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Editorial on the Research Topic

Neuroimaging study of post-stroke cerebral edema

Stroke is a leading cause of death and long-term disability worldwide, affecting 10million

people each year (1, 2). Brain edema is one of the most harmful complications of stroke

and can lead to further ischemic damage of brain tissue. Therefore, it is of great clinical

importance to understand the causes of brain edema and identify biomarkers that can predict

its occurrence. Imaging plays a crucial role in studying brain edema in vivo.

Multi-modal CT scans

Non-contrast CT scan

Since Broocks et al. developed quantitative net water uptake (NWU) based on non-

contrast brain CT scans, several studies have been conducted on NWU in the field of brain

edema (3). Two studies from Ningbo First People’s Hospital (by Han et al. and Xu T. et al.)

found that the occurrence of early edema in the ischemic core, as quantified by NWU,

was time-dependent and correlated with the functional outcome of acute ischemic stroke

patients. In addition, the NWU core/NWU penumbra ratio had good predictive power

for the occurrence of symptomatic intracranial hemorrhage after endovascular therapy.

Kumar et al. developed a method to automatically quantify the infarct area and NWU from

brain non-contrast CT scans using deep learning, which may aid in exploring the factors

influencing edema evolution in stroke patients in large-scale studies in the future.

In addition to NWU-related studies, Zhou et al. compiled a clinical-radiomics

nomogram to characterize the relationship between brain edema and prognosis in patients

with basal ganglia hemorrhage. They found that the radiomics features of peripheral

hemorrhagic edema on non-contrast CT scans in patients with basal ganglia hemorrhage

predicted patient outcomes. Application of this clinical-radiomic nomogram may therefore

assist with individualizing clinical treatment decisions for these patients.
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CT perfusion (CTP) and CTP-derived
4-dimensional CT angiography (4D-CTA)

Shao et al. found that in patients who underwent successful

endovascular therapy, a large mismatch ratio at baseline was a

protective factor for rapidly progressive brain edema. Konduri

et al. observed that collateral volume was the key factor affecting

midline shift. Using CTP-reconstructed 4D-CTA, Chen et al.

showed that an ipsilateral transverse sinus filling defect was related

to the progression of brain edema and poor prognosis after

stroke. Li et al. found that the volume of bloody fluids located

between the temporal muscle and the targeted cerebral cortex, as

calculated using 3D slicer software on non-contrast CT or CTA

performed within 3 days post-surgery, affected the establishment of

indirect collaterals in patients with moyamoya disease undergoing

surgical bypass.

Contrast-enhanced brain MRI

Intraventricular injection of a contrast agent and observation

of cerebrospinal fluid metabolism by enhanced MRI is a recently

validated method for evaluating glymphatic transport function

in recent years. Zhang et al. studied glymphatic function using

enhanced MRI (11.7T) by injecting gadolinium benzoate (BOPTA

Gd) into the cistern magna of mice. They showed that the decrease

in glymphatic clearance after stroke was related to cytotoxic edema

caused by middle cerebral artery occlusion (MCAO), and that, the

cytotoxic edema was related to the depolarization of aquaporin-4 in

both the parenchyma PVSs and periventricular zone.

Hemodynamics imaging

Pan et al. found that the affected-to-contralateral ratio of

systolic cerebral blood flow velocity (CBFV) and mean CBFV

were both independently associated with severe brain edema. They

concluded that the affected-to-contralateral ratio of CBFV after

endovascular treatment (EVT) may be a promising predictor of

brain edema severity in patients who received EVT. Xu L. et al.

found that cerebral vascular hemodynamic characteristics based

on digital subtraction angiography (DSA), including flow direction

and hemodynamic sources, can predict predict post-opertaive brain

edema in surgically-managed Moyamoya disease.

Texture analysis and machine learning

Shan et al. performed an in-depth analysis of CT images

based on texture analysis, demonstrating its great potential in the

non-invasive assessment of intracranial hypertension. Liu et al.

established a machine learning model based on CT radiommic

features and verified that it can predict the pressure amplitude

correlation index (RAP) level of patients with severe traumatic

brain injury, also providing a non-invasive method for intracranial

pressure monitoring.

Other research

Making ingenious use of the well-established clinical

observation that pupil size reflects midbrain compression

and midline shift in patients with ischemic stroke, Kim

et al. used automatic infrared pupillary instruments

to perform quantitative pupil observations on NICU

patients and developed the neuropupillary index (NPi).

