosis than DSA (up to 27% more by a recent study) (Tian
et al., 2021). Recent 3D MR-VWI studies showed that the total
plaque number involving both the symptomatic intracranial and
extracranial arteries had a strong predictive value for recurrent
stroke (Xu et al., 2016; Li et al., 2020). Compared to previous
studies, our study with 3DMR-VWI evaluated the entire cerebral
vasculature out to the second-order branches, rather than only
the symptomatic arterial territory; our approach enriched the
existing evidence that multiple intracranial plaques are related
to stroke recurrence. One potential mechanism for this finding
could be that the higher atherosclerosis burden is the result of
poor control of vascular risk factors that may contribute to stroke
recurrence. Genetic contributors could also be a consideration,
but further investigation is needed for a better understanding
of the mechanisms. Besides, longitudinal studies are needed to
confirm these relationships.

Previous studies showed that several intracranial plaque
features were associated with recurrent stroke (Kim et al., 2016;
Ran et al., 2020). Kim et al. (2016) reported that the presence of
plaque enhancement predicted future stroke recurrence among
stroke patients with intracranial atherosclerosis. Ran et al. (2020)
found that plaque burden was associated with recurrent stroke
in patients with MCA stenosis in a cross-sectional analysis
comparing the first-time stroke and recurrent stroke patients.
Our study showed that quantitative culprit plaque ER and
plaque burden both as independent factors were associated with
recurrent acute stroke, which was different from the previous
studies. Disparities between our study and Kim’s as compared
to the study by Ran et al. could have arisen from the fact
that we included both anterior and posterior circulation ICAD,
while Ran et al. only analyzed symptomatic atherosclerotic MCA.
Another difference between the studies was the degree of stenosis
of culprit arteries. Our study included mostly patients with
severe stenosis (median 80%), and the previous studies included
mild–moderate stenosis patients (23.3–51.8% stenosis in Ran’s
study). Kim’s study was longitudinal and qualitative, Ran’s study
was a cross-sectional and quantitative using 2D MRI, and our
study was a cross-sectional and quantitative using 3D MR-
VWI. The different results of these studies indicate that future
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TABLE 4 | Inter-observer and intra-observer reproducibility (N = 30).

Inter-observer agreement Intra-observer agreement

Parameters Bias (LOA) p-value ICC/κ (95%CI) Bias (LOA) p-value ICC/κ (95%CI)

Identification of intracranial plaque – – 0.870 (0.620–1.000) – – 0.870 (0.620–1.000)

Plaque enhancement grade – – 0.904 (0.775–1.000) – – 0.842 (0.674–1.000)

Intraplaque hemorrhage – – 1.000 – – 1.000

Culprit plaque ER −0.09 (−0.92–0.74) 0.456 0.839 (0.689–0.920) 0.12 (−0.66–0.90) 0.271 0.819 (0.658–0.909)

Culprit plaque enhancement score −0.07 (−1.77–1.64) 0.893 0.897 (0.796–0.950) 0.13 (−1.77–2.04) 0.776 0.858 (0.724–0.929)

Culprit plaque length, mm −0.18 (−2.81–2.45) 0.777 0.932 (0.863–0.967) −0.78 (−2.88–1.33) 0.344 0.937 (0.875–0.969)

Culprit plaque stenosis, % 1.07 (−8.64–10.78) 0.453 0.977 (0.953–0.989) 3.30 (−6.19–12.79) 0.102 0.969 (0.937–0.985)

Culprit plaque burden, % 0.97 (−10.41–12.35) 0.502 0.879 (0.762–0.941) 1.62 (−10.03–13.28) 0.356 0.863 (0.735–0.932)

Culprit plaque thickness, mm −0.04 (−0.60–0.53) 0.771 0.891 (0.784–0.947) −0.20 (−0.83–0.43) 0.189 0.823 (0.675–0.915)

Total plaque number 0.20 (−1.88–2.28) 0.746 0.863 (0.733–0.933) 0.30 (−1.89–2.49) 0.545 0.826 (0.668–0.913)

ICC, intraclass correlation coefficient; LoA, limitation of agreement.

larger-scale longitudinal studies with standardization of plaque
measurements are needed to further establish vulnerable plaque
features predicting stroke recurrence. IPH in the intracranial
plaque is another culprit plaque feature that is associated with
acute stroke (Xu et al., 2012; Zhu C. et al., 2018), but it hasn’t been
found to be associated with recurrent stroke. In our study, the
prevalence of IPH was low (10.8%), which agreed with previous
studies (MCA, 10.1%, BA, 17.5%) (Xu et al., 2012; Zhu C. et al.,
2018). The low prevalence of IPH may be the reason why it was
not significant in our study, and future larger-scale study may
help better indent the role of IPH with recurrent stroke.

Previous large prospective studies showed that patients with
severe symptomatic ICAS (70 to 99%) are at particularly high risk
for recurrent stroke in the stenotic artery territory (5–23% at 1
year) despite standard medical therapy and control of vascular
risk factors (Kasner et al., 2006; Zaidat et al., 2008; Chimowitz
et al., 2011; Wang et al., 2014; Sun et al., 2018). We, however, did
not find stenosis as an independent factor for recurrent stroke,
possibly because our study was single-center study and all our
patients had advanced atherosclerosis with acute ischemic stroke,
so the stenosis range was narrow (median 80% and interquartile
range, 70–90%).

Coexisting CAD is common in patients with stroke (Bae
et al., 2006; Liu et al., 2020). An observational multicenter survey
reported that 15.8% of patients with recent atherothrombotic
cerebral infarction had a history of CAD (Leys et al., 2006). Cheng
et al. found that CAD carried a 1.5-fold risk in 1-year recurrent
ischemic stroke in men (Cheng et al., 2020). Man et al. (2010)
reported that ischemic stroke patients with concurrent stenoses
and CAD had a high risk of poor outcomes and recurrent
vascular events. Our findings agree with these previous studies
that CAD is associated with recurrent ischemic stroke.

Our study and most previous vessel wall MRI studies of
intracranial plaque rely on manual contouring of the plaque
boundaries, which is limited by the experience of readers and
is time-consuming. Automatic segmentation of the intracranial
vessel wall boundaries will improve the reproducibility of plaque
measurements and save time. However, the segmentation of

the intracranial vessel wall is a challenging task mostly due
to the small size of intracranial plaque (around 2mm thick
or less), the tortuous course of intracranial arteries, and the
lack of contrast between the vessel wall and surrounding
tissues (Mandell et al., 2017). Therefore, the investigation of
the automatic segmentation of the intracranial vessel wall is
still rare. Shi et al. developed a U-net-like fully convolutional
network (FCN) method to automate vessel wall segmentation in
a cohort of 56 patients with intracranial plaque and achieve a
Dice coefficient of 0.77 for vessel wall segmentation (Shi et al.,
2019). With the strong efforts of the research community on
developing methods in intracranial vessel wall segmentation, and
the continuous improvement in imaging techniques with novel
sequences and ultra-high-field strength (Zhu et al., 2016), more
robust and automatic techniques will be available for clinical
applications soon.

This study has several limitations. First, this is a cross-
sectional study, and all MRIs were performed after the ischemic
stroke event. The plaque morphology may change after stroke.
Therefore, our results could only demonstrate the possible
association between plaque features and recurrent acute stroke,
but not the causality. Our results should be interpreted with
caution, and our findings require a validation with future
larger-scale longitudinal studies. Second, we did not evaluate
collateral circulation and concurrent extracranial stenosis, both
of which might play an important role in the assessment of
cerebral hemodynamics and stroke risk. Future development
of a risk stratification model incorporating ICAD burden,
concurrent extracranial stenosis, and collateral status could
provide a valuable tool for assessing the risk of recurrent
ischemic events. Third, although we excluded patients with
strong flow artifacts that affect the evaluation of the plaque
features, there were still somemoderate flow artifacts that existed.
Additional blood suppression techniques, including MSDE (Zhu
et al., 2014) and DANTE (Zhu et al., 2019), should be used
in future studies to reduce the flow artifacts and improve the
image quality. Fourth, the exact mechanism accounting for
intracranial plaque enhancement remains unknown due to the
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lack of histology validation, and its relationship with intracranial
plaque inflammation is not well-understood. Future studies using
contrast agents directly targeting inflammation [like ultra-small
superparamagnetic iron oxides (USPIOs)] (Hope et al., 2015) will
allow the evaluation of vessel wall inflammation directly. And
quantitative 3D analysis methods, including radiomics (Shi et al.,
2018), will improve the evaluation of contrast enhancement.

CONCLUSION

Increased intracranial atherosclerotic plaque number, higher
culprit plaque ER, greater culprit plaque burden, and CAD are
independently associated with recurrent acute stroke.
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Background:White matter hyperintensity (WMH) burden is associated with a higher risk

of ischemic stroke. Phenylacetylglutamine (PAGln) is a gut microbiota-derived metabolite

that may induce cardiovascular events by activating platelets and increasing the risk

of thrombosis. The relationship between plasma PAGln and WMH burden in patients

with ischemic stroke is unknown. This study was designed to investigate the association

between plasma PAGln and WMH burden in patients with acute ischemic stroke.

Methods: A total of 595 patients with acute ischemic stroke were enrolled in this study

within 14 days of symptom onset. The burden of WMH was evaluated using the Fazekas

scale based on the fluid-attenuated inversion recovery sequence. The severity of overall

WMH was defined as none–mild WMH (total Fazekas score 0–2) or moderate–severe

WMH (total Fazekas score 3–6). Based on the severity of periventricular WMH (P-WMH)

and deep WMH (D-WMH), patients were categorized into either a none–mild (Fazekas

score 0–1) group or a moderate–severe (Fazekas score 2–3) group. Plasma PAGln levels

were quantified using liquid chromatography–mass spectrometry.

Results: We found that patients with moderate–severe overall WMH showed higher

plasma PAGln levels than patients with none–mild overall WMH, and similar results

were found in the analyses according to P-WMH and D-WMH. The logistic regression

analysis showed that the fourth PAGln quartile was independently associated with

moderate–severe overall WMH (adjusted 95% CI 1.134–4.018) and P-WMH (adjusted

95% CI 1.174–4.226).

Conclusion: These findings suggest that higher plasma PAGln levels are associated

with moderate–severe overall WMH and P-WMH in patients with acute ischemic stroke.

Keywords: metabolomics, phenylacetylglutamine, white matter hyperintensities, ischemic stroke, biomarkers
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INTRODUCTION

Stroke is a major cause of disability and death in China (Wu et al.,
2019). White matter hyperintensity (WMH) is the most common
radiological marker of small vessel disease (SVD) (Joutel and
Chabriat, 2017), and mounting evidence has shown that WMH
burden is related to the risk of first stroke, recurrent stroke, and
poorer outcomes after stroke (Arsava et al., 2009; Park et al.,
2019). Age and hypertension are widely considered to be the
main risk factors for WMH (Rist et al., 2019), but they do not
account for all the pathophysiological mechanisms of WMH.
Therefore, identifying novel risk factors is crucial to improve
our understanding of the etiology and consequences of WMH in
patients with ischemic stroke.

Recently, altered circulating metabolites have been identified
as contributing factors in stroke and cerebral small vessel disease
(CSVD) (Nie et al., 2018; Janes et al., 2019). For instance,
asymmetric dimethylarginine (ADMA) levels were found to be
positively correlated with WMH burden in young asymptomatic
patients (Janes et al., 2019). Phenylacetylglutamine (PAGln), a gut
microbiota-derived metabolite, has been associated with adverse
cardiovascular events, such as coronary artery disease and stroke
(Nemet et al., 2020). PAGln is formed by the conjugation of
glutamine and phenylacetate, which is derived from bacterial
phenylalanine metabolism (Moldave and Meister, 1957). Higher
plasma PAGln levels increase the risk of cardiovascular events
whichmay be due to enhanced platelet activation and thrombosis
potential (Nemet et al., 2020).

However, the relationship between circulating PAGln and
WMH burden in ischemic stroke patients is unknown.
Therefore, to enhance our knowledge of the predictive role of
PAGln in WMH impairment, we prospectively investigated the
relationship between circulating PAGln and WMH impairment
in patients with ischemic stroke. This study represents the first
cross-sectional study examining whether plasma PAGln levels are
associated with WMH burden in ischemic stroke patients.

MATERIALS AND METHODS

Study Participants
This study included consecutive patients with ischemic stroke
confirmed between August 2017 and October 2020. We recruited
595 patients with ischemic stroke confirmed by diffusion-
weighted imaging of the brain within 14 days of symptom onset.
The other inclusion criterion was age ≥18 years. We excluded
patients with disabilities (Modified Rankin Scale score ≥2)
before stroke onset and those without fluid-attenuated inversion
recovery sequence (FLAIR). This study was approved by the
Ethics Committee of Xiangya Hospital. All participants provided
written informed consent.

Clinical Assessments
We assessed demographic characteristics and medical history,
including age, sex, vascular risk factors [i.e., hypertension,
diabetes mellitus, dyslipidemia, coronary heart disease (CAD),
smoking, and drinking], based on the definitions previously
described in detail (Feng et al., 2021). Complete blood count, liver

and kidney function, blood glucose, homocysteine, and serum
lipids were determined from overnight fasting venous blood
samples from each participant on the second day of admission.

Fluid-Attenuated Inversion Recovery
Sequence Magnetic Resonance Imaging
Assessment of WMH
Periventricular WMH (P-WMH) and deep WMH (D-WMH)
were assessed on FLAIR images using the Fazekas scale, which
ranges from 0 to 3. We categorized the severity of P-WMH and
D-WMH as none–mild (Fazekas score 0–1) or moderate–severe
(Fazekas score 2–3) (Yu et al., 2018). The total Fazekas score was
classified based on the sum of P-WMH andD-WMH (range 0–6).
The severity of overall WMH was identified as follows: none–
mild WMH (Fazekas score 0–2) or moderate–severe WMH
(Fazekas score 3–6) (Zhu et al., 2020).

Quantification of PAGln
Overnight fasting venous blood samples were collected as soon
as possible on the second day of admission. The whole blood
sample was centrifuged into plasma and stored at −80◦C
until analysis. Plasma PAGln was quantified on an AB SCIEX
TripleTOF 6500 system (AB SCIEX, Foster City, CA, USA)
using liquid chromatography-mass spectrometry with D5-PAGln
(CDN Isotopes, Cat # D-6900) as an internal standard. First,
plasma was diluted 10-fold with ddH2O, then 2 µl of 1 ppm D5-
PAGln was added to 48 µl of diluted plasma, and the mixture
was diluted 4-fold with ice-coldmethanol and vortexed for 1min.
The supernatant was then centrifuged at 21,000×g at 4◦C for
15min and transferred to a clean vial for testing. Finally, 1 µl
of the supernatant was injected into an Acquity UPLC BEH
C18 column (Waters, Herts, UK) for analysis (50 × 2.1mm,
1.7µm). The column temperature was 40◦C, and the flow rate
was 0.3 ml/min, with the mobile phase A containing 0.1% acetic
acid in water and mobile phase B containing 0.1% acetic acid
in water. We used known PAGln concentrations to establish a
standard curve for the determination of PAGln concentrations.
The PAGln concentration of the standard was 10 ng/ml. The
intra-day coefficients of variation were 0.80–1.39%, and the inter-
day coefficients of variation were 4.80–6.00%.

Statistical Analysis
We used SPSS 22.0 (IBM Corp., Armonk, NY, USA) and
GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA)
for the statistical analysis. The participants were dichotomized
according to WMH burden into none–mild and moderate–
severe groups using the Fazekas scores. In addition, participants
were divided into four groups according to the quartiles
of plasma PAGln concentrations. Categorical variables were
described as proportions, and continuous variables were
described as mean ± SD or medians [interquartile range
(IQR)]. Continuous variables were compared using an ANOVA,
Kruskal–Wallis test, or Mann–Whitney U test, as appropriate.
Categorical variables were analyzed using the Pearson’s χ

2 test.
We conducted a logistic regression analysis using the following
three models: an unadjusted model, a model adjusted for age and
sex, and a model adjusted for age, sex, and the variables showing
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TABLE 1 | Baseline characteristics of patients with ischemic stroke according to PAGln quartiles.

Variables First quartile Second quartile Third quartile Fourth quartile P value

n = 149 n = 149 n = 149 n = 148

Fazekas score 2.0 (1.5–4.0) 3.0 (2.0–4.0) 2.0 (2.0–4.0) 4.0 (2.0–5.0) <0.001

Age (years) 54 (48–62) 60 (51–66) 63 (54–70) 67 (60–72) <0.001

Sex (male, N, %) 95 (63.8%) 106 (71.1%) 103 (69.1%) 99 (66.9%) 0.562

HBP (N, %) 93 (62.4%) 113 (75.8%) 99 (66.4%) 119 (80.4%) 0.002

DM (N, %) 26 (17.4%) 47 (31.5%) 45 (30.2%) 54 (36.5%) 0.003

Hyperlipidemia (N, %) 46 (30.9%) 42 (28.2%) 40 (26.8%) 45 (30.4%) 0.855

CAD (N, %) 19 (12.8%) 15 (10.1%) 29 (19.5%) 39 (26.4%) <0.001

Smoking (N, %) 68 (45.6%) 81 (54.4%) 71 (47.7%) 64 (43.2%) 0.253

Drinking (N, %) 48 (32.2%) 58 (38.9%) 59 (39.6%) 48 (32.4%) 0.372

SBP (mmHg) 140.0 (125.0–154.0) 144.0 (129.0–157.0) 143.0 (130.0–156.0) 142.5 (134.8–158.5) 0.135

DBP (mmHg) 84.0 (74.0–93.0) 82.0 (74.0–92.0) 82.0 (74.0–90.0) 81.0 (72.0–91.2) 0.632

BMI 23.5 (22.0–25.1) 23.6 (21.9–25.9) 22.9 (21.5–25.7) 23.0 (21.0–25.7) 0.678

White blood cell count (×109/L) 6.2 (5.2–7.9) 6.7 (5.7–8.2) 6.5 (5.5–8.1) 7.0 (5.8–8.1) 0.064

Platelet (×109/L) 208.0 (164.0–251.0) 209.0 (167.0–240.0) 196.0 (162.0–246.0) 203.5 (167.8–235.0) 0.615

BUN (mmol/L) 4.6 (3.9–5.6) 4.9 (4.1–6.0) 5.2 (4.1–6.2) 5.6 (4.6–7.2) <0.001

eGFR (ml/min/1.73 m2) 89.4 (76.7–102.6) 86.6 (74.6–96.3) 81.5 (69.7–92.5) 72.7 (57.8–89.1) <0.001

Uric acid (µmol/L) 335.9 (96.4) 341.1 (270.6–385.4) 307.3 (245.0–381.8) 332.3 (273.2–387.4) 0.175

TC (mmol/L) 3.9 (3.3–5.0) 4.4 (3.6–5.2) 4.2 (3.5–5.0) 4.3 (3.5–5.2) 0.110

TG (mmol/L) 1.5 (1.0–2.2) 1.6 (1.1–2.3) 1.5 (1.1–2.0) 1.5 (1.2–2.3) 0.525

HDL (mmol/L) 1.0 (0.8–1.2) 1.0 (0.8–1.2) 1.0 (0.9–1.2) 1.0 (0.9–1.1) 0.757

LDL (mmol/L) 2.4 (1.9–3.1) 2.6 (2.1–3.2) 2.6 (2.1–3.3) 2.7 (2.2–3.3) 0.078

Fasting blood-glucose (mmol/L) 5.4 (4.8–6.3) 5.8 (5.0–7.4) 5.9 (5.1–7.7) 5.7 (5.1–8.1) 0.065

HbA1c (%) 5.7(5.4–6.3) 5.9 (5.5–6.9) 5.9 (5.5–7.4) 6.0 (5.5–7.3) 0.017

Homocysteine (µmol/L) 12.3 (10.6–14.6) 13.4 (11.5–16.7) 13.2 (11.3–15.6) 14.7 (11.9–19.3) <0.001

PAGln, phenylacetylglutamine; HBP, hypertension; DM, diabetes mellitus; CAD, coronary artery disease; SBP, systolic blood pressure, DBP, diastolic blood pressure; BMI, body mass

index; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c,

glycosylated hemoglobin A1c.

P < 0.05 in the univariate analyses. We used the median to
classify these confounding continuous variables in the regression
analysis. Odds ratio (OR) and the 95% CI were obtained. A
Spearman rank correlation was used to identify the association
between plasma PAGln levels and Fazekas scores. The value
of PAGln for the prediction of WMH severity was evaluated
using a receiver operating characteristics (ROC) curve, and the
area under the ROC curve (AUC) was calculated. All tests were
two-sided. Statistical significance was set at P < 0.05.

RESULTS

Clinical Characteristics of Patients With
Ischemic Stroke
A total of 595 patients (67.7% male; median age, 61 years)
with ischemic stroke were enrolled in our study. The median
plasma PAGln level at admission was 2.06 µmol/L. Quartiles
of PAGln levels were as follows: first quartile, <1.21 µmol/L;
second quartile, 1.21–2.06 µmol/L; third quartile, >2.06–3.34
µmol/L; fourth quartile, >3.34 µmol/L. Higher PAGln quartiles
were associated with high Fazekas scores, old age, high frequency
of hypertension, diabetes mellitus, CAD, high levels of blood

urea nitrogen and homocysteine, and low levels of estimated
glomerular filtration rate (eGFR) (Table 1).

The Association Between Plasma PAGln
and the Severity of Overall WMH According
to Total Fazekas Scores
There were 283 patients with none–mild overall WMH (total
Fazekas score 0–2) and 312 patients withmoderate–severe overall
WMH (total Fazekas score 3–6). When compared with patients
with none–mild WMH, patients with moderate–severe WMH
were older and had a higher frequency of hypertension, diabetes
mellitus, CAD, and higher levels of blood urea nitrogen and
homocysteine. Lower levels of platelet count, eGFR, and total
cholesterol were observed in moderate–severe WMH subjects
(Table 2). We found higher plasma PAGln levels in patients
with moderate–severe WMH than in patients with none–
mild WMH [median 2.3 (IQR 1.5–3.8) vs. median 1.8 (IQR
1.0–2.8) µmol/L, P < 0.001] (Figure 1A). Moreover, PAGln
levels showed a limited correlation with the Fazekas score
(r = 0.221, P < 0.001) (Figure 2).

The results of the logistic regression analyses are shown in
Table 3. In the unadjusted model, when using the first quartile
as a reference, the second and fourth quartiles of PAGln levels
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TABLE 2 | Baseline characteristics of all patients according to the degree of overall WMH.

Variables None-mild WMH

n = 283

Moderate-severe WMH

n = 312

P value

Age (years) 55 (49–63) 66 (59–72) <0.001

Sex (male, N, %) 200 (70.7%) 203 (65.1%) 0.144

HBP (N, %) 176 (62.2%) 248 (79.5%) <0.001

DM (N, %) 70 (24.7%) 102 (32.7%) 0.032

Hyperlipidemia (N, %) 83 (29.3%) 90 (28.8%) 0.897

CAD (N, %) 33 (11.7%) 69 (22.1%) <0.001

Smoking (N, %) 143 (50.5%) 141 (45.2%) 0.193

Drinking (N, %) 101 (35.7%) 112 (35.9%) 0.958

SBP (mmHg) 142.0 (127.5–154.0) 143.0 (130.0–159.2) 0.086

DBP (mmHg) 83.0 (74.0–93.0) 82.0 (73.0–91.0) 0.391

BMI 23.4 (22.0–25.2) 23.3 (20.9–25.8) 0.652

PAGln (µmol/L) 1.8 (1.0–2.8) 2.3 (1.5–3.8) <0.001

White blood cell count (×109/L) 6.7 (5.4–8.2) 6.6 (5.6–8.0) 0.946

Platelet (×109/L) 208.0 (171.0–250.5) 199.0 (162.8–236.2) 0.043

BUN (mmol/L) 4.9 (3.9–6.0) 5.2 (4.2–6.3) 0.043

eGFR (ml/min/1.73 m2) 88.5 (74.5–98.6) 78.6 (64.5–90.2) <0.001

Uric acid (µmol/L) 315.8 (272.9–380.1) 331.4 (268.3–391.9) 0.598

TC (mmol/L) 4.2 (3.4–5.2) 4.2 (3.5–4.9) 0.234

TG (mmol/L) 1.6 (1.2–2.2) 1.5 (1.0–2.2) 0.035

HDL (mmol/L) 1.0 (0.8–1.2) 1.0 (0.9–1.2) 0.318

LDL (mmol/L) 2.6 (2.1–3.4) 2.6 (2.0–3.1) 0.231

Fasting blood–glucose (mmol/L) 5.6 (5.0–7.1) 5.6 (5.0–7.7) 0.702

HbA1c (%) 5.8 (5.4–6.7) 5.9 (5.5–7.0) 0.100

Homocysteine (µmol/L) 12.7 (10.8–15.2) 13.8 (11.4–17.7) 0.002

WMH, white matter hyperintensity; HBP, hypertension; DM, diabetes mellitus; CAD, coronary artery disease; SBP, systolic blood pressure, DBP, diastolic blood pressure; BMI, body

mass index; PAGln, phenylacetylglutamine; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein;

LDL, low-density lipoprotein; HbA1c, glycosylated hemoglobin A1c.