Their results showed that the NPi had the potential

to correlate with the degree of midline/pineal shift,

suggesting that this technology could be used to monitor

the occurrence and progression of brain edema in a

high-dependency setting.

Future directions

Brain edema after stroke is an active area of research that has

seen increasing attention in recent years. In this Research Topic,

15 articles were published, including 1 review and 14 original

studies. Based on these studies, we aim to further investigate

the mechanism of brain edema and the clinical applications

of imaging markers in the future, with the following core

objectives. Firstly, most current studies are cross-sectional and

have limited sample sizes, so future longitudinal studies and

randomized controlled trials are needed to establish imaging

markers that can predict brain edema in stroke patients. Secondly,

as well as having a short scan time multi-model CT has the

advantage of providing ample information about brain tissue

and vessels, making it useful for evaluating brain edema in the

early stages of stroke. However, most of these markers have

not been prospectively verified. The same issue applies to the

study of hemodynamic imaging using DSA and transcranial

Doppler (TCD). Despite the great potential of hemodynamics

analysis based on DSA and TCD, additional hemodynamic-

related markers need to be developed and validated in future

studies. Machine learning has great potential for accelerating

imaging analysis, reconstructing images, and automating image

analysis, but it is likely to have the greatest utility when applied

to imaging markers that have been prospectively verified or

have high consistency in manual measurement. Finally, research

into the relationship between post-stroke glymphatic clearance

and brain edema has become popular since 2020 (4). In this

Research Topic, one study showed that post-stroke brain edema is

related to the decline of glymphatic clearance function. Currently,

there are very few imaging markers (especially non-invasive

imaging) that can directly measure glymphatic function. Technical

advancement in this field may provide tools for understanding

the association between glymphatic function and brain edema. In

particular, adjuvant treatment strategies for ischemic stroke beyond

reperfusion are of significant clinical interest. To fully realize the

potential of neuroprotectants and anti-edema drugs currently being

tested in clinical trials neuroimaging tools, like those described

here, are likely to be instrumental in assessing treatment effects and

guiding optimal use in clinical practice.
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Evaluation and Prediction of
Post-stroke Cerebral Edema Based
on Neuroimaging
Xiaocheng Zhang, Peiyu Huang and Ruiting Zhang*

Department of Radiology, School of Medicine, The Second Affiliated Hospital of Zhejiang University, Hangzhou, China

Cerebral edema is a common complication of acute ischemic stroke that leads to poorer

functional outcomes and substantially increases the mortality rate. Given that its negative

effects can be reduced by more intensive monitoring and evidence-based interventions,

the early identification of patients with a high risk of severe edema is crucial. Neuroimaging

is essential for the assessment and prediction of edema. Simple markers, such as midline

shift and hypodensity volume on computed tomography, have been used to evaluate

edema in clinical trials; however, advanced techniques can be applied to examine the

underlying mechanisms. In this study, we aimed to review current imaging tools in

the assessment and prediction of cerebral edema to provide guidance for using these

methods in clinical practice.

Keywords: ischemic stroke, edema, mechanism, imaging evaluation, predictors

INTRODUCTION

Cerebral edema is a severe complication of acute ischemic stroke; it results in poorer functional
outcomes and significantly increases the rate of mortality. During ischemia, excessive fluid
accumulates in the intracellular or extracellular spaces of the brain because of the failure of energy-
dependent ion transport (1–3) and the destruction of the blood–brain barrier (BBB) (4–6), which
leads to tissue swelling and the elevation of intracranial pressure. Cerebral edema can appear several
hours after ischemia and may progress over the first few days of stroke onset (7).

Patients with mild to moderate edema can be treated with medication (3, 8, 9). However, for
those with malignant edema (ME), the mortality rate can increase up to 80% with conservative
treatment (10–12). Timely surgical treatment by early decompressive craniectomy is recommended
to reduce mortality (9, 13–15). Thus, the accurate assessment and early prediction of edema can
benefit patients by more intensive monitoring and evidence-based interventions.