FIGURE 1 | Plasma PAGln levels in different groups according to the severity of WMH. (A) Patients with moderate–severe overall WMH had higher plasma PAGln

levels than patients with none–mild overall WMH [median 2.3 (IQR 1.5–3.8) vs. median 1.8 (IQR 1.0–2.8) µmol/L, P < 0.001]. (B) Patients with moderate–severe

P-WMH had higher plasma PAGln levels than none–mild P-WMH group [median 2.4 (IQR 1.5–3.8) vs. median 1.8 (IQR 1.0–2.7) µmol/L, P < 0.001]. (C) Patients with

moderate–severe D-WMH had higher PAGln levels than none–mild D-WMH group [median 2.4 (IQR 1.5–3.8) vs. median 1.9 (IQR 1.1–2.9) µmol/L, P < 0.001].

Horizontal lines represent median and interquartile ranges. WMH, white matter hyperintensity; PAGln, phenylacetylglutamine; P-WMH, periventricular white matter

hyperintensity; D-WMH, deep white matter hyperintensity. Mann–Whitney U test, ***P < 0.001.
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were independently associated with moderate–severeWMH (OR
2.212 and 95% CI 1.390–3.522 for the second quartile and OR
4.296 and 95% CI 2.639–6.994 for the fourth quartile). These

FIGURE 2 | Correlation between PAGln levels and Fazekas score. PAGln

levels showed a significant, although limited, relationship with the total Fazekas

score (r = 0.221, P < 0.001, and Spearman rank correlation analysis). PAGln,

phenylacetylglutamine.

results remained significant when adjusted for age and sex.
When the multivariable model was further adjusted for age,
sex, hypertension, diabetes mellitus, CAD, platelet counts, eGFR,
triglycerides, and homocysteine levels, only the fourth quartile of
PAGln level was independently associated with moderate–severe
WMH (OR 2.134 and 95% CI 1.134–4.018).

The Association Between Plasma PAGln
and the Severity of WMH According to the
Location of WMH
To further explore the relationship between plasma PAGln and
different areas of WMH burden, we divided all patients into
a P-WMH group and a D-WMH group. We categorized the
severity of P-WMH and D-WMH as none–mild (Fazekas score
0–1) and moderate–severe (Fazekas score 2–3), respectively.
There were 304 patients with none–mild P-WMH and 291
patients with moderate–severe P-WMH. Compared with patients
with none-mild P-WMH, patients with moderate–severe P-
WMH were older and had a higher frequency of hypertension,
diabetes mellitus, and CAD, higher levels of blood urea nitrogen
and homocysteine, and lower levels of eGFR and triglycerides.

TABLE 3 | Logistic regression analyses of the association between PAGln levels and overall WMH.

P value OR 95% CI for OR

Lower Upper

Unadjusted model

PAGln levels

First quartile Reference

Second quartile 0.001 2.212 1.390 3.522

Third quartile 0.061 1.559 0.980 2.479

Fourth quartile <0.001 4.296 2.639 6.994

Adjusted modela

PAGln levels

First quartile Reference

Second quartile 0.020 1.818 1.098 3.010

Third quartile 0.755 0.921 0.549 1.544

Fourth quartile 0.009 2.053 1.195 3.528

Age (years) <0.001 1.080 1.059 1.100

Sex (male) 0.781 0.946 0.642 1.396

Adjusted modelb

PAGln levels

First quartile Reference

Second quartile 0.085 1.670 0.932 2.994

Third quartile 0.963 0.986 0.547 1.778

Fourth quartile 0.019 2.134 1.134 4.018

Age (years) <0.001 1.065 1.041 1.089

Sex (male vs. female) 0.324 0.776 0.469 1.285

HBP 0.399 1.235 0.757 2.015

DM 0.804 1.060 0.668 1.685

CAD 0.799 1.077 0.610 1.900

Platelet >204×109 /L 0.195 0.755 0.494 1.155

eGFR ≤ 83.85 mL/min/1.73 m2 0.125 1.421 0.908 2.224

TG >1.52 mmol/L 0.262 0.785 0.514 1.198

Homocysteine >13.28 µmol/L 0.181 1.359 0.867 2.129

Adjusted modela: adjusted for age and sex.

Adjusted modelb: adjusted for age, sex, HBP, DM, CAD, platelet counts, eGFR, TG, and homocysteine levels.

WMH, white matter hyperintensity; OR, odds ratio; CI, confidence interval; PAGln, phenylacetylglutamine; HBP, hypertension; DM, diabetes mellitus; CAD, coronary artery disease;

eGFR, estimated glomerular filtration rate; TG, triglycerides.
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When classified by D-WMH, 348 and 247 patients were in the
none–mild and moderate–severe D-WMH groups, respectively.
Patients with moderate–severe D-WMH were more likely to
have hypertension and CAD, higher systolic blood pressure,
higher levels of blood urea nitrogen, high-density lipoprotein,
and homocysteine, and lower levels of eGFR (Table 4).

Levels of PAGln in the P-WMH and D-WMH groups are
shown in Figures 1B,C. PAGln levels were elevated in patients
with moderate–severe WMH. Binary logistic regression analyses
demonstrated that the fourth PAGln quartile was independently
associated with severe P-WMH (OR 2.227 and 95% CI 1.174–
4.226) (using the first quartile as the reference) when adjusted
for age, sex, hypertension, diabetes mellitus, CAD, blood urea
nitrogen, eGFR, triglycerides, and homocysteine levels. However,
the significant association between the second and fourth
quartiles of PAGln levels with severe D-WMH disappeared when
adjustments were made for age, sex, vascular risk factors, and
laboratory biomarkers (Table 5).

Receiver Operating Characteristic
Analyses of PAGln Levels According to the
Severity of WMH
The diagnostic value of PAGln in distinguishing ischemic stroke
patients according toWMHburden was evaluated using the ROC

analysis. The AUCs for overall WMH, P-WMH, and D-WMH
were 0.616, 0.635, and 0.579 (Figure 3), respectively. The optimal
PAGln cut-off values were 3.348, 3.075, and 3.341 µmol/L for
overall WMH, P-WMH, and D-WMH, respectively.

DISCUSSION

In this study, we conducted a targeted metabolomic analysis
to explore the association between PAGln levels and WMH in
patients with ischemic stroke. Our results demonstrated that
plasma PAGln levels at admission were associated with the
severity ofWMH in patients with ischemic stroke. After adjusting
for age, sex, and confounding factors, higher PAGln levels
were independently associated with moderate–severe overall
WMH. These associations were also found with P-WMH but
not with D-WMH.

The pathophysiology of WMH remains unclear. Traditional
vascular risk factors such as age, hypertension, diabetes mellitus,
and smoking may play crucial roles in the pathological process
of WMH and SVD (Rost et al., 2010; Giese et al., 2020).
Previous studies have uncovered biomarkers of endothelial
dysfunction, inflammation, and impaired fibrinolysis for WMH
in stroke patients and the general population (Poggesi et al.,
2016). Metabolomic biomarkers such as uric acid, homocysteine,

TABLE 4 | Characteristics of patients according to the scales of P-WMH and D-WMH.

Variables P-WMH D-WMH

None–mild Moderate–severe P value None–mild Moderate–severe P value

n = 304 n = 291 n = 348 n = 247

Age (years) 55.0 (49.0–63.0) 67.0 (60.0–72.0) <0.001 57.0 (50.0–64.0) 67.0 (59.0–72.0) <0.001

Sex (male, N, %) 87 (28.6%) 105 (36.1%) 0.052 244 (70.1%) 159 (64.4%) 0.140

HBP (N, %) 191 (62.8%) 233 (80.1%) <0.001 223 (64.1%) 201 (81.4%) <0.001

DM (N, %) 73 (24.0%) 99 (34.0%) 0.007 98 (28.2%) 74 (30.0%) 0.633

Hyperlipidemia (N, %) 88 (28.9%) 85 (29.2%) 0.944 95 (27.3%) 78 (31.6%) 0.257

CAD (N, %) 37 (12.2%) 65 (22.3%) 0.001 44 (12.6%) 58 (23.5%) <0.001

Smoking (N, %) 153 (50.3%) 131 (45.0%) 0.195 169 (48.6%) 115 (46.6%) 0.630

Drinking (N, %) 108 (35.5%) 105 (36.1%) 0.888 124 (35.6%) 89 (36.0%) 0.920

SBP (mmHg) 142.0 (127.0–155.0) 143.0 (130.0–158.5) 0.096 141.0 (129.0–154.0) 145.0 (130.0–161.0) 0.017

DBP (mmHg) 83.0 (74.0–94.0) 82.0 (73.0–90.0) 0.190 83.0 (74.0–92.0) 82.0 (73.0–91.5) 0.613

BMI 23.6 (22.0–25.2) 23.0 (20.8–25.8) 0.279 23.3 (21.9–25.6) 23.4 (20.9–25.7) 0.720

PAGln (µmmol/L) 1.8 (1.0–2.7) 2.4 (1.5–3.8) <0.001 1.9 (1.1–2.9) 2.4 (1.5–3.8) <0.001

White blood cell count (×109 /L) 6.7 (5.4–8.2) 6.7 (5.6–8.0) 0.884 6.7 (5.5–8.1) 6.7 (5.5–8.0) 0.904

Platelet (×109/L) 207.0 (167.8–249.0) 199.0 (163.0–239.5) 0.113 207.0 (167.8–249.0) 199.0 (163.0–239.5) 0.113

BUN (mmol/L) 4.9 (3.9–5.9) 5.2 (4.2–6.4) 0.009 5.0 (3.9–6.0) 5.1 (4.2–6.3) 0.033

eGFR (ml/min/1.73 m2) 88.5 (74.0–98.7) 77.7 (64.2–89.1) <0.001 88.4 (74.6–98.2) 76.7 (62.2–88.2) <0.001

Uric acid (µmol/L) 318.6 (273.1–385.7) 328.1 (267.1–385.8) 0.799 315.0 (272.3–379.1) 339.8 (271.2–393.2) 0.204

TC (mmol/L) 4.2 (3.4–5.2) 4.2 (3.4–4.9) 0.143 4.2 (3.4–5.2) 4.3 (3.5–5.0) 0.415

TG (mmol/L) 1.6 (1.2–2.2) 1.5 (1.0–2.2) 0.045 1.6 (1.1–2.2) 1.5 (1.0–2.3) 0.154

HDL (mmol/L) 1.0 (0.8–1.2) 1.0 (0.9–1.2) 0.669 1.0 (0.8–1.1) 1.0 (0.9–1.2) 0.004

LDL (mmol/L) 2.6 (2.1–3.4) 2.6 (2.0–3.1) 0.123 2.6 (2.0–3.3) 2.6 (2.1–3.2) 0.565

Fasting blood–glucose (mmol/L) 5.6 (4.9–6.9) 5.7 (5.0–7.7) 0.213 5.6 (5.0–7.4) 5.7 (5.0–7.3) 0.882

HbA1c (%) 5.8 (5.4–6.5) 6.0 (5.5–7.1) 0.314 5.8 (5.4–7.2) 5.9 (5.6–6.8) 0.647

Homocysteine (µmol/L) 12.7 (10.8–15.1) 14.0 (11.4–17.8) <0.001 12.8 (10.8–15.5) 14.0 (11.6–18.3) 0.001

P-WMH, periventricular white matter hyperintensity; D-WMH, deep white matter hyperintensity; HBP, hypertension; DM, diabetes mellitus; CAD, coronary artery disease; SBP, systolic

blood pressure; DBP, diastolic blood pressure; BMI, body mass index; PAGln, phenylacetylglutamine; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; TC, total

cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, glycosylated hemoglobin A1c.
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TABLE 5 | Logistic regression analyses of the association between PAGln levels and P-WMH and D-WMH.

P-WMH D-WMH

P value OR 95% CI for OR P value OR 95% CI for OR

Lower Upper Lower Upper

Unadjusted model Unadjusted model

PAGln levels PAGln levels

First quartile Reference First quartile Reference

Second quartile 0.003 2.021 1.263 3.235 Second quartile 0.022 1.748 1.083 2.823

Third quartile 0.024 1.719 1.073 2.755 Third quartile 0.177 1.396 0.860 2.266

Fourth quartile <0.001 4.816 2.9491 7.867 Fourth quartile <0.001 3.220 1.993 5.201

Adjusted modela Adjusted modela

PAGln levels PAGln levels

First quartile Reference First quartile Reference

Second quartile 0.062 1.637 0.976 2.747 Second quartile 0.171 1.428 0.858 2.379

Third quartile 0.983 0.994 0.585 1.689 Third quartile 0.629 0.878 0.518 1.488

Fourth quartile 0.004 2.247 1.297 3.890 Fourth quartile 0.065 1.648 0.970 2.799

Age (years) <0.001 1.088 1.067 1.110 Age (years) <0.001 1.068 1.049 1.088

Sex (male) 0.494 0.872 0.588 1.291 Sex (male) 0.684 0.924 0.633 1.349

Adjusted modelb Adjusted modelb

PAGln levels PAGln levels

First quartile Reference First quartile Reference

Second quartile 0.286 1.383 0.762 2.511 Second quartile 0.475 1.243 0.685 2.255

Third quartile 0.859 1.056 0.577 1.933 Third quartile 0.730 0.899 0.489 1.651

Fourth quartile 0.014 2.227 1.174 4.226 Fourth quartile 0.057 1.819 0.981 3.372

Age (years) <0.001 1.077 1.051 1.103 Age (years) <0.001 1.054 1.031 1.078

Sex (male vs. female) 0.377 0.796 0.480 1.321 Sex (male vs. female) 0.750 1.082 0.665 1.761

HBP 0.377 1.255 0.759 2.075 HBP 0.076 1.609 0.951 2.723

DM 0.414 1.215 0.761 1.939 CAD 0.724 1.103 0.640 1.901

CAD 0.974 0.990 0.561 1.749 SBP >142 mmHg 0.692 1.092 0.708 1.684

BUN >5.01 mmol/L 0.899 0.972 0.623 1.515 BUN >5.01 mmol/L 0.307 0.795 0.512 1.235

eGFR ≤ 83.85mL/min/1.73 m2 0.305 1.277 0.800 2.038 eGFR ≤ 83.85mL/min/1.73 m2 0.051 1.584 0.998 2.513

TG >1.52 mmol/L 0.154 0.733 0.479 1.123 HDL >1.00 mmol/L 0.006 1.847 1.196 2.853

Homocysteine >13.28 µmol/L 0.119 1.437 0.910 2.268 Homocysteine >13.28 µmol/L 0.260 1.303 0.822 2.067

Adjusted modela: adjusted for age and sex.

P-WMH adjusted modelb: adjusted for age, sex, HBP, DM, CAD, BUN, eGFR, TG, and homocysteine levels.

D-WMH adjusted modelb: adjusted for age, sex, HBP, CAD, SBP, BUN, eGFR, HDL, and homocysteine levels.

WMH, white matter hyperintensity; P-WMH, periventricular white matter hyperintensity; D-WMH, deep white matter hyperintensity; OR, odds ratio; CI, confidence interval; PAGln,

phenylacetylglutamine; HBP, hypertension; DM, diabetes mellitus; CAD, coronary artery disease; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; TG, triglycerides;

HDL, high-density lipoprotein; SBP, systolic blood pressure.

AMDA, and ceramides have been reported to be related to
WMH (Han et al., 2016). Of note, these altered metabolites
might be involved in the pathological process of WMH
through their common role in endothelial dysfunction. Many
studies have investigated the role of microbiota in neurological
disorders, but studies on WMH and SVD are relatively
rare. Recently, Cai et al. reported on the role of the gut-
immune-brain axis in arteriosclerotic SVD pathophysiology
(Cai et al., 2021). Another cross-sectional study indicated that
some microbiota may increase the risk of WMH and SVD
(Saji et al., 2021).

Gut microbiota can produce metabolites or toxins that
influence the health of the host. Gut microbiota-derived
metabolites, such as trimethylamine-N-oxide (TMAO),

tryptophan, and indole derivatives, may play critical roles in
the pathogenesis of cardiovascular and cerebrovascular diseases
(Ascher and Reinhardt, 2018; Wang and Zhao, 2018). TMAO
has been the most studied gut microbiota-derived metabolite
in recent years. Accumulating evidence has proven the causal
links among TMAO, CAD, and stroke (Witkowski et al.,
2020). Elevated TMAO and choline levels have recently been
found to be associated with severe WMHs, especially P-WMH
(Chen et al., 2021).

Phenylacetylglutamine, another gut microbial metabolite, has
been reported to correlate with chronic kidney disease, diabetes
mellitus, cardiovascular disease, and Parkinson’s disease (Poesen
et al., 2016; Urpi-Sarda et al., 2019; Shao et al., 2021). In 2020,
Hazen et al. identified a causal contribution of PAGln to incident
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FIGURE 3 | Receiver operating characteristic analysis of PAGln according to the severity of WMH. (A) The AUC was 0.616, and the optimal PAGln level cut-off value

was 3.348 µmol/L for overall WMH. (B) The AUC was 0.635, and the optimal PAGln level cut-off value was 3.075µmol/L for P-WMH. (C) The AUC was 0.597, and

the optimal PAGln level cut-off value was 3.341 µmol/L for D-WMH. ROC, receiver operating characteristic curve; PAGln, phenylacetylglutamine; WMH, white matter

hyperintensity; P-WMH, periventricular white matter hyperintensity; D-WMH, deep white matter hyperintensity; AUC, area under the curve.

cardiovascular disease risks in a large sample clinical study
(Nemet et al., 2020). This study suggested a clinical association
between elevated PAGln levels and the overall burden of WMH
and P-WMH. The possible mechanisms are as follows: first,
studies have shown that PAGln levels are positively associated
with age (Swann et al., 2013; Poesen et al., 2016), and our
data also showed an increase in PAGln levels with increasing
age, which is a known factor contributing to the pathology of
WMH (Urpi-Sarda et al., 2019). Second, traditional vascular
risk factors, such as hypertension and diabetes mellitus, are
involved in the process of WMH (Tamura and Araki, 2015).
As shown in Table 1, the group of patients with higher PAGln
levels had higher rates of hypertension and diabetes, and studies
have also suggested higher PAGln levels in patients with diabetes
(Nemet et al., 2020), and therefore the relationship between
PAGln and WMH might be due to the underlying mechanism
of small vessel abnormalities of hypertension and diabetes
(Tamura and Araki, 2015). Our data showed a decrease in eGFR
with increasing PAGln levels, and previous observations also
showed that kidney impairment measured by eGFR was strongly
associated with high serum PAGln levels (Wang and Zhao, 2018).
Furthermore, we found that decreased eGFR was associated with
moderate–severe WMH, consistent with the previous results
(Steinicke et al., 2012; Zong et al., 2016).

In this study, WMH was divided into P-WMH and D-WMH.
A limited number of studies have investigated the differences
between P-WMH and D-WMH; however, the underlying
mechanism has not yet been fully elucidated. Our results suggest
the involvement of PAGln in the development of P-WMH,
but not D-WMH, and the detailed mechanisms require further
investigation. Previous pathology studies have shown that P-
WMH is more likely to be associated with inflammation and
chronic hypoperfusion, whereas D-WMH is related to ischemic
damage (Fazekas et al., 1993). These differences may provide
possible explanations for the relationship between PAGln and

P-WMH. Previous studies have found a relationship between
PAGln levels and human immunodeficiency virus-associated
dementia and impaired cognitive function in patients receiving
hemodialysis (Cassol et al., 2014; Kurella Tamura et al., 2016).
As a uremic metabolite, PAGln can lead to blood–brain barrier
disruption and impair P-WMH. In addition, there are some
controversies regarding the relationship between diabetes and
P-WMH and D-WMH. In our data, we found a higher rate of
diabetes in patients with moderate–severe P-WMH; however,
no difference was found in patients with D-WMH. Limited
studies (Urpi-Sarda et al., 2019; Nemet et al., 2020) have
revealed the associations between diabetes and PAGln levels.
The closer relationship between diabetes and P-WMH might
be the reason why PAGln is associated more with P-WMH
than D-WMH.

There were some limitations to this study. First, this was
a cross-sectional study, so we could not establish a causal
relationship between PAGln and WMH. Second, participants
in our study were recruited from a single center, and
this could have led to patient selection bias. Third, PAGln
levels were only analyzed at a single time point, and
information on dynamic changes in PAGln was missing. Fourth,
investigations of the gut microbiota were lacking in this
study. Finally, we used a less precise visual rating scale to
assess the degree of WMH. Quantification of WMH is needed
to further investigate the relationship between PAGln and
WMH volume.

CONCLUSION

In conclusion, higher plasma PAGln levels might be a biomarker
of moderate–severe WMH, especially moderate–severe P-WMH.
Further studies concerning the cause–effect relationship between
PAGln and WMH are needed.
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Background and Aims: It has recently emerged the concept of “obesity paradox,” a

term used to describe an inverse association between obesity and clinical outcomes

in cardiovascular diseases and stroke. The purpose of this study was to investigate the

association between bodymass index (BMI) and the risk of intracranial aneurysm rupture.

Methods: In this study, we conducted a retrospective analysis of a prospectively

maintained database of patients with intracranial aneurysms from 21 medical centers in

China. A total of 3,965 patients with 4,632 saccular intracranial aneurysms were enrolled.

Patients were separated into unruptured (n = 1,977) and ruptured groups (n = 1,988).

Univariable and multivariable logistic regression analyses were performed to determine

the association between BMI and intracranial aneurysm rupture.

Results: Compared to the patients with normal BMI (18.5 to < 24.0 kg/m2), the odds

of intracranial aneurysm rupture were significantly lower in patients with BMI 24.0 to <

28.0 kg/m2 (OR = 0.745, 95% CI = 0.638–0.868, P = 0.000) and patients with BMI

≥ 28.0 kg/m2 (OR = 0.628, 95% CI = 0.443–0.890, P = 0.009). Low BMI (<18.0

kg/m2) was not associated with intracranial aneurysm rupture (OR = 0.894, 95% CI =

0.483–1.657, P = 0.505). For males, both the BMI 24.0 to < 28.0 kg/m2 (OR = 0.606,

95% CI = 0.469–0.784, P = 0.000) and the BMI ≥ 28.0 kg/m2 (OR = 0.384, 95% CI =

0.224–0.658, P = 0.001) were associated with a lower rupture risk, whereas the inverse

association was not observed in females. Both the BMI 24.0 to < 28.0 kg/m2 (OR =

0.722 for aged 50–60y, 95% CI = 0.554–0.938, P = 0.015; OR = 0.737 for aged >60y,

95% CI = 0.586–0.928, P = 0.009) and the BMI ≥ 28.0 kg/m2 (OR = 0.517 for aged

50–60y, 95% CI = 0.281–0.950, P = 0.0034; OR = 0.535 for aged >60y, 95% CI =

0.318–0.899, P = 0.0018) was associated with a lower rupture risk in patients aged ≥50

years, whereas the association was not significant in patients aged <50 years.

Conclusions: Increased BMI is significantly and inversely associated with saccular

intracranial aneurysm rupture in males and patients aged ≥50 years.

Keywords: body mass index, intracranial aneurysms, stroke, cerebrovascular disease, subarachnoid hemorrhage
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INTRODUCTION

Subarachnoid hemorrhage (SAH) is a life-threatening subtype of
stroke, leading to loss of many years of productive life owing
to the high morbidity and mortality (Macdonald and Schweizer,
2017; Maher et al., 2020). The overall incidence of SAH is∼9 per
100,000 person-years, ranging from 4.2 per 100,000 person-years
to 22.7 per 100,000 person-years worldwide (de Rooij et al., 2007).
The incidence of SAH is age-related and peaks in the 60s, and
elderly patients commonly experience poor outcomes following
SAH compared with the young population. Particularly, there
is an increase in mean age over time with a remarkable rise
in the proportion of octogenarian patients and a reduction in
patients younger than 50 years in recent years (Feghali et al.,
2021). In general, the rupture of an intracranial aneurysm is
the underlining cause of SAH, accounting for about 85% of
cases (Macdonald and Schweizer, 2017). Currently, there is high
agreement among neurosurgeons that older age, female sex,
smoking, hypertension, multiple aneurysms, size, and location
are among pivotal risk factors for rupture of an intracranial
aneurysm (Wermer et al., 2007; Greving et al., 2014; Wang Y.
et al., 2021). However, these well-established risk factors only
explain a small proportion of the risk of intracranial aneurysm
rupture (Andreasen et al., 2013; Kleinloog et al., 2018). Thus,
the prediction of the risk of intracranial aneurysm rupture for
individual patients is still poorly explored, and therefore the
search for new risk factors is urgently needed to continue,
especially for aging patients.

Traditionally, obesity has been regarded as a well-established
risk factor for cardiovascular diseases and stroke. Nevertheless,
a growing body of evidence has suggested that an “obesity
paradox”-namely that there is an inverse association
between obesity and clinical outcomes-exists for patients
with hypertension (Kleinloog et al., 2018) coronary artery
diseases (Uretsky et al., 2007; Wang et al., 2015), atrial fibrillation
(Sandhu et al., 2016), intracerebral hemorrhage (Persaud et al.,
2019), and ischemic stroke (Rodríguez-Castro et al., 2019; Liu
et al., 2021). Likewise, this paradoxical phenomenon was also
observed in patients with SAH (Rinaldo et al., 2019; Rautalin
et al., 2020), suggesting a potential protective effect of increased
BMI on the risk of adverse events after presenting intracranial
aneurysms. Moreover, several metabolic abnormalities similar to
obesity, including hypercholesterolemia and diabetes mellitus,
seem to could reduce the risk of intracranial aneurysm rupture
(Lindgren et al., 2013; Vlak et al., 2013). Furthermore, recent
population-based cohort studies have demonstrated that
overweight or obesity was associated with a reduced risk of SAH
in the general population (Sandvei et al., 2012; Kroll et al., 2016).
In addition, the “obesity paradox” phenomenon seems to be
pronounced in the elderly population (Wang and Ren, 2018).
Accordingly, overweight and obesity might be associated with a
decreased risk of intracranial aneurysm rupture.