Neuroimaging examination is essential for the assessment of edema. Midline shift (MLS)
has long been established as a marker of severe edema and is known to correlate with clinical
deterioration (16–18). However, MLS is insensitive to mild to moderate edema and is thus
an unsuitable index for monitoring the condition of patients. Recently, new methods, such as
cerebrospinal fluid (CSF) displacement (19, 20) and net water uptake (NWU) (12, 21), have been
developed to quantify brain edema at an early stage. Furthermore, magnetic resonance imaging

8
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FIGURE 1 | Cerebral edema grades. (A) Left frontal lobe and basal ganglia

brain swelling, <1/3 of the hemisphere. (B) Right frontal and parietal lobe brain

swelling, >1/3 of the hemisphere and without midline shift (MLS). (C) Left

cerebral hemisphere swelling, >1/3 of the hemisphere with MLS.

(MRI) can distinguish cytotoxic edema from ionic edema and
vasogenic edema (22, 23), and advanced MRI techniques, such as
diffusion tensor imaging, can detect subtle structural changes in
brain edema (24). These new methods can be used to quantify
less severe edema and may serve as early imaging markers in
clinical practice.

Imaging is important in the prediction of edema. Previous
research has shown that infarct volume, collateral status, and CSF
volume (CSV), among other factors, are closely related to the
development of edema (11, 18, 25, 26). However, the predictive
values of these indicators often vary across studies (18, 27);
moreover, the optimal timing and modality of imaging exams are
also under debate.

There have been numerous reviews on post-stroke edema,
of which most have focused on the mechanisms of edema with
an emphasis on scientific discoveries rather than on clinical
applications. In this review, we briefly discuss the mechanisms of
post-stroke edema and focus more on current edema assessment
methods and neuroimaging predictors.

Our aim was to provide a comprehensive review of imaging
tools for the management of edema and provide guidance for
clinical practice.

MECHANISM OF EDEMA

Traditionally, cerebral edema after an ischemic stroke includes
cytotoxic edema, ionic edema, and vasogenic edema (7).
These three processes occur in sequence and are closely
interrelated. Cytotoxic edema is the earliest manifestation of
brain hydromineral disturbance as a result of changes in ion
channel and transporter (e.g., Na+-K+-2Cl− cotransporter and
Na-H exchangers) activity during a stroke event (3, 28–31).
It attracts ions and water into neurons or astrocytes, which
causes intracellular water accumulation and extracellular space
reduction without increasing brain tissue volume. Because of
the changes in ion concentrations on both sides of the BBB,
new gradients are formed; this generates a driving force for an
influx of water and ion across the intact BBB into the depleted
extracellular space, resulting in ionic edema (32–34). Ischemia
can also activate inflammatory mediators and increase oxidative
stress (35, 36), both of which lead to BBB disruption. This

event allows plasma proteins and other macromolecules to pass
through the BBB from the intravascular space into brain tissue,
which further aggravates water influx and results in vasogenic
edema. Recently, studies have shown that post-stroke cerebral
edema can also be driven by CSF influx through perivascular
spaces (37, 38). Although this has not been confirmed clinically,
the related mechanisms underlying the structural and functional
abnormalities of the brain’s glymphatic system following stroke
have gathered the interest of researchers.

IMAGING EVALUATION OF CEREBRAL
EDEMA

Computed Tomography
Computed tomography (CT) is the most frequently used
diagnostic procedure in acute stroke. It is sensitive to net water
changes but not fluid shifts among tissue compartments within
the brain parenchyma. Therefore, CT is sensitive to ionic and
vasogenic edema but not cytotoxic edema because fluid shifts
from the vascular to interstitial spaces during the first two
processes (22, 39, 40). Experimental models have demonstrated
a linear relationship between CT attenuation and hemispheric
tissue water content (39–41). Within the first few hours following
stroke onset, CT shows attenuation of gray matter, which results
in the loss of gray/white matter contrast in the cortex, indistinct
basal ganglia, and an insular ribbon. With the development
of edema, cortical sulci may disappear, and hypoattenuation
develops in white matter. During the late stages, ventricles
may shrink because of increased parenchymal volume, and
MLS occurs.

Midline Shift and Volume of Infarct-Related

Hypodensity
MLS and the volume of infarct-related hypodensity are two
commonly used imaging markers of edema based on CT images
(16–18). MLS describes the degree of displacement of the septum
pellucidum, which is a thin membrane between the frontal
horns of the lateral ventricles, relative to the ideal midline
on CT images. An MLS of over 5mm is usually considered
malignant cerebral edema (18, 42). Edema in a temporal lobe
infarction can cause uncal herniation with severe symptoms
despite minimal MLS.