However, previous results of the effect of BMI on the incidence
of SAH are inconsistent (Feigin et al., 2005; Sandvei et al.,
2012; Kroll et al., 2016; Kawate et al., 2017), especially in the
Asian population (Feigin et al., 2005; Kawate et al., 2017).
Particularly, the control groups of the previous population-based

cohort studies were general populations rather than patients
with unruptured intracranial aneurysms, and therefore whether
higher BMI is associated with a decreased risk of intracranial
aneurysm rupture remains largely unknown. To date, data
examining the association between BMI and the risk of
intracranial aneurysm rupture are sparse. Considering that over
one-third of the world’s population is now classified as BMI-
defined overweight and obesity and the population is aging
worldwide (Chooi et al., 2019), there is an urgent need to
understand the effect of BMI on the intracranial aneurysm
rupture. We hypothesized that increased BMI is inversely
associated with intracranial aneurysm rupture. Therefore, the
purpose of this study was to explore the association between
BMI and the risk of intracranial aneurysm rupture based on a
prospectively maintained database.

METHODS

Study Population
The study population was from the National Research and
Development Project of Intracranial Aneurysms, which was
led by Naval Medical University Changhai Hospital and
performed at 21 tertiary academic medical centers in China.
Patients with saccular intracranial aneurysms registered in this
project between 2017 and 2020 were included. The diagnosis
of intracranial aneurysms was based on the results of CT
angiography (CTA), 3-dimensional time-of-flight magnetic
resonance angiography (3D-TOF-MRA), or digital subtraction
angiography (DSA). Both ruptured and unruptured intracranial
aneurysms were included. Exclusion criteria included non-
definitive aneurysms on angiography imaging, feeding
artery aneurysms to arteriovenous malformations (AVM),
traumatic aneurysms, fusiform aneurysms, and patients whose
aneurysms were treated before a presentation. The patients with
unruptured intracranial aneurysms were diagnosed incidentally
in cerebrovascular angiography during evaluations for headache,
dizziness, neurologic symptoms, or screening for other diseases.
The diagnosis of aneurysmal subarachnoid hemorrhage (aSAH)
was made if CT scans and/or lumbar punctures revealed blood
in the subarachnoid space. Patients who presented with aSAH
were categorized as harboring a ruptured status. According to
the ruptured status, the patients were separated into ruptured
and unruptured groups. This study was approved by the local
institutional review board and considered minimal risk. Patient
informed consent was, therefore, waived by the institutional
review board (IRB). All methods were carried out following the
Declaration of Helsinki.

Exposure Assessment
We conducted a retrospective analysis of a prospectively
maintained database of patients with intracranial aneurysms
from 21 medical centers. Initially, an electronic data capture
(EDC) system had been designed using the Delphi method
before the study. Based on the EDC system, information on
patient demographic and clinical characteristics was collected.
The demographic characteristics included age, sex, height,
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TABLE 1 | Baseline demographic and clinical characteristics between the two

groups.

Characteristics Unruptured

(n1= 1,977,

n2= 2,270)

Ruptured

(n1= 1,988,

n2= 2,362)

P

Age (years) 59.05 ±

11.14

59.47 ±

10.47

0.225

<50 [n (%)] 384 (19.42) 308 (15.49) 0.002

50–60 [n (%)] 683 (34.55) 684 (34.41)

>60 [n (%)] 910 (46.03) 996 (50.10)

Sex [n (%)]

Male 775 (39.20) 671 (33.75) 0.000

Female 1,202 (60.80) 1,317 (66.25)

Ethnic [n (%)]

Han 1,944 (98.33) 1,939 (97.54) 0.078

Others 33 (1.67) 49 (2.46)

BMI (kg/m2 ) 24.19 ± 2.60 23.65 ± 2.74 0.000

18.5–23.9 [n (%)] 918 (46.43) 1,111 (55.88) 0.000

<18.5 [n (%)] 24 (1.21) 29 (1.46)

24.0–27.9 [n (%)] 908 (45.94) 771 (38.78)

≥28.0 [n (%)] 127 (6.42) 77 (3.88)

Smoking [n (%)] 243 (12.29) 320 (16.10) 0.001

Former 32 (1.62) 32 (1.61) 0.001

Current 211 (10.67) 288 (14.49)

Drinking [n (%)] 157 (7.94) 195 (9.81) 0.039

Hypertension [n (%)] 883 (44.66) 970 (48.79) 0.009

Diabetes [n (%)] 193 (9.76) 90 (4.53) 0.000

Polycystic kidney diseases [n (%)] 3 (0.15) 4 (0.20) 1.000

Atrial fibrillation [n (%)] 3 (0.15) 2 (0.10) 0.686

Acute coronary syndrome [n (%)] 20 (1.01) 28 (1.41) 0.253

Heart failure [n (%)] 37 (1.87) 11 (0.55) 0.000

Hyperlipidemia [n (%)] 96 (4.86) 14 (0.70) 0.000

Ischemic stroke [n (%)] 233 (11.63) 77 (3.87) 0.000

Genetic diseases [n (%)] 9 (0.46) 5 (0.25) 0.280

Peripheral vascular diseases [n (%)] 12 (0.61) 5 (0.25) 0.087

No. of aneurysms per patient [mean (SD)] 1.15 (0.45) 1.19 (0.52) 0.000

Location of aneurysms [n (%)]

Anterior circulation artery 2,104 (88.72) 1,819 (77.01) 0.000

Posterior circulation artery 256 (11.28) 543 (22.99)

Size of aneurysm (mm) 4.00

[3.00–5.80]

4.60

[3.40–6.00]

0.000

<5mm [n (%)] 1,477 (65.07) 1,271 (53.81) 0.000

≥5mm [n (%)] 793 (34.93) 1,091 (46.19)

Multiple aneurysms [n (%)] 239 (12.09) 289 (14.53) 0.008

Irregular shape [n (%)] 57 (2.51) 414 (17.53) 0.000

n1 represents the number of patients, n2 represents the number of aneurysms; BMI, body

mass index.

weight, and ethnicity. The clinical characteristics included pre-
existing comorbidities (e.g., hypertension, diabetes, polycystic
kidney diseases, atrial fibrillation, acute coronary syndrome,
heart failure, hyperlipidemia, history of ischemic stroke,
genetic diseases, and peripheral vascular diseases), information
on smoking, and alcohol use, and aneurysmal parameters.

Aneurysmal parameters included the number, maximum size,
shape irregularity, and location of intracranial aneurysms.
The height and weight had been measured using a validated
measuring instrument in each center. BMI was calculated
as measured weight in kilograms divided by the standing
height in meters squared. We divided BMI into four groups
according to the guideline for prevention and control of
overweight and obesity in Chinese adults: <18.5 kg/m2 (BMI-
defined underweight), 18.5 to <24.0 kg/m2 (BMI-defined
normal weight), 24.0 to <28.0 kg/m2 (BMI-defined overweight),
≥28.0 kg/m2 (BMI-defined obesity) (Chen and Lu, 2004).
For MRA or CTA, three-dimensional models of aneurysms
and their surrounding vasculature had been generated using
corresponding software in the offline workstation in each
medical center. Measurements of maximal neck-width, neck
to dome length (length from the neck center to the dome of
the aneurysm), and aneurysm width (measured perpendicular
to the neck to dome length) had been performed using the
standard projection of 2-dimensional conventional angiograms
in DSA and 3-dimensional reconstructions in MRA or CTA.
The maximum measurement of aneurysm width or aneurysm
neck-to-dome length was defined as the maximum aneurysm
size. The locations of intracranial aneurysms were categorized as
anterior circulation artery and posterior circulation artery. The
irregular shape was defined as that the aneurysm fundus was
bi- or multi-lobular or small bleb(s) or secondary aneurysm(s)
were protruding from the aneurysm fundus (Lindgren et al.,
2016; Wang Y. et al., 2021). Based on this definition, the
shape irregularity was independently assessed by two attending
neurointerventional surgeons (both with over 15 years of
experience in neurointerventional surgery) who were blinded
to this study, and the inter-reader agreement was good due
to their extensive experience in this field. Finally, the shape
irregularity of intracranial aneurysms was categorized as regular
and irregular shape.

Statistical Analysis
The sample size was roughly estimated using the method of event
per variable (EPV), which recommends that the sample size with
logistical regression should be at least ten times the number
of predictors. Since there were over 4,000 cases in the EDC
system, the sample size was sufficient to achieve the statistical
power. The Shapiro-Wilk test, stem-leaf plot, and normal P-P
plot were used for the test of data distribution of continuous
variables. Continuous variables were expressed as the median
[interquartile range (IQR)] or mean [standard deviation (S.D.)],
as appropriate. The Student’s t-test was used for variables with
parametric distribution and the Mann-Whitney test for variables
with the non-parametric distribution. Categorical variables were
expressed as numbers (frequencies), and the differences between
the two groups were analyzed using χ

2-test or Fisher’s exact test.
To determine the association between BMI and intracranial

aneurysm rupture in the study population, univariable and
multivariable logistic regression models were performed.
Candidate variables with a P ≤ 0.10 in univariable analysis
were included in the multivariable model. Given the fact that
multiple aneurysms are common in patients with intracranial
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aneurysms, there is probably some kind of random effect of
aneurysmal parameters on the result. Hence, a mixed effect
logistic regression model was performed in the multivariable
analysis. In this model, three aneurysmal parameters including
size, location, and shape of intracranial aneurysms were included
in the random effect model and other variables were included
in the fixed-effect model. Furthermore, to explore age and sex
differences in the association of BMI and intracranial aneurysm
rupture, subgroup analyses were performed according to age and
sex stratifications. All data were handled and analyzed using SPSS
statistic 25.0 (SPSS Inc., Chicago, USA) and R programming
environment (R Foundation for Statistical Computing, Vienna,
Austria). All statistical significance was defined as P < 0.05.

RESULTS

Comparisons of Demographic and Clinical
Characteristics Between Ruptured and
Unruptured Groups
We enrolled 3,965 patients with 4,632 intracranial aneurysms
who met our inclusion criteria, of whom 1,977 patients (49.86%)
were unruptured and 1,988 patients (50.14%) were ruptured.
There were 1,446 males (36.46%) and 2,519 females (63.54%).
The average age was (59.26 ± 10.81) years in the study
population, the majority of which (82.55%) was aged ≥50
years. Comparisons of demographic and clinical characteristics
between ruptured and unruptured groups before matching
are presented in Table 1. There were significant differences in
age, sex, BMI, drinking, smoking, hypertension, heart failure,
hyperlipidemia, history of ischemic stroke, multiple aneurysms,
size, shape irregularity, and location between the two groups
(all P < 0.05).

Univariable and Multivariable Analyses for
the Risk Factors of Intracranial Aneurysm
Rupture
The results of the univariable and multivariable analyses for
the risk factors of intracranial aneurysm rupture are shown
in Table 2. A total of 16 variables (3 variables in the random
effect model and 13 variables in the fixed-effect model) were
included in the mixed-effect logistic regression model. In the
multivariable analysis, older age (OR = 1.448 for >60 years
95% CI = 1.174–1.784), female sex (OR = 1.381, 95% CI =

1.163–1.639), smoking (OR = 1.542, 95% CI = 1.177–2.202),
hypertension (OR = 1.392, 95% CI = 1.195–1.623), aneurysm
located in posterior circulation artery (OR = 2.293, 95% CI =
1.883–2.793), irregular shape (OR = 7.956, 95% CI = 5.778–
10.913, P = 0.000), and aneurysm size with ≥5.0mm (OR =

1.249, 95% CI = 1.077–1.449) were significantly associated with
a higher risk of intracranial aneurysm rupture. In contrast, pre-
existing diabetes (OR = 0.501, 95% CI = 0.369–0.679), heart
failure (OR= 0.404, 95% CI= 0.181–0.899), hyperlipidemia (OR
= 0.146, 95% CI = 0.076–0.281), and ischemic stroke (OR =

0.258, 95% CI = 0.188- 0.354) were significantly associated with
a lower risk of intracranial aneurysm rupture.

Evaluation of the Association Between BMI
and Intracranial Aneurysm Rupture
Evaluation of the association between BMI and intracranial
aneurysm rupture is shown in Table 2 and Figure 1. Compared
with the patients with normal BMI (18.5 to < 24.0 kg/m2),
patients with BMI 24.0 to < 28.0 kg/m2 (OR = 0.745, 95% CI
= 0.638–0.868) and patients with BMI ≥ 28.0 kg/m2 (OR =

0.628, 95% CI = 0.443–0.890) had significantly lower odds of
intracranial aneurysm rupture. Low BMI (<18.0 kg/m2) was not
associated with intracranial aneurysm rupture (OR= 0.894, 95%
CI= 0.483–1.657, P= 0.505). Taking the patients with BMI < 24
kg/m2 as a reference, the patients with BMI ≥ 24.0 kg/m2 had a
lower odds of intracranial aneurysm rupture as well (OR= 0.733,
95% CI= 0.632–0.850, P = 0.000).

Associations Between BMI and Intracranial
Aneurysm Rupture Stratified by Sex and
Age
Subgroup analyses of associations between BMI and intracranial
aneurysm rupture stratified by sex and age are shown in
Figures 2, 3. For males, both the BMI 24.0 to < 28.0 kg/m2 (OR
= 0.606, 95% CI = 0.469–0.784, P = 0.000) and the BMI ≥ 28.0
kg/m2 (OR = 0.384, 95% CI = 0.224–0.658, P = 0.000) were
associated with a lower risk of intracranial aneurysm rupture.
However, no associationwas found between BMI and intracranial
aneurysm rupture in females. Both the BMI 24.0 to < 28.0 kg/m2

(OR = 0.722 for aged 50–60y, 95% CI = 0.554–0.938, P = 0.015;
OR = 0.737 for aged >60y, 95% CI = 0.586–0.928, P = 0.009)
and the BMI≥ 28.0 kg/m2 (OR= 0.517 for aged 50–60y, 95% CI
= 0.281–0.950, P = 0.0034; OR = 0.535 for aged >60y, 95% CI
= 0.318–0.899, P = 0.0018) was associated with a lower rupture
risk in patients aged≥50 years, whereas no significant association
between BMI and intracranial aneurysm rupture was found in
patients aged <50 years.

DISCUSSION

In the present study, our results demonstrated that increased
BMI was significantly and inversely associated with saccular
intracranial aneurysm rupture. Patients with BMI 24.0 to < 28.0
kg/m2 and those with BMI ≥ 28.0 kg/m2 had significantly lower
odds of intracranial aneurysm rupture compared with patients
with normal BMI (18.5 to < 24.0 kg/m2). In particular, this
inverse association was significant inmales and patients aged≥50
years, whereas the association was not significant in females and
patients aged <50 years. To the best of our knowledge, this is
the largest multicenter study to date to investigate the association
between BMI and intracranial aneurysm rupture.

In line with existing literature (Wermer et al., 2007; Greving
et al., 2014; Lindgren et al., 2016; Wang Y. et al., 2021), our study
demonstrated that older age, female sex, smoking, hypertension,
large size, shape irregularity, and aneurysms in the posterior
circulation artery were significantly associated with a higher risk
of intracranial aneurysm rupture. Moreover, since risk factors
for rupture of an unruptured aneurysm are theoretically similar
to those for aneurysm formation and SAH (Macdonald and

Frontiers in Aging Neuroscience | www.frontiersin.org 4 August 2021 | Volume 13 | Article 716068239

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Chen et al. BMI and Intracranial Aneurysm Rupture

TABLE 2 | Univariable and multivariable analyses for the risk factors of intracranial aneurysm rupture.

Variables Univariable analysis Multivariable analysis

OR [95% CI] P OR [95% CI] P

Age (years)

<50 Reference Reference

50–60 1.249 [1.039–1.500] 0.018 1.212 [0.977–1.504] 0.080

>60 1.365 [1.146–1.625] 0.000 1.448 [1.174–1.784] 0.001

Sex

Male Reference Reference

Female 1.265 [1.112–1.441] 0.000 1.381 [1.163–1.639] 0.000

Ethnic

Han Reference

Others 1.489 [0.953–2.325] 0.080 1.290 [0.780–2.190] 0.153

BMI (kg/m2 )

18.5–23.9 Reference Reference

<18.5 0.998 [0.577–1.727] 0.996 0.894 [0.483–1.657] 0.505

24.0–27.9 0.702 [0.616–0.799] 0.000 0.745 [0.638–0.868] 0.000

≥28.0 0.501 [0.373–0.674] 0.000 0.628 [0.443–0.890] 0.009

Smoking 1.369 [1.144–1.639] 0.001 1.542 [1.177–2.020] 0.002

Drinking 1.261 [1.012–1.571] 0.039 1.361 [0.978–1.893] 0.068

Hypertension 1.181 [1.042–1.338] 0.009 1.392 [1.195–1.623] 0.000

Diabetes 0.438 [0.339–0.568] 0.000 0.501 [0.369–0.679] 0.000

Heart failure 0.292 [0.148–0.574] 0.000 0.404 [0.181–0.899] 0.026

Hyperlipidemia 0.139 [0.079–0.244] 0.000 0.146 [0.076–0.281] 0.000

Ischemic stroke 0.302 [0.231–0.393] 0.000 0.258 [0.188–0.354] 0.000

Peripheral vascular diseases 0.413 [0.145–1.174] 0.097 0.838 [0.229–3.062] 0.789

Location of aneurysms

Anterior circulation artery Reference Reference

Posterior circulation artery 2.605 [2.191–3.099] 0.000 2.293 [1.883–2.793] 0.000

Size of aneurysm (mm)

<5 Reference Reference

≥5 1.767 [1.557–2.006] 0.000 1.249 [1.077–1.449] 0.003

Multiple aneurysms 1.282 [1.068–1.540] 0.008 1.359 [1.135–1.629] 0.001

Irregular shape 9.576 [6.992–13.116] 0.000 7.956 [5.778–10.913] 0.000

Schweizer, 2017), our study importantly extends previous studies
of the association between BMI and the incidence of SAH.
Consistent with previous studies (Sandvei et al., 2012; Kroll et al.,
2016), our result showed that the higher BMI was negatively
associated with intracranial aneurysm rupture. In Sandvei et al.’s
(2012) study, there was no association between obesity and
the risk of aSAH. However, patients with BMI-defined obesity
(≥28.0 kg/m2) had lower odds of intracranial aneurysm rupture
in this study. Particularly, the higher BMI showed a lower OR
for the rupture risk, suggesting that this association tends to be
linear. In accordance with the present results, Kroll et al. (2016)
demonstrated that higher BMI was linearly associated with a
decreased risk of SAH. Similarly, one standard deviation higher
BMI was reported to be associated with a risk ratio (RR) of 0.94
(95% CI = 0.91–0.99) for the incidence of SAH in a Sweden
cohort of 950,000 adults (Sundström et al., 2019).

It is difficult to explain this inverse association. However,
there are several possible explanations for this result. First,

since BMI does not accurately account for the regional fat
distribution, high BMI is not necessarily about being true
overweight or obese. Besides, about 12% of obese individuals
belong to the metabolically healthy obese individuals (obese but
fit individuals) (van Vliet-Ostaptchouk et al., 2014), which have
lower cardiovascular diseases risk compared to normal weight
but unfit individuals (the “fat but fit” hypothesis) (Ortega et al.,
2016; Antonopoulos and Tousoulis, 2017). This is the reason
that we interpret the inverse association restricting in higher
BMI instead of overweight and obesity. Second, the vascular
wall mechanical properties, such as wall stress on the lumen, are
currently considered to play a key role in the initiation, growth,
and rupture of intracranial aneurysms (Turjman et al., 2014).
High wall shear stress could promote the migration of smooth
muscle cells (SMCs) and phenotypic changes, resulting in smooth
muscle cells’ secretion of inflammatory mediators and factors
involved in the degradation of the vessel wall of the intracranial
aneurysm (Staarmann et al., 2019). This process was suggested
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FIGURE 1 | Forest plot of ORs for the association between BMI and intracranial aneurysm rupture. Compared to the patients with normal BMI (18.5 to < 24.0 kg/m2 ),

odds of intracranial aneurysm rupture were significantly lower in the patients with BMI 24.0 to < 28.0 kg/m2 and patients with BMI ≥ 28.0 kg/m2. Low BMI (<18.0

kg/m2) was not associated with intracranial aneurysm rupture. Taking the patients with BMI < 24 kg/m2 as a reference, the patients with BMI ≥ 24.0 kg/m2 had a

lower odds of intracranial aneurysm rupture as well.

FIGURE 2 | Forest plot of ORs for the association between BMI and intracranial aneurysm rupture stratified by sex. Both the BMI 24.0 to < 28.0 kg/m2 and the BMI

≥ 28.0 kg/m2 were associated with a lower risk of intracranial aneurysm rupture in males. However, no association was found between BMI and intracranial aneurysm

rupture in females.

to be associated with the growth and rupture of the small or
secondary bleb aneurysm phenotype of intracranial aneurysms
(Meng et al., 2014). Coincidentally, low BMI was reported to
be inversely associated with the peak wall stress in patients
with abdominal aortic aneurysm (AAA), leading to an increased
rupture risk of abdominal aortic aneurysm (Sweeting et al., 2012;
Lindquist Liljeqvist et al., 2017). Given this result and the fact that
the majority of the study population presented a small aneurysm
(size < 10mm), patients with a relatively lower level of BMI
might have higher wall shear stress and then increase the rupture
risk of small intracranial aneurysms. Third, patients with higher
BMI are more likely to take statins for secondary prevention to
reduce the risk of cardiovascular diseases and ischemic stroke
in clinical practice. The experimental animal models, as well
as clinical studies, suggest that statins have various pleiotropic

effects including anti-inflammatory and anti-thrombotic that
could reduce the risk of intracranial aneurysm rupture (Sweeting
et al., 2009; Can et al., 2018). However, the pathophysiological
basis accounting for the inverse association remains unclear, and
therefore further research is recommended to be undertaken to
draw these inferences.

In the subgroup analysis, we found that there was a significant
sex difference in the inverse association between BMI and
intracranial aneurysm rupture. Our sex-strata result is similar
to several previous cardiovascular and cerebrovascular studies
where they also observed that the inverse association between
BMI and adverse events is more prominent in males than in
females (Hong et al., 2018; Liu et al., 2021). This result may
be partly explained by the fact that there is a sex difference
in the prevalence of obesity. A recent study, based on the
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FIGURE 3 | Forest plot of ORs for the association between BMI and intracranial aneurysm rupture stratified by age. Both the BMI 24.0 to < 28.0 kg/m2 and the BMI

≥ 28.0 kg/m2 were associated with a lower risk of intracranial aneurysm rupture in patients aged 50–60 years and patients aged >60 years. However, no association

was found between BMI and intracranial aneurysm rupture in patients aged <50 years.

China Chronic Disease and Risk Factors Surveillance program,
demonstrated that males have significantly higher proportions
of overweight and obesity than females in China, especially in
recent years (Wang L. et al., 2021). Similarly, male patients had
higher proportions of BMI-defined overweight and obesity in the
present study (data not showed). Looking back, it makes sense
that overweight and obesity were not or even positively associated
with the incidence of SAH in a Japanese cohort study due to
its disproportionally high percentage of females (Kawate et al.,
2017). Besides, it is easy to understand the phenomenon thatmale
sex is related to a lower risk of intracranial aneurysm rupture
from the perspective of sex difference in this inverse association.
At the same time, our results contrast with the Sweden cohort
study where the inverse association of BMI with risk of SAH
was found in females (Sundström et al., 2019). In addition to the
difference in controls, this inconsistency might be attributed to
the regional difference in the epidemiology of obesity as well as
the racial difference in the fat distribution between the Asian and
Caucasian populations (Deurenberg et al., 2002; Lim et al., 2011).
For instance, visceral adiposity, a fat that is thought to be more
dangerous than subcutaneous adiposity, was reported to be more
prominent in Asian females than Caucasian females with similar
BMI (Lim et al., 2011).

Consistent with the literature, the majority of patients with
intracranial aneurysms were aged ≥50 years and about half
of them were elderly. Interestingly, our results demonstrated
that BMI was negatively associated with intracranial aneurysm
rupture both in patients aged 50–60 years and those aged
>60 years, whereas the inverse association was not found in
younger patients. This study supports evidence from previous

observations that older individuals have a more significant
inverse association between BMI and the incidence of SAH
(Sundström et al., 2019). Besides, this result further confirms the
phenomenon that the “obesity paradox” seems to be profound
in aging patients (Wang and Ren, 2018). Since there is a
complex relationship between aging, metabolism, and relevant
disease, it is difficult to explain this result. However, one possible
explanation for this might be the loss of skeletal mass due to
the aging process in older individuals. On the one hand, weight
loss, especially for the loss of skeletal mass, is common in the
elderly population, and advanced age (>65 years) is particularly
vulnerable to loss of skeletal mass (Bischof and Park, 2015),
which in turn has been shown to be highly related to the growth
of intracranial aneurysms (aneurysmal growth easily leads to a
rupture) (Giordan et al., 2018). On the other hand, loss of skeletal
mass is thought to be negatively associated with BMI (Iannuzzi-
Sucich et al., 2002). In this perspective, elderly patients with
relatively high BMI would have less likelihood of loss of skeletal
mass, resulting in a lower risk of intracranial aneurysm rupture.
Similarly, Kuo et al. (2006) suggested that elderly individuals
with elevated BMI present better cognitive performance in terms
of reasoning and visuospatial speed of processing than those
with normal BMI, in which a high level of skeletal mass was
inferred to be an important contributor. Consequently, if loss
of skeletal mass is the accountable factor, more efforts to reduce
the risk of intracranial aneurysm rupture as well as improve the
structure and function of the aging brain, including adequate
protein intake and moderate physical exercise, are warranted in
aging patients with intracranial aneurysms. However, the impact
of a loss of skeletal mass on the intracranial aneurysm rupture is

Frontiers in Aging Neuroscience | www.frontiersin.org 7 August 2021 | Volume 13 | Article 716068242

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Chen et al. BMI and Intracranial Aneurysm Rupture

still needed to be validated, and further prospective studies are
therefore suggested to be undertaken in the future.

Strengths of our study include the comprehensive collection of
directly measured data from prospective hospital-based samples,
the large sample size, the many harmonized exposure variables,
and a multicenter design, which could largely reduce the
likelihood of random error, selection bias, and measurement
bias. With an increasing number of BMI-defined overweight and
obesity and increasing mean age in patients with intracranial
aneurysms in recent years, this study addresses a clinically
relevant question for the clinicians. Our findings could help
clinicians to fully understand the effect of BMI on the
natural history of unruptured intracranial aneurysms, providing
important implications in deciding on the optimal management
of unruptured intracranial aneurysms in patients with higher
BMI, especially for aging patients.

Despite the intriguing findings of the present study, several
important limitations should be taken into account. First, our
study design is retrospective, which has less power to estimate
the cause-effect. Besides, as patients with ruptured intracranial
aneurysms might have weight loss owing to the negative nitrogen
balance at presentation, the sudden weight loss might have
an impact on the results. Despite that, the majority of the
study population was admitted to the hospitals within 1 day,
and thereby the impact of weight loss on the results could be
thought to be minor. In any case, a large prospective cohort
study is needed to confirm our results in the future. Second,
since nearly one-fourth of patients with SAH would die before
admission to a hospital, the cases in the present study may
not be fully representative of all cases of ruptured intracranial
aneurysms. There is some kind of prevalence-incidence bias
(Neyman bias) in the present study. Third, although we adjusted
a set of crucial covariates in multivariable models, there are
still potential confounders that could influence our results.
Particularly, previous SAH is independently associated with
intracranial aneurysm rupture. Since the relevant information
was not available in the database, this important covariate was
not included in the multivariable model. The absence of the
important factor in the multivariable model might have an
impact on the results. Further studies, which take these variables
into account, will need to be undertaken. Fourth, although the
loss of skeletal mass was inferred to contribute to the significant
inverse association between BMI and intracranial aneurysm
rupture in aging patients, no direct evidence could be presented.
Thus, to draw this inference, further prospective studies on the
exact benefit of life and behavioral change are therefore suggested
to be undertaken in the future. Last but not least, the results
of the present study were based on the Chinese population. As
there are regional and racial differences in the epidemiology
of obesity across countries, replication of the results in other
populations is suggested. This is an important issue for
future research.

CONCLUSIONS

In summary, the findings of our study demonstrated that
increased BMI was significantly and inversely associated with
saccular intracranial aneurysm rupture in males and patients
aged ≥50 years. With an increasing number of BMI-defined
overweight and obesity and increasing mean age in patients
with intracranial aneurysms in recent years, our findings could
provide important implications in deciding on the optimal
management of unruptured intracranial aneurysms in patients
with higher BMI, especially for aging patients. However, a large
prospective cohort study is needed to confirm our results in
the future.
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Background: Brain atrophy globally reflects the effects of preexisting risk factors and

biological aging on brain structures and normally predicts poor outcomes in anterior

circulation stroke. However, comparing with these patients, acute basilar artery occlusion

(ABAO) impairs infratentorial regions frequently and might benefit from brain atrophy

due to the resulting residual space to reduce tissue compression and thus improve

prognosis, which raises doubts that current understandings for prognostic roles of brain

atrophy are also applicable for ABAO. Therefore, this study aims to evaluate brain atrophy

automatically fromCT images and investigates its impact on outcomes of ABAO following

endovascular treatment (EVT).

Methods: A total of 231 ABAO who underwent EVT from the BASILAR registry were

enrolled. Brain atrophy was quantified as the ratio of brain parenchymal volume to

cerebrospinal fluid volume on baseline CT. The primary outcome was the modified Rankin

Scale (mRS) score at 3 months.

Results: The frequency of favorable outcomes (90-day mRS≤ 3) was significantly lower

in the severe atrophy group (P = 0.014). Adjusted logistic models revealed that severe

brain atrophy was significantly negatively associated with favorable outcome incidence

(P = 0.006), with no relationship with either in-hospital or 90-day overall mortality (all

P > 0.05). Adding a severe atrophy index into the baseline model obviously enhanced its

discriminatory ability in predicting the outcome by obviously increasing areas under the

receiver operating characteristic curve, net reclassification improvement algorithm, and

integrated discrimination improvement algorithm values (all P < 0.05).

Conclusion: Severe brain atrophy did not improve in-hospital or overall mortality but

impaired the long-term recovery after EVT. This objective and automated marker has the

potential to be incorporated into decision-support methods for treating ABAO.

Keywords: brain atrophy, acute basilar artery occlusion, computed tomography, endovascular treatment,

automatical analysis
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INTRODUCTION

Acute basilar artery occlusion (ABAO) accounts for nearly 1% of
all forms of ischemic stroke (Mattle et al., 2011). It is a devastating
neurological disorder with highmortality that leaves a substantial
part of survivors severely disabled (Mattle et al., 2011). Although
endovascular treatment (EVT) has been increasingly applied as
a common strategy in daily clinical practice for patients with
ABAO, the latest BASICS randomized controlled trial focusing
on the management of ABAO failed to demonstrate statistically
the benefit of this intervention overmedical management therapy
under current EVT indications (Langezaal et al., 2021). To
further ameliorate the outcomes of patients with ABAO treated
with EVT, novel key prognostic markers are urgently needed to
improve clinical decision-making systems and to identify patients
suitable for EVT.

Brain atrophy, indicating the loss of brain cells or their
connections, has recently been presented as a new, reliable
imaging marker for predicting poor functional outcomes in
patients with anterior circulation stroke treated with intravenous
thrombolysis or EVT (Lauksio et al., 2020; Pedraza et al., 2020).
However, compared with anterior circulation stroke, which
damages cerebral hemispheres, in patients with ABAO, the
subtentorial structures are frequently impaired; such patients
might benefit from brain atrophy, which provides compensation
space and increases tolerance of space-occupying conditions,
thereby decreasing the probability of brain herniation, decreasing
mortality, and promoting recovery (Mattle et al., 2011; Delcourt
et al., 2020). The markedly different infarction locations between
ABAO and anterior circulation stroke have raised doubts that the
current understanding of the prognostic roles of brain atrophy is
applicable to ABAO. However, due to the relatively low incidence
of ABAO, the association between brain atrophy and outcomes of
these patients with ABAO after EVT has not been explored to the
best of our knowledge.

Previous methods of evaluating brain atrophy have mainly
relied on the subjective visual experience of the neurologists
performing the evaluation, which might limit the use of brain
atrophy for outcome evaluation in clinical practice (Appleton
et al., 2020). Nevertheless, a recently developed automated
volumetric algorithm named CTseg has enabled the rapid and
objective estimation of the degree of global brain atrophy after
mapping to the standard brain map and quantifying brain
parenchymal volume (BPV) and cerebrospinal fluid volume
(CFV) by CT, which is the most frequent type of brain image used
to diagnose ischemic stroke (Adduru et al., 2020; Brudfors et al.,
2020). Therefore, based on our previous multicenter BASILAR
registry and the CTseg automatic algorithm, this study aims
to explore the role of brain atrophy in determining clinical
outcomes among patients with ABAO treated with EVT.

MATERIALS AND METHODS

Study Design and Participants
The BASILAR study was a nationwide, prospective registry of
EVT plus medical management vs. medical management alone
for patients who were confirmed with an acute symptomatic

and radiological ABAO from 47 comprehensive stroke centers in
China between January 2014 and May 2019. The details of the
study protocol have been previously published (Writing Group
for the BASILAR Group et al., 2020).

In the present analysis, we evaluated the degree of atrophy
automatically from CT slices to further explore the impact of
brain atrophy on clinical outcomes among patients with ABAO
after EVT (Adduru et al., 2020; Brudfors et al., 2020). We
included consecutive patients in the BASILAR registry who met
the following criteria: (1) treated with EVT, (2) accepted non-
contrast-enhanced CT (NECT) scanning before the endovascular
intervention, and (3) NECT slice thickness≤ 5mm (to guarantee
the accuracy of the analysis). From 829 patients in the BASILAR
registry, a total of 231 patients treated with EVT were enrolled
in this study. In addition, another 66 patients with ABAO
who had been treated with medical management alone (NECT
thickness also ≤5mm) were further enrolled to verify whether
brain atrophy data can improve clinical decision-making.

Standard Protocol Approvals,
Registrations, and Patient Consents
The BASILAR was registered on the Chinese Clinical Trial
Registry (ChiCTR1800014759). This study was approved by the
research board at each participating center, and informed consent
was obtained from all patients or their authorized representatives.

Procedures and Data Collection
In addition to CT images acquired at admission, we
retrospectively collected data on baseline characteristics,
including age, sex, vascular risk factors (i.e., diabetes mellitus,
hypertension, atrial fibrillation, and hyperlipidemia), National
Institute of Health Stroke Scale (NIHSS) at admission, and
posterior circulation-Alberta Stroke Program Early scores
(PC-ASPECTS). Collateral circulation status was assessed by
the posterior circulation collateral score (PC-CS) based on the
presence of potential collateral pathways on CT angiography
(van der Hoeven et al., 2016). Successful reperfusion was defined
as a modified thrombolysis-in-cerebral-infarction (mTICI) score
higher than 2a at the end of the intervention. An independent
core imaging laboratory, blinded to clinical outcomes, assessed
all digital subtraction angiographies and imaging data.

Primary functional outcomes at follow-up were assessed using
the 90-day modified Rankin Scale (mRS). A score on the 90-day
mRS of 4–6 was defined as a poor outcome. sICHwas defined as a
newly observed intracranial hemorrhage leading to an increase of
four points on the NIHSS before worsening or an increase of two
points in one category (Liu et al., 2020; Writing Group for the
BASILAR Group et al., 2020). Early neurological improvement
(ENI) was defined as a reduction of the NIHSS score from the
baseline score of >8, or a return to 0, 24 h after EVT (Guenego
et al., 2021).

Brain Atrophy Degree Evaluation
We estimated brain atrophy automatically based on the
CTseg algorithm (https://github.com/WCHN/CTseg), developed
by the Ashburner group at the Wellcome Trust Centre for
Neuroimaging (Brudfors et al., 2020). This routine spatially
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TABLE 1 | Baseline characteristics of the study population.

All patients (N = 231) mRS ≤ 3 (N = 79) mRS > 3 (N = 152) P

Age, years, mean ± SD 62.74 ± 12.18 61.23 ± 13.35 63.52 ± 11.49 0.175

Men, (n%) 172 (74.46) 56 (70.89) 116 (76.32) 0.460

Baseline NIHSS, median (IQR) 26.0 (17.0–32.0) 23.0 (11.0–30.0) 29.0 (20.0–34.0) <0.001

Initial PC-ASPECTS, median (IQR) 8 (7–9) 9 (8–10) 7 (6–8) <0.001

Admission SBP, mmHg, mean ± SD 144.94 ± 23.42 146.52 ± 23.72 144.12 ± 23.30 0.461

Admission DBP, mmHg, mean ± SD 83.86 ± 15.17 83.38 ± 16.09 84.11 ± 14.71 0.729

24 h NIHSS after EVT, median (IQR) 27.0 (12.0–34.0) 9.0 (3.0–17.5) 32.0 (23.0–35.0) <0.001

7 d NIHSS after EVT, median(IQR) 19.0 (6.5–35.0) 3.0 (1.0–8.0) 31.5 (18.0–36.0) <0.001

Pre-onset mRS

0 206 (89.18) 71 (89.87) 135 (88.82) 0.794

1 20 (8.66) 7 (8.86) 13 (8.55)

2 5 (2.16) 1 (1.27) 4 (2.63)

BPV/CFV 3.20 (0.45) 3.30 (0.41) 3.16 (0.47) 0.022

History of risk factors, n (%)

Hypertension 152 (65.80) 56 (70.89) 96 (63.16) 0.304

Diabetes mellitus 53 (22.94) 16 (20.25) 37 (24.34) 0.592

Dyslipidemia 73 (31.60) 30 (37.97) 43 (28.29) 0.176

Atrial fibrillation 45 (19.48) 19 (24.05) 26 (17.11) 0.276

Smoking 85 (36.80) 32 (40.51) 53 (34.87) 0.484

TIA 5 (2.16) 1 (1.27) 4 (2.63) 0.841

TOAST classification, n (%) 0.262

LAA 151 (65.37) 45 (56.96) 106 (69.74)

CE 58 (25.11) 25 (31.65) 33 (21.71)

SOE 6 (2.60) 2 (2.53) 4 (2.63)

SUE 16 (6.93) 7 (8.86) 9 (5.92)

Imaging parameters

Occlusion site, n (%) 0.044

BA distal 76 (32.90) 34 (43.04) 42 (27.63)

BA middle 70 (30.30) 16 (20.25) 54 (35.53)

BA proximal 42 (18.18) 13 (16.46) 29 (19.08)

V4 43 (18.61) 16 (20.25) 27 (17.76)

PC-CS score, median (IQR) 4 (3–6) 5 (4–6) 4 (3–6) <0.001

Treatment procedure, n (%)

Intravenous thrombolysis 49 (21.21) 15 (18.99) 34 (22.37) 0.330

Anesthesia 0.450

General 83 (35.93) 31 (39.24) 52 (34.21)

Local 148 (64.07) 48 (60.76) 100 (65.79)

Reperfusion status, n (%)

mTICI

0–2a 42 (18.18) 5 (6.33) 37 (24.34) 0.009

2b−3a 189 (81.18) 74 (93.67) 115 (75.66)

Treatment delay, median (IQR), min

Onset to puncture 324.5 (230.5, 494.2) 266.0 (172.0, 384.0) 354.0 (250.0, 506.0) 0.005

Puncture to recanalization 103.0 (69.5, 144.5) 86.0 (60.0, 120.0) 113.0 (79.0, 167.0) <0.001

Onset to recanalization 449.0 (326.0, 627.7) 365.0 (279.0, 499.0) 485.0 (365.0, 649.0) <0.001

amTICI score of 2b or 3 indicates satisfied recanalization.

BA, basilar artery; mTICI, modified thrombolysis in cerebral infarction; PCA, posterior cerebral artery; V4, V4 segment of vertebral artery; CE, cardioembolism; NIHSS, National Institutes

of Health Stroke Scale; PC-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score; SBP, systolic blood pressure; DBP, diastolic blood pressure; SOE, stroke of other

determined cause; SUE, stroke of undetermined cause; TIA, transient ischemic attack; TOAST, Trial of ORG 10172 in Acute Stroke Treatment; BPV, brain parenchymal volume; CFV,

cerebrospinal fluid volume.
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normalized brain CT images in the standard brain space at the
Montreal Neurological Institute by flexible Bayesian modeling
and further segmented the total BPV and CFV after skull
stripping. Compared with previous methods, CTseg leads to
a more robust segmentation that can better handle images
with considerable noise and/or large morphological variability
(Brudfors et al., 2020). Brain atrophy was then categorized by
tertiles in the ratio of BPV–CFV as follows: first tertile (>3.349),
mild atrophy; second tertile (3.018–3.349), intermediate atrophy;
and third tertile (<3.018), severe atrophy.

Statistical Analysis
Depending on the normality of the distribution as assessed
by the Kolmogorov–Smirnov test, continuous variables were
compared using Student’s t-test for independent samples, or
the Mann–Whitney U-test or Kruskal–Wallis test for non-
normal data. Proportion tests for categorical variables were
performed using the chi-square test or Fisher’s exact test. The
data were presented as mean ± SD, median [interquartile
range (IQR)], or as number (percentage), where appropriate.
To determine the independent prognostic factors for favorable
outcomes, the binary and multivariable logistic regression
analyses were performed, and the results were summarized as
odds ratios (ORs) with 95% CIs. The restricted cubic spline
analyses were employed to characterize the dose–response
association and to explore the potential linear or nonlinear
relationship between atrophy status and clinical outcome. We
used three predefined “knots” (inter-spline dividing values of the
independent variable) for transforming the BPV/CFV values for
restricted cubic spline analysis (10, 33, and 90th percentiles).
The tests for nonlinearity were performed first. If this test was
not statistically significant, the test result for overall association
and linearity was checked, with a significant result indicating
a linear association. We also analyzed the heterogeneity of
the effect of brain atrophy status within subgroups based
on sex, age (≤65 or >65 years), mTICI (0–2a or 2b−3),
NIHSS score (<25 or ≥25), and ASITN/SIR (<2 or ≥2).
The areas under the receiver operating characteristic curves
(AUCs) were calculated and compared using the DeLong’s
test. The incremental effects of the severe level of the brain
atrophy index for outcome prediction were examined using
the net reclassification improvement algorithm (NRI) and the
integrated discrimination improvement algorithm (IDI), with
the baseline model as a reference. The threshold for statistical
significance was set at P < 0.05. All statistical analyses were
performed using the R software version 3.6.1 (https://www.r-
project.org).

RESULTS

Baseline Characteristics of the Study
Population
The clinical manifestations of the study population at admission
are shown in Table 1. The average age was 62.74 years and
74.46% of them were men. A total of 152 patients (65.80%)
had a history of hypertension and 53 (22.94%) patients had
a history of diabetes mellitus. A total of 79 (34.20%) patients

achieved favorable outcomes. The PC-ASPECTS score, the PC-
CS, and the proportion of mTICI ≥ 2b were significantly higher
in patients with favorable outcomes than in those with poor
outcomes (90-day mRS ≤3 vs. >3; all P < 0.01). In addition,
the baseline NIHSS score, the onset-to-puncture time, the
puncture-to-recanalization time, and the onset-to-recanalization
were significantly elevated in patients with poor outcomes
(all P < 0.05).

Patients were stratified into three groups according to their
brain atrophy levels (Table 2). The average age in the highest
tertile group was obviously elevated compared with the others
[lowest tertile (N = 77): 58.19 ± 11.15; intermediate tertile
(N = 77): 60.26 ± 10.45; highest tertile (N = 77): 69.75 ±

11.75, P < 0.001]. We also detected significant differences in
the proportions of men, atrial fibrillation, and dyslipidemia
among these three groups (all P < 0.05). None of the other
risk factors, including systolic blood pressure, diastolic blood
pressure, initial PC-ASPECTS score, and baseline NIHSS, were
remarkably affected by the degree of atrophy (all P > 0.05).

The Impact of Brain Atrophy on Clinical
Outcome
As shown in Table 3, favorable outcomes were least likely among
patients with severe atrophy, with lower percentages than in
the other atrophy subgroups (mild atrophy vs. intermediate
vs. severe: mRS ≤ 3, 41.56 vs. 37.66 vs. 23.38%, P = 0.044;
mRS ≤ 2, 40.25 vs. 28.57 vs. 22.08%, P = 0.045). In the
adjusted analysis, intermediate brain atrophy had the same
prognostic values as mild brain atrophy (all P > 0.05). However,
compared with mild brain atrophy, favorable outcomes were
less likely to occur in the severe atrophy group [adjusted OR
with 95% CI: mRS ≤ 3, 0.21 (0.07–0.62), P = 0.006; mRS ≤

2, 0.18 (0.05–0.58), P = 0.006; mRS ≤ 1, 0.22 (0.06, 0.69),
P = 0.014; Table 3).

Previous studies have demonstrated that brain atrophy can
promote the survival of patients with anterior circulation stroke
(Lee et al., 2010). However, we found no significant correlations
between brain atrophy degree and NIHSS score alterations at
24 h, NIHSS score alterations at 5–7 days, or the proportion
of ENI (all P > 0.05). Both the unadjusted model and the
multivariate analysis with adjustment for confounders indicated
that brain atrophy level could not improve in-hospital or 90-day
mortality (all P > 0.05).

Association of Severe Brain Atrophy With
Traditional Risk Factors in Predicting
Outcomes of ABAO Treated With EVT
Our restricted cubic spline analysis detected a significant
nonlinear association of brain atrophy levels, with favorable
clinical outcomes at 3 months (P for non-linear = 0.034,
Figure 1A) among patients treated with EVT. With all OR
and CI values falling below 1, the unique OR and CI
distribution patterns of severe atrophy supported the previous
results provided in Table 3 and indicated obviously differential
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TABLE 2 | Baseline clinical characteristics according to brain atrophy levels.

Mild atrophy (N = 77)a Intermediate atrophy (N = 77)a Severe atrophy (N = 77)a P

Age, years, mean ± SD 58.19 ± 11.15 60.26 ± 10.45 69.75 ± 11.75 <0.001

Male, (n %) 53 (68.83) 70 (90.91) 49 (63.64) <0.001

Baseline NIHSS, median (IQR) 26.0 (18.0–32.0) 26.0 (18.0–34.0) 27.0 (16.0–32.0) 0.914

PC-ASPECTS, median (IQR) 8.0 (7.0–9.0) 8.0 (7.0–9.0) 8.0 (6.0–9.0) 0.608

Admission SBP, mmHg, mean ± SD 142.49 ± 26.00 143.90 ± 21.21 148.43 ± 21.98 0.260

Admission DBP, mmHg, mean ± SD 84.00 ± 17.30 83.86 ± 12.57 83.73 ± 15.44 0.994

NIHSS at 24 h after EVT, median (IQR) 23.0 (9.0–35.0) 27.0 (15.0–34.0) 30.0 (13.0–35.0) 0.780

NIHSS at 7 days after EVT, median (IQR) 15.0 (5.0–35.0) 18.0 (9.0–35.0) 23.0 (8.0–35.0) 0.443

Pre-onset mRS (%) 0.267

0 72 (93.51) 64 (83.12) 70 (90.91)

1 4 (5.19) 11 (14.29) 5 (6.49)

2 1 (1.30) 2 (2.60) 2 (2.60)

History of risk factors, n (%)

Hypertension 48 (62.34) 52 (67.53) 52 (67.53) 0.735

Diabetes mellitus 24 (31.17) 17 (22.08) 12 (15.58) 0.069

Dyslipidemia 26 (33.77) 36 (46.75) 11 (14.29) <0.001

Atrial fibrillation 13 (16.88) 9 (11.69) 23 (29.87) 0.013

TIA 2 (2.60) 2 (2.60) 1 (1.30) 0.815

TOAST classification, n (%) 0.139

LAA 51 (66.23) 58 (75.32) 42 (54.55)

CE 17 (22.08) 13 (16.88) 28 (36.36)

SOE 2 (2.60) 2 (2.60) 2 (2.60)

SUE 7 (9.09) 4 (5.19) 5 (6.49)

Imaging parameters

Occlusion site, n (%) 0.326

BA distal 25 (32.47) 19 (24.68) 32 (41.56)

BA middle 22 (28.57) 25 (32.47) 23 (29.87)

BA proximal 13 (16.88) 16 (20.78) 13 (16.88)

V4 17 (22.08) 17 (22.08) 9 (11.69)

PC-CS score, median (IQR) 5 (4–6) 4 (2–5) 5 (3.5–6) 0.026

Treatment procedure, n (%)

Intravenous thrombolysis 18 (23.38) 16 (20.78) 15 (19.48) 0.834

Anesthesia 0.073

General 30 (38.96) 33 (42.86) 20 (25.97)

Local 47 (61.04) 44 (57.14) 57 (74.03)

Reperfusion status, n (%)

mTICI 0.542

0–2a 11 (14.29) 15 (19.48) 16 (20.78)

2b−3b 66 (85.71) 62 (80.52) 61 (79.22)

Treatment delay, median (IQR), min

Onset to puncture 315.0 (240.7, 475.7) 330.0 (191.0, 589.5) 324.0 (250.1, 440.5) 0.977

Puncture to recanalization 102.0 (69.8, 148.0) 107.0 (79.5, 144.8) 99.50 (58.0, 136.5) 0.508

Onset to recanalization 430.0 (345.8, 617.0) 454.0 (315.0, 710.0) 449.5 (331.3, 569.8) 0.836

aBrain atrophy was categorized by tertile based on the ratio of brain parenchymal volume–cerebrospinal fluid volume (BPV–CFV); mild atrophy (first tertile): BPV–CFV>3.349; intermediate

atrophy (second tertile): BPV–CFV 3.018–3.349; severe atrophy (third tertile): BPV–CFV < 3.018.
bmTICI score of 2b or 3 indicates complete recanalization.

PC-CS, posterior circulation collateral system score; BA, basilar artery; mTICI, modified thrombolysis in cerebral infarction; PCA, posterior cerebral artery; V4, V4 segment of vertebral

artery; CE, cardioembolism; NIHSS, National Institutes of Health Stroke Scale; PC-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score; SBP, systolic blood pressure;

DBP, diastolic blood pressure; SOE, stroke of other determined cause; SUE, stroke of undetermined cause; TIA, transient ischemic attack; TOAST, Trial of ORG 10172 in Acute

Stroke Treatment.
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TABLE 3 | The impact of brain atrophy on clinical outcome.

Characteristics Atrophy levels No./No. (%) P-value OR (95%CI) P Adjusted OR (95%CI) P

EFFICACY OUTCOME

90-day outcome

mRS, median (IQR) Mild 5 (1–6) 0.137a Reference Reference Reference Reference

Intermediate 5 (2–6) 1.23 (0.68, 2.34)c 0.493 0.69 (0.34, 1.41)d 0.311

Severe 5 (3–6) 1.96 (1.06, 3.65)c 0.033 2.43 (1.17, 5.12)d 0.018

mRS 0-3 Mild 32 (41.56) 0.044b Reference Reference Reference Reference

Intermediate 29 (37.66) 0.85 (0.44, 1.62) 0.621 2.11 (0.82, 5.74) 0.131

Severe 18 (23.38) 0.43 (0.21, 0.85) 0.017 0.21 (0.07, 0.62) 0.006

mRS 0-2 Mild 31 (40.25) 0.045b Reference Reference Reference Reference

Intermediate 22 (28.57) 0.59 (0.30, 1.16) 0.128 1.13 (0.42, 3.08) 0.814

Severe 17 (22.08) 0.42 (0.20, 0.84) 0.016 0.18 (0.05, 0.58) 0.006

mRS 0-1 Mild 26 (33.77) 0.066b Reference Reference Reference Reference

Intermediate 17 (22.08) 0.56 (0.27, 1.13) 0.108 0.93 (0.32, 2.70) 0.890

Severe 14 (18.18) 0.44 (0.20, 0.91) 0.029 0.22 (0.06, 0.69) 0.014

NIHSS SCORE

Change from baseline at Mild 0.00 (−4.00–2.00) 0.455a Reference Reference Reference Reference

24 h, median (IQR) Intermediate 0.00 (−4.00, 2.00) 1.78 (−1.44 to 5.00)e 0.278 0.39 (−2.71 to 3.49)e 0.805

Severe 0.00 (2.00, 2.00) 2.48 (−0.74 to 5.70)e 0.131 1.54 (−1.68 to 4.77)f 0.346

Change from baseline at Mild −4.0 (−14.00, 2.00) 0.285a Reference Reference Reference Reference

5–7 d, median (IQR) Intermediate −2.00 (−15.00, 2.00) 1.69 (−2.44 to 5.81)f 0.421 −0.87 (−4.56 to 2.82)f 0.642

Severe 0.00 (−9.00, 4.00) 3.78 (−0.35 to 7.90)f 0.072 2.02 (−1.82 to 5.86)f 0.300

ENIg Mild 14 (18.18) 0.916b Reference Reference Reference Reference

Intermediate 13 (16.88) 0.91 (0.39, 2.11) 0.832 2.50 (0.77, 8.94) 0.139

Severe 15 (19.48) 1.09 (0.48, 2.46) 0.837 1.99 (0.65, 6.51) 0.227

SAFETY OUTCOMES

Mortality in hospital Mild 15 (19.48) 0.770b Reference Reference Reference Reference

Intermediate 15 (19.48) 1.00 (0.45, 2.23) 1.000 0.90 (0.35, 2.34) 0.832

Severe 12 (15.58) 0.76 (0.33,1.76) 0.526 0.69 (0.22, 2.07) 0.511

Mortality at 90 d Mild 29 (37.66) 0.502b Reference Reference Reference Reference

Intermediate 34 (44.16) 1.18 (0.62, 2.25) 0.621 0.59 (0.22, 1.52) 0.285

Severe 36 (46.75) 1.45 (0.77, 2.78) 0.254 1.26 (0.47, 3.36) 0.636

SICH Mild 4 (5.19) 0.768b Reference Reference Reference Reference

Intermediate 3 (3.90) 0.74 (0.14, 3.47) 0.700 0.86 (0.13, 5.57) 0.870

Severe 5 (6.49) 1.27 (0.32, 5.30) 0.732 0.47 (0.08, 2.83) 0.404

aWilcoxon test.
bChi-square test.
cCommon odds ratio.
dAdjusted common odds ratio; adjusted estimates of outcome were calculated using multiple regression, taking the following variables into account: age, sex, dyslipidemia, atrial

fibrillation, baseline NIHSS score, baseline PC-ASPECTS, mTICI, PC-CS, and onset to recanalization time.
eβ-values were estimated from a univariate linear regression model.
fβ-values were estimated from a multivariable linear regression model; adjusted estimates of outcome were calculated using multiple regression, taking the following variables into

account: age, sex, dyslipidemia, atrial fibrillation, baseline NIHSS score, baseline PC-ASPECTS, mTICI, PC-CS, and onset to recanalization time.
gENI: early neurological improvement was estimated by a reduction of > 8 or return to 0 on NIHSS compared with baseline score at 24 h after EVT.

EVT, endovascular treatment; NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale score at 90 days.

prognostic roles of severe brain atrophy from mild and
intermediate atrophy.

The frequency of favorable outcomes (mRS ≤ 3) in patients
with severe brain atrophy was significantly lower than that of the
other groups (severe vs. non-severe: 23.38 vs. 39.61%, P = 0.014;
Figure 1B). In the multivariate analysis with adjustment for
confounders, the severe brain atrophy level was found to
be significantly negatively correlated with the incidence of

mRS ≤3 [adjusted OR with 95% CI 0.22 (0.08–0.53), P = 0.001,
Figure 1C].

The univariate and multivariate analyses were used to explore
the association of severe brain atrophy with traditional risk
factors in predicting the outcomes for patients with ABAO
after EVT (Table 4). Univariate logistic regression showed that
severe brain atrophy, NIHSS score at baseline, PC-ASPECTS,
and PC-CS were related to the outcomes in patients with ABAO
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FIGURE 1 | Association of severe brain atrophy with clinical outcome. (A) Association of brain atrophy with favorable outcome (mRS ≤ 3) in a restricted cubic spline

model. Brain atrophy was estimated by quantifying BPV/CFV. ORs, solid line; 95% CI, dashed lines. (B) Primary outcomes according to brain atrophy status.

Distribution of modified Rankin Scale (mRS) scores at 3 months in patients treated with endovascular treatment. (C) Multivariable logistic regression analysis revealed

the relationship between brain atrophy and efficacy outcome and safety outcome. Adjusted estimates of outcome were calculated using multiple regression, taking

the following variables into account: age, sex, dyslipidemia, atrial fibrillation, baseline NIHSS score, baseline PC-ASPECTS, mTICI, PC-CS, and onset to recanalization

time. (a) Common odds ratio; (b) β and 95% CI values were estimated from a multivariable linear regression model, which was adjusted by multiple regression, taking

the following variables into account: age, sex, dyslipidemia, atrial fibrillation, baseline NIHSS score, baseline PC-ASPECTS, mTICI, PC-CS score, and onset to

recanalization time. (c) ENI: early neurological improvement was estimated by a reduction of > 8 or return to 0 on NIHSS compared with baseline score at 24 h after

EVT.

after EVT (all P < 0.05). Multivariable logistic regression that
included predictors identified by using the univariate analysis (at
P < 0.05) further identified the following independent predictors
of favorable outcomes (mRS ≤ 3) after EVT: severe brain

atrophy [adjusted OR with 95% CI, 0.33 (0.15, 0.70), P = 0.005],
NIHSS score at baseline [adjusted OR with 95% CI, 0.97 (0.93–
1.00), P = 0.072], PC-ASPECTS [adjusted OR with 95% CI, 1.82
(1.44, 2.36), P < 0.001], mTICI [adjusted OR with 95% CI,
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TABLE 4 | The association of severe brain atrophy and traditional risk factors in predicting outcome.

Univariate analysis Multivariate analysis

OR (95% CI) p-value Adjusted OR (95% CI) p-value

Severe atrophy 0.47 (0.25, 0.85) 0.015 0.33 (0.15, 0.70) 0.005

Age 0.98 (0.96, 1.01) 0.176

Sex 0.76 (0.41, 1.41) 0.370

Dyslipidemia 1.55 (0.87, 2.76) 0.134

Diabetes mellitus 0.79 (0.4, 1.51) 0.484

Hypertension 1.42 (0.8, 2.58) 0.241

Atrial fibrillation 1.53 (0.78, 2.98) 0.208

SBP 1.00 (0.99, 1.02) 0.460

DBP 1.00 (0.98, 1.01) 0.727

TIA 0.47 (0.02, 3.27) 0.508

TOAST 1.11 (0.78, 1.56) 0.555

Occlusion Sites 0.90 (0.70, 1.15) 0.392

Thrombolysis treatment 0.81 (0.40, 1.58) 0.551

Preonset mRS 0.85 (0.39, 1.69) 0.659

Anesthesia 1.13 (0.81, 1.57) 0.463

Onset to recanalization time 0.99 (0.99, 1.00) 0.591

NIHSS baseline 0.94 (0.91, 0.97) <0.001 0.97 (0.93, 1.00) 0.072

PC-ASPECTS 1.98 (1.59, 2.51) <0.001 1.82 (1.44, 2.36) <0.001

mTICI 1.68 (1.33, 2.19) <0.001 1.80 (1.35, 2.50) <0.001

PC-CS score 1.89 (1.43, 2.54) <0.001 1.31 (1.09, 1.60) 0.005

SBP, systolic blood pressure; DBP, diastolic blood pressure; TIA, transient ischemic attack; TOAST, Trial of ORG 10172 in Acute Stroke Treatment; PC-CS score, posterior circulation

collateral system score; mTICI, modified thrombolysis in cerebral infarction; PC-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score.

FIGURE 2 | Subgroup analyses of primary outcomes. The forest plot showed the differences in odds ratios for favorable outcomes (defined as the modified Rankin

Scale score of 0–3) at 3 months in the prespecified subgroups. Adjusted variables are as follows: age, sex, dyslipidemia, atrial fibrillation, baseline NIHSS score,

baseline PC-ASPECTS, mTICI, PC-CS, and onset to recanalization time.
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1.80 (1.35, 2.50), P < 0.001], and PC-CS score [adjusted OR with
95% CI, 1.31 (1.09, 1.60), P = 0.005].

Subgroup Analysis
Identical negative effects of severe brain atrophy on 90-day
outcome were found in patients in different age strata [Figure 2,
age ≤65: adjusted OR with 95% CI, 0.23 (0.05–0.93); age >65:
adjusted OR with 95% CI, 0.10 (0.02–0.41)]. Although we did
not identify significant interactions between sex and initial
NIHSS score, the relationship between severe brain atrophy and
unfavorable outcome was more obvious in those with satisfied
reperfusion levels (mTICI ≥ 2b, P for interaction= 0.012).

Incremental Effect of the Severe Brain
Atrophy Index on the Predictive Value of
the Baseline Model
The addition of the severe brain atrophy index significantly
increased the ability of the baseline model to predict the
outcomes in individuals with satisfactory reperfusion levels
(mTICI ≥ 2b) and yielded a statistically elevated AUC value
[baseline model vs. baseline model + severe atrophy: 0.809 (95%
CI: 0.75–0.87) vs. 0.851 (95% CI: 0.80–0.91), P = 0.022 by
using the DeLong’s test; Figure 3]. Significant improvements in
risk reclassification and discrimination were also detected after
adding the severe brain atrophy index into the baseline model,
with an NRI of 0.40 (95% CI: 0.12–0.69, P= 0.006) and an IDI of
0.04 (95% CI: 0.01–0.07, P = 0.005).

The roles of brain atrophy can play in assisting clinical
decision-making, namely, receiving medicine or EVT has also
been explored. The clinical manifestations of patients receiving
medical treatment only are given in Supplementary Table 1,
and the outcomes obtained by comparing patients treated with
EVT with those treated with medical management only are
given in Supplementary Table 2. No differences were observed
in favorable outcomes or mortality between patients with ABAO
with severe brain atrophy who received different treatment
methods (all P > 0.05). However, in patients without severe
brain atrophy, the EVT cohort presented a remarkably higher
rate of favorable functional outcome (39.61 vs. 6.82%; P <

0.001) than the medical management only group. As given in
Supplementary Table 3, the multivariate analysis confirmed that
the following measures were associated with favorable outcome
in patients with ABAO without severe brain atrophy: initial
NIHSS score [adjusted OR with 95% CI: 0.96 (0.92–0.99), P =

0.030], PC-ASPECTS [adjusted OR with 95% CI: 1.78 (1.38–
2.36), P < 0.001], and intervention treatment [adjusted OR with
95% CI: 11.76 (3.53–55.76), P < 0.001]. However, intervention
treatment was not significantly related to favorable outcomes in
patients with ABAO with severe brain atrophy (P > 0.05).

DISCUSSION

Based on a multi-centered cohort derived from the BASILAR
research, this is, to our knowledge, the first study to explore
the association between brain atrophy and clinical outcomes for
patients with ABAO treated with EVT. Our findings revealed

FIGURE 3 | Adding severe brain atrophy index into the baseline model

obviously increased its discrimination ability in predicting favorable outcomes

among patients with a satisfied reperfusion level (mTICI ≥ 2b). Baseline model:

multivariable logistic model constructed by age, sex, dyslipidemia, atrial

fibrillation, baseline NIHSS score, baseline PC-ASPECTS, mTICI, PC-CS, and

onset to recanalization time.

that (1) severe brain atrophy implied poor long-term recovery
status, (2) severe brain atrophy could not promote either overall
90-day mortality or in-hospital mortality in patients with ABAO
treated with EVT, and (3) adding a severe brain atrophy index to
the baseline model yielded a statistically significant improvement
in predictions of poor outcomes. The automatic quantitative
analysis of brain atrophy applied in this study ensured the
reliability of the present analysis and remarkably extended the
applicability of our findings.

In the acute stage following EVT, no significant association
between brain atrophy and in-hospital mortality was detected in
patients with ABAO, a remarkably different result from that of
patients with anterior circulation stroke. Candica et al. detected
an inverse association between severe atrophy and 7-day death in
patients with anterior circulation stroke (Delcourt et al., 2020).
Lee et al. demonstrated that brain atrophy might be protective
in anterior circulation stroke due to the presence of greater
residual intracerebral space available for absorbing the disruption
of space-occupying lesions, thus preventing herniation and
death (Lee et al., 2010). Two factors might contribute to these
discrepancies. First, due to the limited subtentorial space at
baseline, severe global brain atrophy might not provide enough
room to compensate for the increased regional volume caused
by the edema of infratentorial infarctions (Neugebauer et al.,
2013). Second, multiple key brain areas such as the midbrain
and pons, which regulate a variety of crucial physiological
functions, are frequently impaired in patients with ABAO, which
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might directly result in poor outcomes in the acute phase
after EVT, and this dysfunction will not be relieved by the
increased residual space available from brain atrophy (Meinel
et al., 2019). Overall, the evidence shows that the failure of brain
atrophy to improve patient survival guarantees the safety of using
severe brain atrophy as a novel prognostic indicator for EVT
for ABAO.

As for the long-term prognosis after EVT, this study
demonstrated severe cerebral atrophy to be strongly associated
with unfavorable 90-day clinical outcomes, which is in line
with previous studies on anterior circulation stroke (Pedraza
et al., 2020). The decreased ischemic tolerance ability and
impaired capacity to adapt and reorganize after stroke might
be the dominant mechanisms underlying the prognostic roles
of severe brain atrophy in ABAO after EVT (Adduru et al.,
2020). Interestingly, we did not detect significant alterations in
NIHSS or PC-ASPECTS at admission among different brain
atrophy levels. This result agreed with previous findings from
the Lauksio, Lee, and Pranita groups focusing on the roles of
brain atrophy in outcome evaluation for patients with anterior
circulation stroke (Lee et al., 2010; Lauksio et al., 2020; Kaginele
et al., 2021). The effect of brain atrophy on prognosis might
reflect a reduced ability of recovery after stroke rather than
a blunting of the initial stroke severity or PC-ASPECTS (Lee
et al., 2010; Schaapsmeerders et al., 2015). In addition, PC-
ASPECTS and NIHSS scores were significantly related to onset
to treatment time, occlusion sites, and collateral circulation,
which might not be affected by brain atrophy status and were
also identical among different atrophy groups in this study
(Yoshimura et al., 2018; Aoki et al., 2019; Guillaume et al., 2019;
Sang et al., 2021). Taken together, the significant relationships
that we observed between brain atrophy and favorable outcomes
demonstrate the effectiveness of incorporating brain atrophy into
the prognosis assessment system for patients with ABAO treated
with EVT.

Aging is considered an important contributor to brain atrophy
(Moroni et al., 2020). However, the role of aging in determining
outcomes in ABAO remains controversial. Kang et al. showed
that younger age was significantly associated with a favorable
shift in the overall distribution of 90-day mRS (Kang et al.,
2018). In contrast, Bouslama et al. found that age was not
associated with good outcomes (Bouslama et al., 2017). Our
results show that age does not result in significantly greater odds
of a poorer clinical outcome after EVT in patients with ABAO,
while brain atrophy was a more reliable outcome predictor than
age in both univariate and multivariate analyses. Compared
with biological aging alone, brain atrophy is the end-organ
effect of cumulative risk factors on brain structures that include
aging, disease history, education, and vascular risk factors,
which might be more directly related to the health status of
brain tissues than aging and lead to its outperformance when
predicting outcomes (Cole et al., 2015; Pini et al., 2016). These
findings proved the necessity of incorporating brain atrophy
besides age into the inclusion criteria of future clinical trials
on ABAO.

This study had several limitations. First, compared with
the CT used in this study, MRI detects cerebral atrophy

with better accuracy and provides a more comprehensive
imaging assessment of brain region volume. However, CT
is the most frequent type of brain image used to diagnose
ischemic stroke and has few contraindications. Our approach
reflects the clinical practice and generalizes the clinical
application of this index. Second, besides atrophy, old infarcts
and white matter hyperintensity are also biomarkers for
brain frailty (Delcourt et al., 2020). The interaction of
old infarcts, white matter hyperintensity, brain atrophy,
and clinical outcomes requires further exploration. Third,
although we estimated the degree of global brain atrophy
automatically and objectively, the atrophy level of specific
brain regions such as subtentorial tissues might provide
additional prognostic information, and we are carrying out
research to further identify imaging markers from specific
brain regions.

CONCLUSION

Severe brain atrophy might be an independent risk factor for
unfavorable clinical outcomes among ABAO subjects after EVT
and add prognostic information to the conventional model.
Brain atrophy could serve as a novel imaging biomarker to be
integrated into the clinical decision-making system to better
identify suitable patients for EVT.
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Objective: Rebleeding is recognized as the main cause of mortality after intracranial
aneurysm rupture. Though timely intervention can prevent poor prognosis, there is no
agreement on the surgical priority and choosing medical treatment for a short period
after rupture. The aim of this study was to investigate the risk factors related to the
rebleeding after admission and establish predicting models for better clinical decision-
making.

Methods: The patients with ruptured intracranial aneurysms (RIAs) between January
2018 and September 2020 were reviewed. All patients fell to the primary and the
validation cohort by January 2020. The hemodynamic parameters were determined
through the computational fluid dynamics simulation. Cox regression analysis was
conducted to identify the risk factors of rebleeding. Based on the independent risk
factors, nomogram models were built, and their predicting accuracy was assessed by
using the area under the curves (AUCs).

Result: A total of 577 patients with RIAs were enrolled in this present study, 86 patients
of them were identified as undergoing rebleeding after admission. Thirteen parameters
were identified as significantly different between stable and rebleeding aneurysms in the
primary cohort. Cox regression analysis demonstrated that six parameters, including
hypertension [hazard ratio (HR), 2.54; P = 0.044], bifurcation site (HR, 1.95; P = 0.013),
irregular shape (HR, 4.22; P = 0.002), aspect ratio (HR, 12.91; P < 0.001), normalized
wall shear stress average (HR, 0.16; P = 0.002), and oscillatory stress index (HR, 1.14;
P < 0.001) were independent risk factors related to the rebleeding after admission.
Two nomograms were established, the nomogram including clinical, morphological,
and hemodynamic features (CMH nomogram) had the highest predicting accuracy
(AUC, 0.92), followed by the nomogram including clinical and morphological features
(CM nomogram; AUC, 0.83), ELAPSS score (AUC, 0.61), and PHASES score (AUC,
0.54). The calibration curve for the probability of rebleeding showed good agreement
between prediction by nomograms and actual observation. In the validation cohort, the
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discrimination of the CMH nomogram was superior to the other models (AUC, 0.93 vs.
0.86, 0.71 and 0.48).

Conclusion: We presented two nomogram models, named CMH nomogram and CM
nomogram, which could assist in identifying the RIAs with high risk of rebleeding.

Keywords: ruptured intracranial aneurysms, rebleeding, morphology, hemodynamics, multidimensional
predicting model

INTRODUCTION

Intracranial aneurysms (IAs), a common cerebrovascular disease
in the aging population, refer to the main cause of subarachnoid
hemorrhage. Rebleeding is recognized as a catastrophic event
with high mortality after aneurysmal subarachnoid hemorrhage
(aSAH) (Rosenørn et al., 1987; Jaechan et al., 2015; Kienzler et al.,
2016). Though timely surgical intervention can effectively protect
aSAH patients from poor outcome (Ko et al., 2011; Cordonnier
et al., 2018; Darkwah Oppong et al., 2018), for several reasons,
a notable number of patients cannot receive treatment as soon as
they are sent to a hospital. For the reason that the most rebleeding
occurs within 6 h after the initial hemorrhage (Rosenørn et al.,
1987; Hijdra et al., 1988; Jaechan et al., 2015), patients to be
prioritized should be determined.

The key to making medical decisions for this condition is to
identify the rebleeding risk of ruptured intracranial aneurysms
(RIAs). However, a predicting model has not been built, or
reliable factors have not been set to discriminate the RIAs at
high risk of rebleeding. There are several aspects involved in
the mechanism of IAs rupture, which primarily include the
structure damage of the aneurysm wall (Frösen et al., 2012)
and the hemodynamic condition of IAs (Meng et al., 2012,
2014; Dolan et al., 2013). Though some comorbidities could
elevate the risk of rebleeding (e.g., hypertension), rebleeding
still occurred in approximately 22% of patients after they had
received the effective management (Boogaarts et al., 2015).
It is noteworthy that some existing studies reported that
morphological characteristics could predict the risk of rebleeding
after aSAH (Starke et al., 2011; Boogaarts et al., 2015). However,
a meta-analysis revealed the low quality of current evidence
and low predicting accuracy of reported parameters (Boogaarts
et al., 2015), which may be insufficient in clinical risk assessment.
As indicated from our preliminary study, the hemodynamic
characteristics could help discriminate the RIAs at high risk
of rebleeding (Liu et al., 2019). Based on the mentioned
facts, this study assumed that building a multidimensional
predicting model can effectively discriminate the RIAs at high
risk of rebleeding.

Abbreviations: IA, intracranial aneurysm; RIA, ruptured intracranial aneurysm;
aSAH, aneurysmal subarachnoid hemorrhage; CT, computational tomography;
mFS, modified Fisher scale; AR, aspect ratio; SR, size ratio; NSI, non-sphericity
index; UI, undulation index; WSS, wall shear stress; WSSA, wall shear stress
average; WSSM, wall shear stress maximum; PA, pressure average; WSSG, wall
shear stress gradient; NWSSA, normalized wall shear stress average; NWSSM,
normalized wall shear stress maximum; NPA, normalized pressure average; LSAR,
low shear area rate; RRT, relative resident time; OSI, oscillatory shear index; VA,
vessel angle; AA, aneurysm angle.

The present study aimed to build a risk assessment model
by exploiting multidimensional characteristics of RIAs. The
clinical, morphological, and hemodynamic characteristics of a
group of RIAs in a neurosurgical center were retrospectively
reviewed. This study considered that this current can present
more insights into the factors of rebleeding and contribute to
better medical decisions.

MATERIALS AND METHODS

Patient Selected and Study Design
The patients with RIAs from January 2018 to September
2020 were retrospectively reviewed. Patients were enrolled by
complying with the following standards: (1) an angiogram (CT
angiogram, CTA) was performed after IA rupture; (3) the
patients were sent to our institution within 12 h as soon as
aSAH was identified (by symptoms, e.g., acute headache and
sudden coma); and (4) clinical records were complete, or clinical
history can be traced.

This study excluded the patients (1) having other
intracranial tumors, angiostenosis and angio-malformation
(e.g., arteriovenous malformation and cavernous malformation);
(2) having a family history of IAs or connective tissue disease;
(3) having multiple IAs, causing the source of the bleeding or
rebleeding difficult to identify; (4) with dissecting or thrombus
IAs; and (5) receiving special treatment for RIAs in other medical
institutions before admission.

Rebleeding was the primary endpoint in this study and
was diagnosed based on radiological findings: the magnitude
of subarachnoid, intracerebral, or intraventricular blood
significantly increased on CT after the admission, and the
magnitude of bleeding did not increase and remained stable
at/before admission.

The IAs which underwent rebleeding after the admission
were identified as the rebleeding aneurysms, whereas the IAs
without rebleeding before surgical intervention were found as
the stable aneurysms. Rebleeding events were identified by
two experienced neurosurgeons (PJ and JW, who were blind
to clinical information and had worked as cerebral vascular
neurosurgeons for more than 5 years) in accordance with
the bleeding presentation on medical record and CT after
the admission. Furthermore, the discrepancies were solved by
consulting a senior neurosurgeon (SW, who had worked as a
cerebral vascular neurosurgeon for more than 15 years).

Patients enrolled from August 2018 to December 2019 formed
the primary cohort (411 patients with 411 IAs), which was
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adopted to develop the predictive model; while patients enrolled
from January 2020 to September 2020 were classified as the
validation cohort (127 patients with 127 IAs). The ratio of
numbers of unruptured IAs in the primary cohort and the
validation cohort reached approximately 3:1.

Perioperative Management
After admission, acute lowering of systolic pressure to 120–
140 mmHg was the target (Connolly et al., 2012; American
Society of Anesthesiologists Task Force on Perioperative Blood
Management., 2015); all patients with Hunt-Hess I-II received
surgical intervention within 72 h. However, once neurological
condition progressively deteriorated, an emergency intervention
would be performed.

Specific to patients with Hunt-Hess grade III-V at
the admission, immediate surgical intervention was not
recommended (Connolly et al., 2012). The patients who had
not received immediate intervention would receive standard
care following the guidelines (Connolly et al., 2012). After the
admission, a CT would be performed per day, or when the
patient had a sudden disorder of consciousness, or gradually
worsening neurological states or convulsion after the admission.
Surgical intervention was only considered when the patient’s
neurological status progressively deteriorated, or a rebleeding or
a cerebral hernia was found in the radiological examination.

Clinical Information and Morphology
Assessment
Clinical information was collected from electronical medical
records about age, gender, comorbidities (e.g., hypertension,
dyslipidemia, diabetes mellitus, coronary heart disease, and
ischemic stroke), Hunt-Hess grade at the admission, time from
the admission to the rebleeding (the time from admission to
neurological symptoms) or intervention, blood pressure at the
admission, and blood pressure before rebleeding/intervention.
Moreover, the time interval from admission to rebleeding or
intervention was recorded. Furthermore, Modified Fisher scale
(mFS) and IA site were collected from the radiological data.

The morphology assessment was performed according to our
previous studies (Liu et al., 2019; Chen S. et al., 2021; Yang et al.,
2021). The reconstruction of vascular model and measurement of
morphological parameters were conducted by two neurosurgeons
(QL and YY, who were blind to clinical information and
had worked as cerebral vascular neurosurgeons for more than
3 years). The Digital Imaging and Communications in Medicine
data were introduced into Mimics 17.0 (Mimics Research 17.0,
Materialize, Belgium) and then reconstructed for subsequent
studies. The pathological protruding region was recognized
as the IA sac and was separated from the parent artery for
further analysis. Two neurosurgeons separated the IA sacs
independently, the discrepancy was solved by consulting a senior

FIGURE 1 | The study flow chart. In this study, 411 appropriate patients with ruptured IAs were reviewed. A total of 70 patients were identified as rebleeding after the
admission. Patients enrolled from August 2018 to December 2019 formed the primary cohort (411 patients with 411 IAs), which was adopted to develop the
predictive model; while patients enrolled from January 2020 to September 2020 were classified as the validation cohort (127 patients with 127 IAs). IAs, intracranial
aneurysms; DICOM, Digital Imaging and Communications in Medicine data.
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neurosurgeon (HWH, who had worked in neurointervention for
more than 15 years).

This study measured aneurysm size (S), diameter of dome (D),
perpendicular height (H), diameter of parent artery, vessel angle
(VA), aneurysm inclination angle (AA), volume, and surface
area according to our previous study (Jiang et al., 2018a). The
same neurosurgeons measured these morphological parameters
independently, the discrepancy was solved by consulting a
senior neurosurgeon (SW). The averages of measurements
from each neurosurgeon were taken to be analyzed in depth.
The morphological parameters involved here are also listed in
Supplementary Table 1. Aspect ratio (AR), size ratio (SR),
undulation index (UI), and non-sphericity index (NSI) were
calculated according to previous study (Dhar et al., 2008).
An irregular shape was defined as small bleb(s) or secondary
aneurysm(s) protruding from the IA fundus or bi-/multi-
lobular IA fundus.

Computational Fluid Dynamics
Simulating and Hemodynamic
Assessment
The hemodynamic analysis protocol was referred to our
previously conducted studies (Liu et al., 2019; Chen S. et al.,
2021; Yang et al., 2021). For no saccular IAs sited in A3–
A5 (anterior cerebral artery), M3–M5 (middle cerebral artery),
P3–P4 (posterior cerebral artery), and vertebral artery in this
study, we kept the vascular from internal carotid artery to M2
and A2 for IAs sited in anterior circulation and the vascular
from basilar artery to P2 for IAs sited in posterior circulation.
Meshing was performed using STAR-CCM (STAR-CCM + 12,
Siemens, German), which automatically created 4 to 5 million
unites of finite tetrahedral, prism elements and optimal boundary
layers. The simulations were performed using STAR-CCM fluid
workstation (STAR-CCM+ 12, Siemens, Germany). The Navier-
Stokers equation was employed as the solver in pulsatile blood.
To conduct in-depth analyses, the pulsatile waveform of the
internal carotid artery (waveform at cervical segmentation, for
IAs sited in anterior circulation) and basilar artery (for IAs
sited in posterior circulation) from a representative patient
(Supplementary Figure 1) were adopted. The pulsatile waveform
was obtained using Origin 2018b (OriginLab Corporation,
Massachusetts, United States) and was exported to a comma-
separated value file for further analysis. Blood was assumed as
the incompressible Newtonian fluid. We set the blood as density
ρ = 1056 kg/m3 and viscosity µ = 0.0035 Poise. Pulsatile curve
was set as the velocity inlet boundary condition, and velocity
boundary condition (the mass flow rate was obtained from a
population-based study (Tegeler et al., 2013)) was set at the outlet.
Under the residuals < 10−5, the results would be considered
converged (Tian et al., 2016). A time step of 0.0001s was used.
A cardiac cycle was divided into 800 steps (total 0.8 s per cycle).
Four pulsatile cycles were simulated. The last cycle was yielded
for subsequent studies.

Based on separated IA sacs, we extracted the time-averaged
WSS and pressure over a cycle. The oscillatory shear index (OSI)
and relative resident time (RRT) were calculated. In addition, the

spatially average WSS, pressure, RRT and OSI over the aneurysm
surface were obtained. Moreover, the hemodynamic parameters
involved here are also listed in Supplementary Table 1. Specific
to each model, WSS maximum (WSSM), WSS average (WSSA),
WSS gradient (WSSG), and pressure average (PA), were obtained
from the IA region, and parent pressure average, parent WSS
average were determined according to the parent artery region.
Low shear area was defined as the area with WSS < 10% of
WSS of parent artery according to previous study (Xiang et al.,
2011), and the percentage of low WSS area in IA dome (i.e., low
shear area ratio, LSAR) was determined. The normalization of
pressure and WSS was performed based on the hemodynamic
status of parent artery. Furthermore, the normalized WSS average
(NWSSA), normalized pressure average (NPA), and normalized
WSS maximum (NWSSM) were calculated, respectively.

Statistical Analysis
Measurement variables were compared using chi-square test or
Fisher’s exact test. Continuous variables were compared using the

TABLE 1 | The demographic and baseline information of patients in
the primary cohort.

Characteristics With stable IAs
n = 341

With rebleeding
IAs n = 70

P value

Male, n (%) 129 (37.8%) 32 (45.7%) 0.219

Age, years, M ± SD 54.8 ± 10.4 54.0 ± 8.9 0.467

Comorbidities, n (%)

Hypertension 111 (32.6%) 39 (11.4%) <0.001+

Dyslipidemia 28 (8.2%) 10 (14.3%) 0.110

Diabetes mellitus 11 (3.2%) 3 (4.3%) 0.656

Coronary heart disease 8 (2.3%) 3 (4.3%) 0.360

Ischemic stroke 10 (2.9%) 3 (4.3%) 0.556

Modified Fisher scale at
admission, n (%)

0.517

I–II 121 (35.5%) 22 (31.4%)

III–IV 220 (64.5%) 48 (68.6%)

Hunt-Hess grade at
admission, n (%)

0.829

I–II 219 (64.2%) 44 (62.9%)

III–V 122 (35.8%) 26 (37.1%)

Blood pressure

At admission, n (%) 0.578

<160/90 mmHg 114 (33.4%) 21 (30.0%)

>160/90 mmHg 227 (66.6%) 49 (70.0%)

Before rebleeding/surgery,
n (%)

0.951

<140/80 mmHg 311 (91.2%) 64 (91.4%)

>140/80 mmHg 30 (8.8%) 6 (8.6%)

Treatment, n (%)

Dead before surgical
intervention

7 (2.1%) 14 (20.0%)

Endovascular intervention 189 (55.4%) 36 (51.4%)

Microsurgical clipping 145 (42.5%) 20 (28.6%)

PHASES, m (IQR) 2 (0–4) 2 (1–5) 0.265

ELAPSS, m (IQR) 9 (5–14) 12.5 (7–15) 0.004+

+The parameter was significant.
IAs, intracranial aneurysms.
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FIGURE 2 | Representative cases. The CT, angiogram and hemodynamic analysis of several representative cases. CT, computational tomography; NWSS,
normalized wall shear stress; LSA, low shear area; OSI, oscillatory shear index; RRT, relative resident time.

independent samples’ t-test. PHASES score and ELAPSS score
were calculated by complying with previous protocols (Greving
et al., 2014; Backes et al., 2017). The parameters with significance
in univariable analysis were inputted into Cox regression model
to identify the independent risk factors. The result was expressed
as hazard ratio (HR) and 95% confidence interval (CI). The
performance of the nomograms to predict the rebleeding was
measured with AUCs in receiver operating characteristic curve
(ROC) analyses. An AUC > 0.7 was considered a clinical utility.
The cutoff value was calculated using the Youden index. To
further assess the predictive accuracy of nomograms, the risk,
assessed by using nomogram models, was adopted to categorize
patients as the high-risk group and the low-risk group at the
risk as 50% (with the highest Youden index). The survival
analysis was conducted by using Kaplan-Meier model. The
statistical analyses were conducted by employing SPSS 24.0
(SPSS, Chicago, IL, United States), with two-sided P < 0.05
showing statistical significance.

Subsequently, nomograms to predict the rebleeding were
formulated. All parameters of interest as described above
fell to three categories, i.e., clinical, morphological and
hemodynamic features (Supplementary Table 2). Based

on results of the multivariate Cox regression analyses,
this study developed two nomogram models incorporating
factors independently associated with the primary endpoint,
i.e., the clinical + morphological model (CM model) and
clinical + morphological + hemodynamic model (CMH
model). In addition, the calibration curves were plotted to
assess the calibration of the nomograms. The nomograms
were subjected to bootstrapping validation (1000 bootstrap
resamples). Furthermore, the nomograms were developed with
the package of “rms” in R version 3.6.2.

RESULTS

Demographic, Clinical, Radiological, and
Hemodynamic Difference in the Primary
Cohort
On the whole, 411 appropriate patients with ruptured IAs were
reviewed (Figure 1). 70 patients were identified as rebleeding
after the admission ranged in age from 49 to 68 years
(mean: 58.4 ± 6.0 years). The rebleeding rate was 17.0%. The
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FIGURE 3 | The factors related to the rebleeding after admission. (A) The average time from admission to the rebleeding was 4.4 ± 4.7 h. (B) 54.7% patients
received endovascular intervention, and 40.2% patients received microsurgical clipping, whereas 5.1% died before the surgery, of which 66.7% patients underwent
rebleeding after the admission. (C,D) The PHASES score and ELAPSS score were presented here. (E) The forest plot summarized the result of univariate Cox
regression analysis. MCA, middle cerebral artery; ICA, internal carotid artery; AcomA, anterior communicating artery; ACA, anterior cerebral artery; PC, posterior
circulation; AA, aneurysm inclination angle; AR, aspect ratio; SR, size ratio; UI, undulation index; NSI, non-sphericity index; WSSA, wall shear stress average;
NWSSA, normalized wall shear stress average; WSSM, wall shear stress maximum; NWSSM, normalized wall shear stress maximum; PA, pressure average; NPA,
normalized pressure average; WSSG, wall shear stress gradient; LSAR, low shear area ratio; OSI, oscillatory shear index; RRT, relative resident time; Ref, reference;
HR, hazard ratio.

demographic and clinical information was given in Table 1. Of
all patients in the primary cohort, the percentage of male patients
was 39.2% (161/411). 34.1% (150/411) patients had hypertension.
Several representative cases were presented in Figure 2.

After standardly caring, the blood pressure of 91.2% (375/411)
of patients was controlled in a reasonable range before
rebleeding/intervention. The average time from admission to
the rebleeding was 4.4 ± 4.7 h (Figure 3A). 54.7% (225/411)
of patients received endovascular intervention, whereas 5.1%
(21/411) died before the intervention, of which 66.7% (14/21) of
patients underwent rebleeding after the admission (Figure 3B).

Table 2 lists the morphological and hemodynamic
characteristics. Several characteristics, including the history
of hypertension (P < 0.001), bifurcation (P = 0.005), irregular
shape (P < 0.001), size (P < 0.001), AR (P < 0.001), SR
(P < 0.001), bottleneck factor (P < 0.001), height-to-width
ratio (P < 0.001), NWSSA (P < 0.001), WSSG (P = 0.008),
LSAR (P = 0.010), OSI (P < 0.001), and RRT (P < 0.001), were
significantly different between stable and rebleeding IAs.

The ELAPSS score was significantly higher in rebleeding
IAs compared with stable IAs [12.5 (7–15) vs. 9 (5–14),
P = 0.004]; however, the PHASES score was not significant
between rebleeding and stable IAs (P = 0.265). Figures 3C,D

present the distributions of rebleeding cases in PHASES score
and ELAPSS score.

Risk Factors of Rebleeding After the
Admission
The significant parameters in univariate analysis were
inputted into univariate Cox regression model. The results
are summarized as a forest plot (Figure 3E). Hypertension
(P < 0.001), bifurcation (P = 0.004), irregular shape (P < 0.001),
size (P < 0.001), AR (P < 0.001), SR (P < 0.001), bottleneck
ratio (P < 0.001), height-to-width ratio (P < 0.001), NWSSA
(P < 0.001), WSSG (P = 0.016), LSAR (P = 0.003), and OSI
(P < 0.001) were identified as the risk factors of rebleeding
after the admission.

These parameters were then inputted into a multivariate
Cox regression model. The result was summarized in Table 3.
The parameters were demonstrated as independent risk
factors for the rebleeding after the admission, including
hypertension (HR = 2.54; 95% CI, 1.02–6.31, P = 0.044),
bifurcation (HR = 1.95; 95% CI, 1.12–3.07, P = 0.013),
irregular shape (HR = 4.22; 95% CI, 1.68–10.62, P = 0.002),
AR (HR = 12.91; 95% CI, 4.74–35.13, P < 0.001), and NWSSA

Frontiers in Aging Neuroscience | www.frontiersin.org 6 September 2021 | Volume 13 | Article 692615263

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-692615 August 26, 2021 Time: 12:28 # 7

Liu et al. Rebleeding Risk Assessment After aSAH

TABLE 2 | The morphological and hemodynamic features of IAs in
the primary cohort.

Stable IAs
n = 341

Rebleeding IAs
n = 70

P value

Location, n (%) 0.470

AcomA/ACA 52 (15.2%) 12 (17.1%)

ICA 159 (46.6%) 27 (38.6%)

MCA 117 (34.3%) 26 (37.1%)

PC 13 (3.8%) 5 (7.1%)

Bifurcation, n (%) 142 (41.6%) 42 (60.0%) 0.005+

Irregular shape, n (%) 58 (17.0%) 38 (54.3%) <0.001+

IAsize, mm, M ± SD 5.6 ± 2.9 7.0 ± 2.7 <0.001+

Dome diameter, mm,
M ± SD

4.9 ± 3.5 5.0 ± 3.1 0.248

Height, mm, M ± SD 4.5 ± 2.4 4.7 ± 1.9 0.057

AA,◦, M ± SD 88.8 ± 19.0 91.3 ± 23.2 0.859

Volume, mm3, m (IQR) 38.4 (19.7–69.4) 40.1 (22.3–90.5) 0.958

Surface area, mm2, m
(IQR)

54.8 (33.2–132.1) 50.2 (33.4–180.9) 0.949

AR, M ± SD 1.2 ± 0.4 2.1 ± 0.8 <0.001+

SR, M ± SD 2.1 ± 1.4 3.1 ± 2.2 <0.001+

UI, M ± SD 0.3 ± 0.2 0.4 ± 0.3 0.541

NSI, M ± SD 0.3 ± 0.2 0.3 ± 0.2 0.732

Bottleneck factor,
M ± SD

1.2 ± 0.4 1.5 ± 0.5 <0.001+

Height-to-width ratio,
M ± SD

1.5 ± 0.5 2.0 ± 0.9 <0.001+

WSSA, Pa, m (IQR) 2.2 (1.2–3.7) 2.7 (1.3–4.1) 0.093

NWSSA, m (IQR) 0.42 (0.26–0.63) 0.22 (0.18–0.28) <0.001+

WSSM, Pa, m (IQR) 6.4 (4.0–9.9) 6.7 (3.3–9.8) 0.580

NWSSM, m (IQR) 1.4 (0.68–2.8) 1.0 (0.57–2.6) 0.227

PA, kPa, m (IQR) 2.3 (1.6–2.8) 2.1 (1.3–2.5) 0.173

NPA, m (IQR) 0.62 (0.44–0.80) 0.57 (0.44–0.77) 0.184

WSSG, m (IQR) 23.0 (16.5–29.1) 16.5 (14.2–25.8) 0.008+

LSAR, m (IQR) 0.28 (0.15–0.45) 0.38 (0.23–0.54) 0.010+

OSI, x10−2, m (IQR) 0.58 (0.20–0.97) 0.70 (0.43–1.73) <0.001+

RRT, m (IQR) 5.79 (3.74–8.22) 4.57 (3.02–7.80) 0.059

+The parameter with significant.
IAs, intracranial aneurysms; MCA, middle cerebral artery; ICA, internal carotid
artery; AcomA, anterior communicating artery; ACA, anterior cerebral artery; PC,
posterior circulation; AA, aneurysm inclination angle; AR, aspect ratio; SR, size
ratio; UI, undulation index; NSI, non-sphericity index; WSSA, wall shear stress
average; NWSSA, normalized wall shear stress average; WSSM, wall shear stress
maximum; NWSSM, normalized wall shear stress maximum; PA, pressure average;
NPA, normalized pressure average; WSSG, wall shear stress gradient; LSAR, low
shear area ratio; OSI, oscillatory shear index; RRT, relative resident time.

(HR = 0.16; 95% CI, 0.01–0.28, P = 0.002), as well as OSI
(HR= 1.14; 95% CI, 1.06–1.23, P < 0.001).

Nomogram Models to Predict the
Rebleeding After the Admission
Based on the result of multivariate Cox regression
analysis and parameter category, two nomograms, i.e.,
clinical + morphological model (CM model, Figure 4A)
and clinical + morphological + hemodynamic model (CMH
model, Figure 4B) were built. With the risk as 50%, all patients
were categorized as the high-risk group and the low-risk group.

TABLE 3 | Multivariate Cox analysis for rebleeding before surgery in
the primary cohort.

Characteristics HR 95% CI P value

Hypertension (Yes vs. No) 2.54 (1.02–6.31) 0.044+

Bifurcation (Yes vs. No) 1.95 (1.12–3.07) 0.013+

Irregular shape (Yes vs. No) 4.22 (1.68–10.62) 0.002+

Aneurysm size 1.07 (0.90–1.28) 0.450

AR 12.91 (4.74–35.13) <0.001+

SR 0.93 (0.65–1.34) 0.659

Bottleneck ratio 0.93 (0.35–2.42) 0.704

Height-to-width ratio 3.52 (0.73–16.97) 0.496

NWSSA 0.16 (0.01–0.28) 0.002+

WSSG 1.09 (0.93–1.26) 0.153

LSAR 0.15 (0.01–2.87) 0.226

OSI 1.14 (1.06–1.23) <0.001+

+The independent risk factor associated with rebleeding.
AR, aspect ratio; SR, size ratio; NWSSA, normalized wall shear stress
average; WSSG, wall shear stress gradient; LSAR, low shear area ratio; OSI,
oscillatory shear index.

The survival curves are presented as Figures 4C,D. Here, the
patients in the high-risk group, recognized by the CM model
and CMH model respectively, had higher risk of rebleeding
after the admission (both P < 0.001). The calibration plots
display a substantial agreement between the prediction by each
nomogram and the actual observation, in the risk of rebleeding
before the intervention (Figures 5A,B). The ROC analyses based
on the primary cohort showed a good predicting accuracy of
two nomogram models (AUC = 0.83 and 0.92, respectively),
whereas a poor predicting accuracy of PHASES and ELAPSS
score was found (AUC = 0.54 and 0.61, respectively). The CMH
model had a higher predicting accuracy compared with the CM
model (P < 0.05). The results of ROC analyses are summarized
as Figures 5C,C’ and given in Table 4.

Validation of Predicting Accuracy of
Nomogram Models to the Rebleeding
After the Admission
The information of the validation cohort was given in Table 5.
No significant difference was identified between the primary
cohort and the validation cohort (Supplementary Table 3). As
indicated from the ROC analyses (Figures 5D,D’), the CMH
model exhibited the highest predicting accuracy (AUC = 0.93),
followed by CM model (AUC = 0.86); however, the PHASES
and ELAPSS score performed poorly (AUC = 0.53 and 0.51,
respectively) in predicting the rebleeding after the admission. The
result of ROC analyses based on the validation cohort is also listed
in Table 4.

DISCUSSION

Rebleeding refers to a main cause of morbidity for aSAH patients.
Existing study reported that the morphology and hemodynamics
of IAs would change after aSAH, which makes IAs prone to be
stable (Skodvin et al., 2017). However, some RIAs may not reach
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FIGURE 4 | The nomograms for the risk of rebleeding after admission. (A,B) Two nomograms, i.e., clinical + morphological model (CM model) and
clinical + morphological + hemodynamic model (CMH model), were presented here. (C,D) With the risk at 50%, all patients were categorized as the high-risk group
and the low-risk group. The survival curves showed that the RIAs in the high-risk group might rebleed in a short period after admission. NWSSA, normalized wall
shear stress average; OSI, oscillatory shear index.

a stable condition and had a high risk of rebleeding. In this study,
we confirmed the predictive value of hemodynamic parameters
for rebleeding after the admission and build a predicting model
to discriminate the RIAs at high risk of rebleeding.

This study demonstrated the relationship between the history
of hypertension and rebleeding after the admission. Systematic
artery hypertension was recognized as the major cause of
cardiovascular disease. Previous cohort and animal studies
confirmed that hypertension could increase the risk of IA natural
rupture (Lindgren et al., 2014; Tada et al., 2014); thus, the
hypertension was considered in subsequent predicting models
(Greving et al., 2014; Backes et al., 2017). Here, the hypertension
was also found as the independent risk factor for the rebleeding
after the admission, demonstrating that the risk of rebleeding
of RIA patients with hypertension was approximately 2.7 times
that of patients without hypertension. Though the blood pressure
was well under control after the admission, the systematic artery
hypertension had caused damage to vessels throughout the body
before the IAs rupture. Accordingly, this study considered that
the risk of rebleeding was higher in patients with hypertension as
compared to patients without hypertension.

In this study, the RIAs sited in bifurcation, with irregular
shape, and larger AR were found with a high risk of rebleeding
after the admission. The IAs sited in bifurcation were more

possible to suffer from the impact of blood flow; the dynamic
change from direct impact area to surrounding area could cause
physical injury to the endothelia of vessels, and thus to the
aneurysm wall (Metaxa et al., 2010). In addition to the bifurcation
site, irregular shape is also a sign of high risk of rupture. Irregular
shape generally suggested a more significantly fragile area in IAs,
which could present as bled or second aneurysm protruding from
the primary IAs, as compared with the surrounding area in the
aneurysm dome. As revealed from existing studies, the bled or
second aneurysm in an irregular aneurysm was generally thin
and blood-blister like, and the rupture areas were commonly
associated with these bled or second aneurysms (Kawaguchi et al.,
2012; Jiang et al., 2020). Notably, the hemodynamic condition
of the bled aneurysm is generally low WSS and high OSI
(Kawaguchi et al., 2012). Thus, it is easy to understand that the
RIAs sited in bifurcation with an irregular shape has a higher risk
of rebleeding after the admission. The IAs with large AR generally
have large size and relatively narrow neck, often with unstable
hemodynamic condition and severe damage in the aneurysm
wall (Qiu et al., 2017); therefore, this parameter was confirmed
as a predictor for IA natural rupture (Backes et al., 2017). Our
preliminary study also reported that the AR was a predictor for
rebleeding of RIAs. This study demonstrated that the risk of
rebleeding increased by 12.9 per 1 of AR, suggesting that AR is
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FIGURE 5 | The predictive accuracy of models for rebleeding. (A,B) The calibration plots display a substantial agreement between the prediction by each nomogram
and the actual observation, in the risk of rebleeding before the surgery. (C,C’,D,D’) The ROC analyses based on the primary cohort and validation cohort showed a
good predicting accuracy of two nomogram models, whereas a poor predicting accuracy of PHASES and ELAPSS score was found. ∗P < 0.05; ∗∗P < 0.01.

a vital parameter to identify the RIAs at high risk of rebleeding
after the admission.

This study also confirmed the role of hemodynamic
parameters, mainly the WSSA and OSI, in predicting the risk
of rebleeding after the admission. The hemodynamic condition
could induce inflammation filtration and vessel remodeling
in the vascular wall (Albarran-Juarez et al., 2018; Lu et al.,
2019; Zhang et al., 2020), which would cause atherosclerosis,
IA growth/rupture, etc. Recent studies reported that oscillator
flow could induce the inflammation in the vascular wall and

TABLE 4 | The predicting value of each model.

Primary cohort Validation cohort

AUC 95%CI P value AUC 95%CI P value

Nomogram models

CM modela 0.83 (0.78–0.90) <0.001 0.86 (0.75–0.98) <0.001

CMH modelb 0.92 (0.88–0.95) <0.001 0.93 (0.86–1.00) <0.001

Clinical scores

PHASES 0.54 (0.47–0.62) 0.273 0.53 (0.36–0.70) 0.712

ELAPSS 0.61 (0.54–0.68) 0.004 0.51 (0.36–0.65) 0.917

aCM model, clinical and morphological model.
bCMH model, clinical, morphological and hemodynamic model.
AUC, area under the curve; CI, confidence interval.

inhibit the expression of vascular protective factors (Albarran-
Juarez et al., 2018) (e.g., endothelial nitric oxide synthase).
Moreover, the low WSS could activate the inflammatory pathway
(Chen J. et al., 2021) (e.g., ROS pathway, pyroptosis pathway and
nuclear factor kappa B pathway) to induce inflammation, which
could promote the damage of vessels. This study demonstrated
that the RIAs with low WSSA and high OSI had a high risk of
rebleeding after the admission. Notably, as suggested by existing
pathological research, the inflammation in the aneurysm wall is
the main cause of IA rupture and growth (Frösen et al., 2004,
2012; Jiang et al., 2018b; Tulamo et al., 2018). According to Frosen
et al., the pathological characteristics of the aneurysm wall fell
to four levels by largely complying with the inflammation; the
severer the level, the higher the risk of aneurysm rupture will
be (Frösen et al., 2004). Since WSS and OSI could induce the
inflammation in the vascular wall, the low WSS and the high
OSI in RIAs suggested that the damage for the aneurysm wall
was continuous after initial hemorrhage; besides, for rebleeding
aneurysms, the bleeding stopped before IA reaching a stable
status. The mentioned result also demonstrated the clinical utility
of computational fluid dynamics.

Based on the independent risk factors, two nomogram models
were set to identify the RIAs at high risk of rebleeding. The CM
model included the clinical and morphological characteristics
(e.g., hypertension, bifurcation site, irregular shape, and AR). The
hemodynamic characteristics were further integrated with the
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TABLE 5 | The information of patients and IAs in the validation cohort.

Characteristics Stable IAs
n = 111

Rebleeding IAs
n = 16

P value

Age, years, M ± SD 54.6 ± 10.5 53.4 ± 5.8 0.588

Male, n (%) 43 (38.7%) 8 (50.0%) 0.392

Comorbidities, n (%)

Hypertension 40 (36.0%) 10 (62.5%) 0.044+

Dyslipidemia 9 (8.1%) 3 (18.8%) 0.175

Diabetes mellitus 5 (4.5%) 1 (6.3%) 0.759

Coronary heart disease 2 (1.8%) 0 (0.0%) 0.590

Ischemic stroke 3 (2.7%) 1 (6.3%) 0.449

History of aSAH 16 (14.4%) 2 (12.5%) 0.837

Modified Fisher scale at
admission, n (%)

0.742

I–II 37 (33.3%) 6 (37.5%)

III–IV 74 (66.7%) 10 (62.5%)

Hunt-Hess grade at
admission, n (%)

0.106

I–II 67 (60.4%) 13 (81.2%)

III–V 44 (39.6%) 3 (18.8%)

Blood pressure

At admission, n (%) 0.117

<160/90 mmHg 35 (31.5%) 2 (12.5%)

>160/90 mmHg 76 (68.5%) 14 (87.5%)

Before rebleeding/surgery,
n (%)

0.574

<140/80 mmHg 99 (89.2%) 15 (93.8%)

>140/80 mmHg 12 (9.8%) 1 (6.2%)

Location, n (%) 0.244

AcomA/ACA 16 (14.4%) 5 (31.3%)

ICA 53 (47.7%) 6 (37.5%)

MCA 40 (36.1%) 5 (31.3%)

PC 2 (1.8%) 0 (0.0%)

Bifurcation, n (%) 42 (37.8%) 13 (81.3%) 0.001+

Irregular shape, n (%) 17 (15.3%) 9 (56.3%) <0.001+

IAsize, mm, M ± SD 4.7 (3.8–7.1) 6.4 (4.5–7.5) 0.130

Dome diameter, mm,
M ± SD

3.9 (2.9–5.6) 4.3 (3.2–6.0) 0.472

Height, mm, M ± SD 3.8 (3.0–5.7) 3.9 (3.5–5.4) 0.520

AA,◦, M ± SD 86.8 (79.9–98.3) 85.6 (81.3–103.3) 0.757

Volume, mm3, m (IQR) 41.6 (19.7–121.9) 40.3 (29.3–75.5) 0.870

Surface area, mm2,
m (IQR)

60.7 (34.6–144.84) 52.2 (46.6–161.0) 0.951

AR, m (IQR) 1.2 (0.9–1.5) 1.9 (1.3–2.3) <0.001+

SR, m (IQR) 1.6 (1.2–2.6) 2.3 (1.3–5.0) 1.116

UI, m (IQR) 0.26 (0.15–0.42) 0.19 (0.12–0.49) 0.525

NSI, m (IQR) 0.29 (0.06–0.44) 0.21 (0.07–0.43) 0.525

Bottleneck factor, m (IQR) 1.1 (1.0–1.3) 1.3 (1.1–1.7) 0.064

HWR, m (IQR) 1.4 (1.2–1.7) 1.9 (1.4–2.5) 0.024+

WSSA, Pa, m (IQR) 2.3 (1.4–4.0) 2.2 (1.0–3.8) 0.773

NWSSA, m (IQR) 0.42 (0.26–0.61) 0.22 (0.18–0.27) 0.001+

WSSM, Pa, m (IQR) 6.7 (3.9–11.3) 6.0 (2.9–10.0) 0.606

NWSSM, m (IQR) 1.31 (0.68–2.38) 1.25 (0.65–2.45) 0.922

PA, Pa, m (IQR) 2319.3
(1737.6–2910.7)

1912.9
(1270.8–2217.9)

0.008+

NPA, m (IQR) 0.60 (0.42–0.76) 0.64 (0.44–0.77) 0.719

(Continued)

TABLE 5 | Continued

Characteristics Stable IAs
n = 111

Rebleeding IAs
n = 16

P value

WSSG, m (IQR) 6.9 (5.4–10.7) 7.9 (6.3–13.0) 0.1123

LSAR, m (IQR) 0.27 (0.16–0.44) 0.41 (0.26–0.55) 0.072

OSI, x10−2, m (IQR) 0.60 (0.17–0.91) 0.84 (0.51–1.64) 0.009+

RRT, m (IQR) 5.3 (3.6–7.2) 4.5 (3.0–5.9) 0.286

+The parameter was significant.
IAs, intracranial aneurysms; MCA, middle cerebral artery; ICA, internal carotid
artery; AcomA, anterior communicating artery; ACA, anterior cerebral artery; PC,
posterior circulation; AA, aneurysm inclination angle; AR, aspect ratio; SR, size
ratio; UI, undulation index; NSI, non-sphericity index; WSSA, wall shear stress
average; NWSSA, normalized wall shear stress average; WSSM, wall shear stress
maximum; NWSSM, normalized wall shear stress maximum; PA, pressure average;
NPA, normalized pressure average; WSSG, wall shear stress gradient; LSAR, low
shear area ratio; OSI, oscillatory shear index; RRT, relative resident time.

other characteristics to build the CMH model. The predicting
value of the CM model and CMH model was confirmed as
good for clinical utility. Using the risk as 50% assessed by
each nomogram model, we confirmed that the rupture risk
was higher and interval from initial hemorrhage to rebleeding
was shorter in the high-risk group as compared with the low-
risk group. As indicated from the further comparison, these
two nomogram models exhibited higher predicting accuracy as
compared with PHASES and ELAPSS models. Interestingly, the
CMH model had higher predicting accuracy as compared with
the CM model. For this phenomenon, this study considered
that the stability of IAs mainly involved two aspects, i.e.,
internal hemodynamic condition and pathological characteristics
of the aneurysm wall. Taking multidimensional risk factors into
consideration could help to comprehensively understand the
stability of RIAs, demonstrating that the CMH model would have
a higher predicting accuracy as compared with the CM model.
However, the CM model could be more easily handled in clinical
work as compared with the CMH model, especially in emergency
conditions. Though the hemodynamic analysis is limited in
clinical work for its technical barrier and time-consumption
now, the tool, i.e., aView, has been reported in previous study
(Xiang et al., 2017); therefore, the clinical practical hemodynamic
analysis tool would arise to assist in quickly identifying the
hemodynamic characteristics of RIAs in the future.

In the developing nations, because of large populations but
limited medical resources (Bian et al., 2012), the sequence of
treatment is essential to make a treatment strategy for IAs. This
fact reveals that a patient has to wait a long time for appropriate
treatment immediately to get medical intervention after IA
rupture. Though the bleeding stopped in some RIAs, RIAs may
not reach a real stable condition. This study built two models with
good accuracy to identify the high-risk RIAs. To avoid rebleeding,
an immediate surgical intervention was recommended for the
RIAs at high risk of rebleeding, and a priority should be given
to IAs with higher scores.

There are several limitations here. First, the inlet boundary
condition was from a representative patient, which can affect
the result of computational fluid dynamics since this method is
sensitive to velocity and waveform (Xiang et al., 2014). However,
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this study used normalized parameters that can reduce the
effects exerted by this problem. Second, the morphology can
significantly impact the hemodynamics. Due to the change of
morphology and hemodynamics after indiscoverable IA rupture
(Skodvin et al., 2017) and the effect of hemorrhage on the quality
of radiological images, our conclusion may be limited. Third,
this study was a single center and retrospective study, which
may limit our conclusion. Fourth, this study only considered
the utility of PHASES and ELAPSS score in predicting the risk
of rebleeding. There were several other models which could
help in discriminating the high-risk IAs, e.g., Detmer’s model
(Detmer et al., 2018). However, the PHASES and ELAPSS
score were representative models to discriminate the high-risk
IAs; thus, we compared the predictive accuracy between our
nomograms and these models. Indications remain the focus in
IA treatment, and our models have their clinical utility to help
clinical work identify the optimal sequence of treatment, though
some limitations remain.

CONCLUSION

Hemodynamic parameters could serve as the predictors for
rebleeding after admission. Two nomogram models were
presented, i.e., CMH nomogram and CM nomogram, helping to
identify the RIAs at high risk of rebleeding. For RIAs at high
risk of rebleeding, intervention should be prioritized, and medical
treatment is not recommended after rupture.
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Objective: Post-stroke epilepsy (PSE) is associated with increased morbidity and
mortality. Stroke-associated acute symptomatic seizures are an important risk factor:
20.8–34.3% of these patients will go on to develop PSE. Identifying these “high risk”
individuals may result in earlier PSE diagnosis, treatment, and avoidance of seizure-
related morbidity. This study was to identify predictors of PSE development in patients
with stroke-associated acute symptomatic seizures.

Participants and Methods: This was a retrospective cohort study of 167 patients with
stroke-associated acute symptomatic seizures admitted to the Neurology Department
of a tertiary Hospital of China, from 1 May 2006 to 30 January 2020. Both those
with primary ischemic stroke and intracerebral hemorrhage were included in the study.
Patient demographics, medical history, stroke-associated, and seizure-related variables
were evaluated with univariable analysis and multivariable Cox regression analysis. PSE
was defined as unprovoked seizures occurring > 7 days post-stroke. Data points were
extracted from medical records and supplemented by tele-interview.

Results: Of the 167 patients with stroke-associated acute symptomatic seizures, 49
(29.3%) developed PSE. NIHSS score > 14 [hazard ratio (HR) 2.98, 95% CI 1.57–
5.67], longer interval from stroke to acute symptomatic seizures (days 4–7 post-stroke)
(HR 2.51, 95% CI 1.37–4.59) and multiple acute symptomatic seizures (HR 5.08, 95%
CI 2.58–9.99) were independently associated with PSE development. This association
remained in the sub-analysis within the ischemic stroke cohort. In the sub-analysis of
the hemorrhagic stroke cohort, multilobar involvement (HR 4.80, 95% CI 1.49–15.39)
was also independently associated with development of PSE. Further, we developed
a nomogram to predict individual risk of developing PSE following stroke-associated
acute symptomatic seizures. The nomogram showed a C-index of 0.73.
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Conclusion: More severe neurofunctional deficits (NIHSS score > 14), longer interval
from stroke to acute symptomatic seizures (days 4–7 post-stroke), and multiple acute
symptomatic seizures were independently associated with development of PSE in
patients with stroke-associated acute symptomatic seizures. This knowledge may
increase clinical vigilance for development of PSE, facilitating rapid diagnosis and
treatment initiation, and subsequently reduce seizure-related morbidity.

Keywords: ischemic stroke, intracranial hemorrhage, symptomatic seizure, post-stroke epilepsy, predictors

INTRODUCTION

Stroke is the leading cause of epilepsy in the elderly, accounting
for 30–50% of all-cause epilepsy in this group (Ruggles et al.,
2001; Verellen and Cavazos, 2011; Zhao et al., 2018). Post-
stroke seizures have been observed in 3.3–13.7% of patients
with ischemic stroke (Lancman et al., 1993; Burn et al., 1997;
Lamy et al., 2003; Guo et al., 2015; Koome et al., 2016;
Chen et al., 2017, 2018; Stefanidou et al., 2017; Merkler et al.,
2018; Naylor et al., 2018; Brondani et al., 2019) and 12.1–
25% of patients with hemorrhagic stroke (Faught et al., 1989;
Lancman et al., 1993; Burn et al., 1997; Madžar et al., 2014; Biffi
et al., 2016; Claessens et al., 2017; Lahti et al., 2017; Merkler
et al., 2018). The International League Against Epilepsy (ILAE)
classifies seizures that occur within 7 days of strokes as acute
symptomatic seizures (Beghi et al., 2010). These are thought to
be provoked by acute disruption of brain integrity, dysfunction of
metabolic homeostasis, and transient depolarizations of neurons
(Camilo and Goldstein, 2004). Conversely, seizures occurring
more than 7 days after strokes are defined as post-stroke epilepsy
(PSE) since the risk of recurrent unprovoked seizures over the
subsequent 10-year period is 71.5% (Hesdorffer et al., 2009)
and thus fulfills ILAE criteria for epilepsy, i.e., post-stroke
epilepsy (PSE) (Fisher et al., 2014). They are thought to be the
long-term sequela of progressive structural changes secondary
to the stroke, including neuronal loss, subsequent gliosis, and
reorganization of neuronal networks (Sun et al., 2001, 2002;
Camilo and Goldstein, 2004).

Previous studies have shown that stroke-associated acute
symptomatic seizures do not significantly influence functional
outcomes (De Herdt et al., 2011). In contrast, PSE can hamper
post-stroke recovery and contribute to neurological deterioration
(Kwan, 2010; Arntz et al., 2013b; Biffi et al., 2016). It is therefore
important to identify those at increased risk of developing
PSE. Several studies have identified stroke-associated acute
symptomatic seizures as an important risk factor: 20.8–34.3%
of these patients will go on to develop PSE (Roivainen et al.,
2013; Haapaniemi et al., 2014; Lahti et al., 2017; Galovic et al.,
2018), and these patients are also at increased risk of developing
drug-resistant epilepsy (de Greef et al., 2015). However, most
studies investigating risk factors associated with development
of PSE were focusing on the entire cohort of patients with
stroke, such as the SeLECT (Galovic et al., 2018) and CAVE
score (Haapaniemi et al., 2014). Only a few studies focused on
this higher-risk subgroup with acute symptomatic seizures that
necessitate earlier initiation of anti-seizure medications. Glasgow

Coma Scale (GCS) score ≤ 8 at presentation, larger hemorrhage
volume, and larger intraventricular hemorrhage volume have
been identified as predictors of PSE for patients with intracranial
hemorrhage-associated acute symptomatic seizures (Biffi et al.,
2016). A National Institute of Health stroke scale (NIHSS)
score > 4 and post-stroke status epilepticus lasting > 16 h have
been associated with a greater risk of developing PSE in those
with stroke-associated status epilepticus (Abraira et al., 2019).

There remains several important limitations and knowledge
gaps in this field. Existing studies are limited by sample size,
with fewer than 100 patients included in each study. The factors
associated with PSE development in those with ischemic stroke-
associated acute symptomatic seizures are yet to be determined.
Moreover, variables associated with the characteristics of acute
symptomatic seizures were not included in these studies and
therefore their correlation with development of PSE is unknown.

We aimed to identify the factors associated with PSE
development in patients who have experienced acute
symptomatic seizures following ischemic or hemorrhagic
stroke, and to incorporate this into a nomogram for use at the
bedside or outpatient clinic to predict PSE.

MATERIALS AND METHODS

Subjects
This was a retrospective study of inpatients admitted to
the Department of Neurology, the First Affiliated Hospital
of Wenzhou Medical University, Wenzhou, China, from 1
May 2006 through 30 January 2020. The primary inclusion
criterion was patients with a diagnosis of seizure, epilepsy,
or status epilepticus, occurring within the initial 7-day period
following a new-diagnosis stroke (i.e., patients with stroke-
associated acute symptomatic seizures). Stroke types included
primary ischemic stroke and primary intracranial hemorrhage
as per ICD-10 codes. Exclusion criteria included: (1) patients
without available computed tomography (CT) and/or magnetic
resonance imaging (MRI); (2) patients with a prior diagnosis of
epilepsy; (3) patients with secondary intracranial hemorrhage or
venous infarction; (4) patients whose seizure might be attributed
to other potential causes (brain tumor, intracranial vascular
malformation, traumatic brain injury, etc.); and (5) patients
who were lost to follow-up or died within 3 months of the
stroke incident; (6) patients who reported ambiguous event
occurring > 7 days post-stroke. This study was approved by
the Ethics Committee of our hospital (No.2020-185). Verbal

Frontiers in Aging Neuroscience | www.frontiersin.org 2 September 2021 | Volume 13 | Article 707732271

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-707732 September 13, 2021 Time: 12:40 # 3

Lin et al. Epilepsy Following Post-stroke Early Seizure

informed consent was obtained from the subject or the subject’s
legally authorized representative through tele-interview.

Recognition of Seizures and Patient
Follow-Up
Acute symptomatic seizures were defined as seizures occurring
within 7 days of a stroke as per the ILAE definition (Beghi
et al., 2010). PSE was diagnosed in patients with unprovoked
seizures occurring 7 days after a stroke in the context of stroke-
associated epileptogenic substrate as noted on neuroimaging.
Presence of PSE seizures was ascertained by consensus agreement
from two epileptologists (XW and NX), with disagreements
adjudicated by a senior epileptologist (HX). Patients that reported
ambiguous seizure-like events were conservatively excluded from
the analysis. Other information collected included use of anti-
seizure medications (ASMs), development of stroke-associated
neurological symptoms (e.g., hemiparesis), and death. These
were extracted from medical records, and supplemented by tele-
interview using a modified standardized questionnaire (Table 1;
Keezer et al., 2014). All participants were followed up until seizure
recurrence, occurrence of a further stroke, death, or end of the
study period (May 30, 2020).

Variables
Stroke-Associated Variables
Stroke was categorized into primary ischemic stroke and
intracranial hemorrhage. Ischemic stroke was further classified
according to the TOAST (Trial of Org 10172 in Acute
Stroke Treatment) criteria, i.e., large-artery atherosclerosis,
cardioembolism, small-vessel occlusion, stroke of other
determined etiology, and stroke of undetermined etiology
(Adams et al., 1993). Stroke severity at admission was recorded
as per the NIHSS. Medical treatment of stroke was categorized
as thrombolysis, lipid-lowering therapy, antiplatelet therapy,
anticoagulation, as well as surgical interventions. Variables
related to stroke localization included cortical involvement,
multilobar involvement, deep region involvement, as well as
ventricular extension of hematoma. Volumetric assessment of
the lesion location was completed through three-dimensional
reconstruction of the regions of interest and manual depiction
of the lesion circumference in multiple successive layers
(Zhang et al., 2020). Infectious complications that occurred
during hospitalization, such as respiratory tract infections,
were also recorded.

Other Variables
Other variables collected included demographic information, i.e.,
sex; age at time of stroke; concomitant medical diseases, i.e.,
hypertension, diabetes, hyperlipidemia, and hyperuricemia; and
lifestyle factors, i.e., current smoking and alcohol intake status.

Seizure-Related Variables
Acute symptomatic seizure-related variables included time
interval (days) from stroke to seizure; presence of multiple
acute symptomatic seizures, defined as ≥ 2 seizures occurring
over ≥ 24 h time period but within 7 days of the stroke; and
presence of status epilepticus, as per the ILAE diagnostic criteria

TABLE 1 | Post-stroke epilepsy screening questionnaire.

Q1: Self-reported diagnosis

a. Has ever been diagnosed by a doctor to have
seizures/epilepsies/convulsions after discharge? a

b. How soon after discharge did you experience the first recurrent seizure? b

Only patients responded Q1a with “yes” were recorded as post-stroke epilepsy,
if not, patients were asked by following questions.

Q2: Symptom-based screening questions: a, b

a. Have you ever had, or has anyone told you that you had any of the
following symptom after discharge? c

i. A seizure, convulsive, fit or spell under any circumstances?

ii. Uncontrolled movement of part or all of your body such as twitching,
jerking, shaking, or going limp?

iii. An unexplained change in your mental state or level or unawareness; or
an episode of “spacing out” that you could not control?

iv. Shortly after waking up, either in the morning or after a nap, have you
ever noticed uncontrollable jerking or clumsiness, such as dropping
things or things suddenly “flying” from your hands?

v. Have you ever had repeated unusual spells?

b. How soon after discharge did the symptom happen? b

Q3: Questions about Anti-seizure medications?

a: Are you currently using any anti-seizure drug including “valproate,”
“levetiracetam,” “carbamazepine,” or “oxcarbazepine”?

b: If not, when did you stop the drug? d

a Acceptable answers to each of the questions include: “yes,” “no,”
“possible,” or “don’t know.”

b Only if the patient or caregiver can provide the approximate date or we can
obtain it from the medical records, he/she were included in analysis.

c Patients were diagnosed with PSE only if they fulfill 1 + 2 + 3 or 1 + 4 of
the following: 1. “yes” for Q2a-i or ii, 2. Provide an approximate date for Q2b,
3. “yes” for Q3a, 4. confirmed by medical records. If they respond “no” for any
of the questions, they were recorded as non-PSE. Otherwise, they’re excluded
from analysis to ensure the best accuracy of diagnosis.

d An approximate year

PSE, post-stroke epilepsy.

(Trinka et al., 2015). Only events with clear focal motor or
focal to bilateral tonic-clonic semiology were included in the
study. Given the retrospective nature of the study, potential non-
motor seizure events were conservatively excluded to reduce the
risk of erroneously including ambiguous, non-seizure events.
Electroencephalogram (EEG) results within 1 week of acute
symptomatic seizure onset were classified as either normal,
non-specific abnormalities, and/or epileptiform discharges. ASM
regimen at the time of most recent follow-up was recorded.
The time interval (days) from the stroke to first unprovoked
seizure was recorded.

Statistical Analysis
The primary endpoint was time to first unprovoked seizure.
Age and stroke lesion volume were analyzed both as continuous
and categorical variables, specifically, age < 65 years and lesion
volume > 10 ml, as these factors have previously been associated
with intracranial hemorrhage-associated PSE (Haapaniemi et al.,
2014). Other factors were analyzed as categorical variables. Cut-
off points with the best sensitivity and specificity to predict PSE
development were identified for the NIHSS score and the time
interval from stroke to acute symptomatic seizure. Univariable
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analysis were conducted using the Kaplan-Meier method with
a log-rank test or univariable Cox regression. Variables with
p ≤ 0.1 in the univariable analysis were then selected into
the multivariable Cox proportional hazard regression analysis
using “survival” package with a forward stepwise method
based on likelihood ratio, to establish the fitted model and
calculate the hazard ratio (HR). Censored patients in the Kaplan-
Meier analysis and Cox regression analysis included those who
experienced a further stroke before experiencing their first
unprovoked seizure; those who were lost to follow up; those
who died due to non-seizure related causes; and those who did
not experience unprovoked seizures within the study period.
A nomogram based on the multivariable analysis of the total
cohort was built using the “rms” package, and Harrell’s C-index
was measured to quantify the discrimination performance of the
nomogram. Forest plot displaying the results of multivariable
analysis was completed with the “forest” package. Two-tailed
p-values < 0.05 were considered to be statistically significant.
Statistical analysis was conducted with R software (version 4.0.3).

RESULTS

A total of 331 patients met the primary inclusion criteria with a
stroke and early seizures occurring within the initial 7-day period.
Among them, 167 met all eligibility criteria for new-onset acute
symptomatic seizure secondary to the index stroke and were
retained for analyses (Figure 1).

Characteristics of All Subjects With
Stroke-Associated Acute Symptomatic
Seizures
Table 2 displays characteristics of the study cohort. The final
study cohort comprised of 111 (66.5%, n= 111/167) patients with
primary ischemic stroke and 56 (33.5%, n= 56/167) with primary
intracranial hemorrhage. Approximately half of these patients
(54.5%, n = 91/167) experienced bilateral tonic-clonic seizures
and 66 (39.5%, n = 66/167) experienced focal motor seizures.
The median time of acute symptomatic seizure onset was
0 days [interquartile range (IQR) 0–2] post-stroke. Only a small
proportion of patients (16.8%, n = 28/167) experienced acute
symptomatic seizures > 3 days post-stroke. Status epilepticus
was recorded in 44 patients (26.3%, n = 44/167). Multiple
acute symptomatic seizures occurred in 21 patients (12.6%,
n = 21/167). Only 38.3% (n = 64/167) of patients underwent
EEG recording during their acute inpatient hospitalization. Of
these, 26 (40.6%) had epileptiform discharges, 35 (54.7%) had
non-specific abnormalities, and 3 (4.7%) were normal. Most of
the patients (80.2%, n= 134/167) received ASM therapy for their
acute symptomatic seizures. Twenty-nine (59.2%) patients were
still taking ASM therapy at the time they experienced their first
PSE-related unprovoked seizure, and 23 (19.5%) patients were
still on ASM therapy at the end of the study without having
experienced an unprovoked seizure. The median follow-up time
was 592 days (IQR 170–1512). PSE developed in 49 (29.3%)
patients: 18 (32.1%, n= 18/56) of those with hemorrhagic stroke,

and 31 (27.9%, n = 31/111) of those with ischemic stroke. The
PSE incidence over time is displayed in Figure 2.

Analysis of PSE Predictors in the Total
Cohort
The results of univariable analyses are displayed in Table 3.
NIHSS score > 14 at admission and longer interval from
stroke to acute symptomatic seizures (days 4–7 post-stroke) were
significantly more likely in those who went on to develop PSE
compared to those who did not (32.7% vs. 12.7%, p = 0.002
and 32.7% vs. 10.2%, p < 0.001, respectively). Multiple acute
symptomatic seizures were also significantly associated with
subsequent development of PSE (26.5% vs. 6.8%, p < 0.001).
There were no statistical differences for other variables between
the PSE and non-PSE subgroups. In the Cox proportional hazard
model, NIHSS score > 14 at admission (HR 2.98, 95% CI 1.57–
5.67, p = 0.001), multiple acute symptomatic seizures (HR, 5.08;
95% CI, 2.58–9.99; p < 0.001), and longer interval from stroke
to acute symptomatic seizures (days 4–7 post-stroke) (HR 2.51,
95% CI 1.37–4.59, p= 0.003) were associated with PSE following
stroke-associated acute symptomatic seizure(s) (Figure 3A).

Analysis of PSE Predictors Within the
Ischemic Stroke Cohort
A subgroup analysis was performed to evaluate predictors of
PSE in those with ischemic stroke-associated acute symptomatic
seizures. NIHSS score > 14 (29.0% vs. 12.5%, p= 0.04), multiple
acute symptomatic seizures (22.6% vs. 8.8%, p= 0.01), and longer
interval from stroke to acute symptomatic seizures (days 4–7
post-stroke) (35.5% vs. 10.0%, p = 0.002) were associated with
development of PSE in the univariable analysis. Interestingly,
cortical involvement of the stroke territory (77.4% vs. 93.8%,
p = 0.004) was less common in patients that went on to
develop PSE compared to those without PSE, and reached
statistical significance in the univariable analysis (Table 2). In
the subsequent Cox regression analysis, NIHSS score > 14
(HR 2.94, 95% CI 1.28–6.73, p = 0.01), acute symptomatic
seizures occurring > 3 days post-stroke (HR 3.84, 95% CI 1.77–
8.31, p = 0.001), and multiple acute symptomatic seizures (HR
5.13, 95% CI 2.01–13.09, p = 0.001) were associated with PSE
development (Figure 3A).

Analysis of PSE Predictors Within the
Hemorrhagic Stroke Cohort
We also conducted sub-analyses for patients with hemorrhagic
stroke-associated acute symptomatic seizures. Significant
predictors included NIHSS scores > 14 (38.9% vs. 13.2%,
p = 0.02), multiple acute symptomatic seizures (33.3% vs.
2.6%, p < 0.001), and stroke lesions with cortical involvement
(94.4% vs. 65.8%, p = 0.04). In the Cox proportional hazard
model, multiple acute symptomatic seizures (HR 14.60, 95% CI
4.24–50.25, p < 0.001), NIHSS score > 14 at admission (HR 3.17,
95% CI 1.10–9.11, p = 0.03) and multilobar involvement (HR
4.80, 95% CI 1.49–15.39, p = 0.008) were associated with PSE
development following a hemorrhagic stroke-associated acute
symptomatic seizure (Figure 3A).
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FIGURE 1 | Flow chart of patient recruitment. Flow-chart summarizing sequential application of inclusion/exclusion criteria leading to definition of final study cohort.
PSE: post-stroke epilepsy.
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TABLE 2 | Baseline characteristics of the total cohort.

Variables n = 167

Demographics

Male sex, No./total No. (%)
Female sex, n(%)

114/167 (68.3)

Age at onset (years), mean (SD) 64.4 (12.9)

Medical history

Alcohol drinking, No./total No. (%) 68/167 (40.7)

Smoking, No./total No. (%) 73/167 (43.7)

Hypertension, No./total No. (%) 121/167 (72.5)

Diabetes, No./total No. (%) 38/167 (22.8)

Hyperlipidemia, No./total No. (%) 12/167 (7.2)

Hyperuricemia, No./total No. (%) 45/167 (26.9)

Characteristics of stroke

Ischemic stroke, No./total No. (%) 111/167 (66.5)

NIHSS score > 14, No./total No. (%) 31/167 (18.6)

Location of the stroke, No./total No. (%)a

Cortical involvement 142/167 (85.0)

Multilobar involvement 83/167 (49.7)

Deep region involvement 61/167 (36.5)

Lesion volume (ml), median (IQR) 9.0 (2.7–24.0)

Infectious complication, No./total No. (%) 58/167 (34.7)

Follow-up duration (days), median (IQR) 592 (170–1512)

Characteristics of seizures

Seizure type, No./total No. (%)

Bilateral tonic-clonic seizure 91/167 (54.5)

Focal motor seizure 66/167 (39.5)

Undetermined 10/167 (6.0)

Stroke-to-acute symptomatic seizure interval (days),
median (IQR)

0 (0–2)

Stroke-to-acute symptomatic seizure interval > 3 days,
No./total No. (%)

28/167 (16.7)

Multiple acute symptomatic seizures, No./total No. (%) 21/167 (12.6)

Status epilepticus, No./total No. (%) 44/167 (26.3)

EEG, No./total No. (%)

Normal 3/167 (1.8)

Non-specific abnormality 35/167 (21.0)

Epileptiform discharge 26/167 (15.6)

Absent 103/167 (61.7)

ASM treatment, No./total No. (%) 134/167 (80.2)

PSE, No./total No. (%) 49/167 (29.3)

Continuous variables with normal distribution were presented as mean [standard
deviation (SD)]; non-normal variables were presented as median [interquartile range
(IQR)]; quantitative variables were presented as number/total number (%).
NIHSS, National Institute of Health stroke scale; ASM, anti-seizure medication;
EEG, electroencephalogram; PSE, post-stroke epilepsy.
a Some patients were counted in more than one group.

Development of a Clinical Prediction
Nomogram
We built a nomogram based on the Cox proportional hazard
model in the total cohort to predict an individual’s risk of
developing PSE following stroke-associated acute symptomatic
seizures (Figure 3B). In the nomogram, an interval from stroke
to acute symptomatic seizures > 3 days (days 4–7 post-stroke)
equals 57.5 points, multiple acute symptomatic seizures equal
100 points, a NIHSS score > 14 equals 67.5 points. The

corresponding risk of PSE was < 20%, approximately 27, 31, 47,
60, and > 80% for a patient with total points of 0, 57.5, 67.5, 100,
125 (57.5 + 67.5), and ≥ 160, respectively, during 1-year follow-
up; and it was about 20, 35, 39, 58, 72, and ≥ 90% during 2-year
follow-up. The C-index for the prediction nomogram was 0.73.

DISCUSSION

This study revealed that people with stroke-associated acute
symptomatic seizures are more likely to develop PSE if they
have more severe neurofunctional deficits at time of stroke
presentation; if their initial acute symptomatic seizure occurs
between days 4 and 7 post-stroke; if the stroke involves multilobar
and if patients experience multiple acute symptomatic seizures
within the first week post-stroke. These factors have been
incorporated into a nomogram to assist clinicians in calculating
the risk of PSE development for individual patients, which in turn
may assist with management decisions.

Our study found that seizures occurring between days 4 and
7 post-stroke were associated with a higher risk of developing
PSE, compared to early seizures that occurred between days
0 and 3 post-stroke. This finding is consistent with previous
studies which reported that acute symptomatic seizures mainly
occurred within 3 days of stroke onset (Haapaniemi et al., 2014),
and seizures that occurred later were associated with higher risk
of long-term seizure recurrence (Sung and Chu, 1990; Bladin
et al., 2000). These findings suggest that the definition of stroke-
associated acute symptomatic seizures may be revised to those
occurring within 3 days of the stroke onset, as opposed to the
current definition of occurring within 7 days. The occurrence of
multiple seizures within the first week following a stroke was a
predictor for future PSE. Although these multiple early seizures
all fell within the current definition of an “acute symptomatic
seizure” timeframe, they may in fact represent the early stages
of PSE. Supporting this, microarray analysis in a rat ischemic
model has found that down-regulation of several ion channels
and receptors begins as early as 1 day post-stroke (Lu et al., 2004).

Consistent with previous studies, our work found that stroke
severity is strongly associated with development of PSE (Arntz
et al., 2013a; Graham et al., 2013; Jungehulsing et al., 2013; Zhang
et al., 2014). A previous study identified GCS score≤ 8 at time of
stroke admission was an important risk factor for development
of PSE in those with intracranial hemorrhage-associated acute
symptomatic seizures (Biffi et al., 2016). Although the GCS was
not designed for this purpose, it may be interpreted as a surrogate
marker for stroke severity. A previous study examined factors
associated with development of PSE for patients with stroke-
associated status epilepticus. An NIHSS cut score of > 4 at time
of stroke admission was found to be a significant predictor of
future development of PSE (Abraira et al., 2019). Our study
found the significant NIHSS cut-score to be > 14, indicating
more extensive neuronal damage was required to cross the
PSE threshold for our patients. The lower NIHSS threshold for
patients with status epilepticus may be due to the additional
risk that status epilepticus carries in terms of developing PSE
(Tomari et al., 2017).
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FIGURE 2 | Late recurrent seizure incidence over time. Frequency and distribution of patients with early seizures occurred within 7 days of index stroke and PSE
occurred after 7 days of index stroke. PSE, post-stroke epilepsy.

Large stroke lesion volume has previously been associated with
development of PSE, particularly in patients with hemorrhagic
strokes (Bladin et al., 2000; Haapaniemi et al., 2014). However,
this association was not found in our study. Instead, we found
multilobar involvement to be an important predictor for the
development of PSE. This finding has also been noted in other
studies (Lancman et al., 1993; Beghi et al., 2011). Although large
stroke volume and multilobar involvement represent similar
measures, the latter may also be interpreted as a surrogate
marker for more severe neurofunctional deficits. Supporting
this, we found the lesion volume was significantly larger and
NIHSS score was significantly higher in patients with multilobar
involvement compared to those with single lobe involvement
(Table 4).

There is conflicting evidence regarding the association
between cortical involvement of stroke and risk of development
of PSE. In the univariable analysis, those with hemorrhagic
stroke-associated acute symptomatic seizures were more likely
to develop PSE if there was cortical involvement compared
to if there was not; this has also been reported previously
(Haapaniemi et al., 2014; Biffi et al., 2016; Galovic et al., 2018).
Conversely, cortical involvement was negatively associated with
PSE development in those with ischemic stroke-associated acute
symptomatic seizures; previous studies have reported similarly

(Tomari et al., 2017; Abraira et al., 2019). Certainly, cortical
involvement is a well-recognized risk factor for stroke-associated
acute symptomatic seizures. The resultant cortical irritation may
directly damage cortical neurons, causing increased neuronal
excitability and leading to the onset of seizures in the acute stroke
phase (Arboix et al., 1997; Roivainen et al., 2013). The negative
association between cortical involvement and development of
PSE is not necessarily indicative of a “protective” effect of cortical
involvement. Rather, the development of acute symptomatic
seizures in those without direct cortical irritation may be
indicative of an increased predisposition to epileptic seizures.
This may be genetic or lesional. For example, strokes within the
deep brain matter may occur in individuals with small-vessel
disease, which in turn is associated with development of epilepsy
in the elderly (Pitkanen et al., 2016). Further research is needed
to confirm this hypothesis.

Our study has important practical implications in terms of
identifying those at higher risk for developing PSE following
stroke-associated acute symptomatic seizures. This group may
benefit from closer clinical follow-up, which may facilitate
earlier PSE diagnosis and treatment initiation. This in turn may
reduce the risk of future seizure-related morbidity and mortality.
Our study reveals several important directions for future
research. These include investigating the temporal association of
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TABLE 3 | Univariable analysis of baseline characteristics associated with development of PSE.

Variables Total cohort Ischemic stroke cohort Hemorrhagic stroke cohort

PSE
(n = 49)

Non-PSE
(n = 118)

P-value PSE
(n = 31)

Non-PSE
(n = 80)

P-value PSE
(n = 18)

Non-PSE
(n = 38)

P-value

Demographics

Male sex, No./total No. (%) 33/49 (67.3) 81/118 (68.6) 0.86 19/31 (61.3) 55/80 (68.8) 0.65 14/18 (77.8) 26/38 (68.4) 0.38

Age at onset (years), mean (SD) 64.5 (11.2) 64.3 (13.6) 0.50 67.8 (8.9) 65.5 (12.1) 0.34 59.8 (13.0) 61.6 (16.2) 0.91

Age < 65 years, No./total No. (%) 23/49 (46.9) 59/118 (50.0) 0.47 11/31 (35.5) 37/80 (46.3) 0.31 12/18 (66.7) 22/38 (57.8) 0.97

Medical history

Alcohol drinking, No./total No. (%) 19/49 (38.8) 49/118 (41.5) 0.79 11/31 (35.5) 30/80 (37.5) 0.93 8/18 (44.4) 19/38 (50.0) 0.66

Smoking, No./total No. (%) 19/49 (38.8) 54/118 (45.8) 0.42 12/31 (38.7) 37/80 (46.3) 0.70 7/18 (38.9) 17/38 (44.7) 0.36

Hypertension, No./total No. (%) 37/49 (75.5) 85/118 (72.0) 0.56 20/31 (64.5) 52/80 (65.0) 0.86 17/18 (94.4) 32/38 (84.2) 0.18

Diabetes, No./total No. (%) 12/49 (24.5) 26/118 (22.0) 0.64 8/31 (25.8) 20/80 (25.0) 0.95 4/18 (22.2) 6/38 (15.8) 0.54

Hyperlipidemia, No./total No. (%) 4/49 (8.2) 8/118 (6.8) 0.60 2/31 (6.5) 3/80 (3.8) 0.31 2/18 (11.1) 5/38 (13.2) 0.90

Hyperuricemia, No./total No. (%) 12/49 (24.5) 33/118 (28.0) 0.88 8/31 (25.8) 22/80 (27.5) 0.98 4/18 (22.2) 11/38 (28.9) 0.77

Characteristics of seizures

Seizure type, No./total No. (%) 0.43 0.94 0.10

Bilateral tonic-clonic seizure 26/49 (53.1) 65/108 (60.2) 17/31 (54.8) 41/75 (54.7) 9/18 (50.0) 24/33 (72.7)

Focal motor seizure 23/49 (46.9) 43/108 (39.8) 14/31 (45.2) 34/75 (45.3) 9/18 (50.0) 9/33 (23.3)

Stroke-to-acute symptomatic seizure
interval (days), median (IQR)

0.0 (0.0–4.0) 0.0 (0.0–2.0) 0.01 0.0 (0.0–4.0) 0.0 (0.0–1.0) 0.03 2.0 (0.0–4.0) 1.0 (0.0–2.0) 0.23

Stroke-to- acute symptomatic
seizure interval > 3 days, No./total
No. (%)

16/49 (32.7) 12/118 (10.2) <0.001 11/31 (35.5) 8/80 (10.0) 0.002 5/18 (27.8) 4/38 (10.5) 0.08

Multiple acute symptomatic seizures,
No./total No. (%)

13/49 (26.5) 8/118 (6.8) <0.001 7/31 (22.6) 7/80 (8.8) 0.01 6/18 (33.3) 1/38 (2.6) < 0.001

Status epilepticus, No./total No. (%) 16/49 (32.7) 28/118 (23.7) 0.36 10/31 (32.3) 18/80 (22.5) 0.50 6/18 (33.3) 10/38 (26.3) 0.59

EEG, No./total No. (%) 0.27 0.85 0.15

Normal 0/19 (0.0) 3/45 (6.7) 0/12 (0.0) 1/37 (2.7) 0/7 (0.0) 2/8 (25.0)

Non-specific abnormality 9/19 (47.4) 26/45 (57.8) 7/12 (58.3) 23/37 (62.1) 2/7 (28.6) 3/8 (37.5)

Epileptiform discharge 10/19 (52.6) 16/45 (35.6) 5/12 (41.7) 13/37 (35.1) 5/7 (71.4) 3/8 (37.5)

ASM treatment, No./total No. (%) 41/49 (83.7) 93/118 (78.8) 0.44 28/31 (90.3) 61/80 (76.3) 0.09 13/18 (72.2) 32/38 (84.2) 0.23

Characteristics of stroke

NIHSS score > 14, No./total No. (%) 16/49 (32.7) 15/118 (12.7) 0.002 9/31 (29.0) 10/80 (12.5) 0.04 7/18 (38.9) 5/38 (13.2) 0.02

Infectious complication, No./total
No. (%)

19/49 (38.8) 39/118 (33.1) 0.39 12/31 (38.7) 25/80 (31.3) 0.52 7/18 (38.9) 14/38 (36.8) 0.66

Lesion volume (ml), median (IQR) 9.8 (2.3–28.6) 9.0 (3.1–21.9) 0.86 9.0 (1.1–21.6) 7.6 (1.9–25.9) 0.53 14.2 (5.0–42.5) 13.4
(4.9–21.0)

0.18

Lesion volume > 10 ml, No./total
No. (%)

23/49 (46.9) 51/118 (43.2) 0.65 14/31 (45.2) 30/80 (37.5) 0.50 9/18 (50.0) 18/38 (47.4) 0.72

Location of stroke, No./total No. (%)a

Cortical involvement 41/49 (83.7) 101/118 (85.6) 0.69 24/31 (77.4) 75/80 (93.8) 0.02 17/18 (94.4) 25/38 (65.8) 0.04

Multilobar involvement 27/49 (55.1) 58/118 (49.2) 0.35 20/31 (64.5) 50/80 (62.5) 0.61 7/18 (38.9) 6/38 (15.8) 0.08

Deep region involvement 16/49 (32.7) 45/118 (38.1) 0.64 12/31 (38.7) 33/80 (41.3) 0.89 2/18 (11.1) 11/38 (28.9) 0.65

Extension into ventricle, No./total
No. (%)

3/18 (16.7) 8/38 (23.7) 0.85

Surgical treatment, No./total No. (%) 4/18 (22.2) 5/38 (13.2) 0.29

TOAST classification, No./total
No. (%)

0.33

Large-artery atherosclerosis 22/31 (71.0) 43/80 (53.8)

Cardioembolism 2/31 (6.5) 11/80 (13.8)

Small-vessel occlusion 3/31 (9.7) 17/80 (21.3)

Stroke of other determined etiology 2/31 (6.5) 5/80 (6.3)

Stroke of undetermined etiology 2/31 (6.5) 4/80 (5.0)

(Continued)
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TABLE 3 | (Continued)

Variables Total cohort Ischemic stroke cohort Hemorrhagic stroke cohort

PSE
(n = 49)

Non-PSE
(n = 118)

P-value PSE
(n = 31)

Non-PSE
(n = 80)

P-value PSE
(n = 18)

Non-PSE
(n = 38)

P-value

Thrombolysis, No./total No. (%) 1/31 (3.2) 3/80 (3.8) 1.00

Lipid-lowering therapy, No./total
No. (%)

25/31 (80.6) 68/80 (85.0) 0.69

Thrombocytopenic therapy, No./total
No. (%)

28/31 (90.3) 60/80 (75.0) 0.10

Anticoagulation, No./total No. (%) 8/31 (25.8) 19/80 (23.8) 0.80

Follow-up duration (days),
median (IQR)

74 (17–201) 993
(496–2056)

55 (15–202) 963
(504–1,669)

126 (30–242) 1,155
(472–2,622)

Continuous variables with normal distribution were presented as mean [standard deviation (SD)]; non-normal variables were presented as median [interquartile range
(IQR)]; quantitative variables were presented as number/total number (%).
PSE, post-stroke epilepsy; NIHSS, National Institute of Health stroke scale; ASM, anti-seizure medication; EEG, electroencephalogram.
a Some patients were counted in more than one group.

FIGURE 3 | PSE probability prediction using results of multivariable analysis. (A) Forest plot based on results of multivariable analysis. (B) Prediction nomogram on
the basis of results multivariable analysis in the total cohort. NIHSS, National Institute of Health stroke scale; ASS, acute symptomatic seizure; PSE, post-stroke
epilepsy; 95% CI, 95% confidence interval.

TABLE 4 | Comparing NHISS score and lesion volume between patients with and without multilobar involvement in hemorrhagic stroke cohort.

With multilobar involvement (n = 16) Without multilobar involvement (n = 40) P-value

NIHSS score, median (IQR) 11 (6–17) 4 (2–12) 0.015

Lesion volume (ml), median (IQR) 18.9 (10.0–45.5) 9.0 (3.9–21.4) 0.023

IQR, interquartile range; NIHSS, National Institute of Health stroke scale.

stroke-associated acute symptomatic seizures and development
of PSE by observing dynamic changes of critical molecules;
exploring the shared pathophysiological mechanisms of neuronal
damage and development of epileptic seizures induced by stroke;
and eliciting the mechanisms underlying the predisposition for
developing PSE. Further, our findings may be used to target
high risk patients for recruitment in clinical trials that evaluate
interventions to prevent PSE.

For example, based on the nomogram, for a patient whose
seizures occur between days 4–7 post-stroke, if he/she has no
other risk factors, the total points would be 57.5 and the risk

of PSE is only 27% following the first year post-stroke and
34% following the second year; but if he/she has also a NIHSS
score > 14, the total points would be 125 and the risk of
PSE is about 60% following the first year post-stroke and 72%
following the second year; if he/she experiences multiple seizures
within 7 days post-stroke, he/she will get additional 100 points
and thus the risk of PSE will be very high (>80%). Not only
closer clinical follow-up should be conducted for these patients,
but also prophylactic anti-seizure treatment might be necessary
in view of the high PSE risk for the latter two conditions,
especially the last one.
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Our study has several limitations. As with all studies with
a medical chart review component, identifying patients with
acute symptomatic seizures relied on comprehensive medical
documentation. Although it was felt that motor seizures could
be correctly identified with reasonable confidence by both the
treating clinician and the researchers who subsequently reviewed
the medical chart, there was less certainty around the diagnosis
for patients with subtle, non-motor events. As such, the latter
events were excluded from the study. This focus on specificity
rather than sensitivity resulted in a highly curated dataset, but
potentially at the expense of under-reporting acute symptomatic
seizure events. The follow-up diagnosis of PSE rested largely
on patient and caregiver reports. PSE-seizures may present with
non-motor semiology, and so may not be obvious to non-
medically trained people. Therefore, it is possible that the true
incidence of PSE was also under-reported.

In addition, a high proportion of males (68%) were included
in our cohort as compared to other studies (Biffi et al., 2016;
Abraira et al., 2019). As noted, an important difference between
previous studies and our study is that we only included motor
seizures. Therefore, a possible explanation is that women are
more prone to non-motor seizures post-stroke. A hospital-based
study has found that the female percentage of the patients with
post-stroke non-convulsive status epilepticus (NCSE) was higher
than that of the stroke patients without NCSE (50% vs. 35.9%)
(Belcastro et al., 2014). Although the difference did not reach
statistical significance, this might be due to the small sample
size as there were only 32 patients with post-stroke NCSE
(Belcastro et al., 2014). Further investigations were needed to
verify the hypothesis. On the other hand, the male proportion is
comparable to that of some large-sized stroke registry cohorts in
China with 60–67.5% males (Wei et al., 2010; Zhang et al., 2021).
This might be ascribed to the well-documented higher incidence
of stroke in men than in women in all age classes (Reeves et al.,
2008) and the higher male proportion in Chinese population.

CONCLUSION

In summary, patients with an NIHSS score > 14, acute
symptomatic seizures occurring > 3 days post-stroke, and
multiple acute symptomatic seizures were at higher risk of
developing PSE compared to patients with stroke-associated
acute symptomatic seizures without these factors. In addition,

multilobar involvement was also a predictor of PSE in
patients with primary hemorrhagic stroke-associated acute
symptomatic seizures.
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