The volume of infarct-related hypodensity has also been
widely used to evaluate edema (22, 25), and it can be manually
outlined on each CT slice. However, quantifying hypodensity
on CT during the acute phase when infarcts are subtle can
sometimes be difficult; moreover, distinguishing edema from
infarct growth in follow-up studies is also challenging.

At present, several comprehensive scores are based on the
above methods, such as cerebral edema grading (grade 1 = focal
brain swelling of ≤1/3 of the hemisphere, grade 2 = >1/3 of the
hemisphere, grade 3 = edema with MLS; Figure 1). These scores
are used widely in clinical studies (43–45). However, this semi-
quantitative method can only be applied to roughly assess the
degree of edema, and it is insufficient for evaluating patients with
mild edema.
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FIGURE 2 | Quantitative cerebrospinal fluid (CSF) shifts. Baseline (A) and 24 h (C) follow-up CTs after ischemic stroke, respectively. CSF spaces are outlined on a CT

scan slice at baseline (B) and follow-up (D). Supratentorial CSF and basal cisterns were outlined on each slice, and 1CSF was subsequently calculated.

FIGURE 3 | Measurement of % net water uptake (NWU) per volume on

admission. (A) The initial ischemic core is identified by the initial relative

cerebral blood flow (CBF) volume using a threshold of <30% in CBF maps. (B)

Non-enhanced computed tomography shows a slight decrease in the density

of the right basal ganglia region. (C) The mean density of the initial core

(Dischemic ) (red) was calculated in relation to the normal density (Dnormal) (green)

in the homotopic contralateral region. NWU = 1 – DIschemic/DNormal.

Displacement of Cerebrospinal Fluid
To quantify the severity of edema more accurately, Dhar et al.
proposed a CT-based volumetric measure of CSF shifts over
time (19). As ionic and vasogenic edemas develop, the CSF
is progressively displaced from the sulci and ventricles of the
cerebral hemispheres to compensate for the increased brain tissue
volume in the fixed cranial cavity. Supratentorial CSF spaces
(sulci and ventricles ipsilateral and contralateral to the stroke and
the third ventricle) and basal cisterns are outlined on each slice,
and the volume of CSF is quantified (Figure 2). The CSF can
be pushed out of the hemispheric sulci, cerebral ventricles, and
basal cisterns as edema develops in the hours or days following
the stroke. Studies have shown that, compared with MLS, the
reduction in CSV (1CSF) from baseline to follow-up CT is an
earlier and more sensitive indicator of edema severity across
a broader dynamic range (46, 47). Furthermore, the authors
developed an automated algorithm to segment the CSF from
the CT scans of stroke patients (46) to facilitate and scale up
such approaches. However, their methodmeasures changes in the
brain volume (BV); thus, it cannot distinguish edema from infarct
growth or hemorrhagic transformation. Moreover, it is not
suitable for patients with stroke in the brainstem or cerebellum.

Net Water Uptake
Recent studies have proposed the use of NWU within the lesion
area to determine the volume of edema (12, 48–50). NWU is

calculated using the equation NWU = 1 – DIschemic/DNormal,
where DIschemic (Hounsfield Unit, HU) is the density of the
ischemic core with hypoattenuation, and DNormal is the density
of the same area in the contralateral normal tissue (21, 49, 51)
(Figure 3). This quantitative method is based on a physical
principle in which the product between the volume of a body and
its mean CT density remains constant, regardless of the volume
of water uptake (49). Therefore, the increased water content
is proportional to the NWU, and the edematous component
of the infarct lesion can be quantified using CT densitometry
according to the following equation: edema volume = lesion
volume× NWU.

CT-based NWU quantification has been described as a precise
method to determine the individual volume of edema (21). A
previous study demonstrated that it is related to histopathological
measurements of the volume of water uptake (52). Fu et
al. proposed a new image patch-based NWU procedure that
only uses non-enhanced admission CT without the need for
lesion segmentation (53). However, this approach has other
limitations; for example, patients with pre-existing stroke or
significant carotid stenosis may have hypodense lesions, which
affect NWUmeasurement.

Magnetic Resonance Imaging
Similar to CT, cerebral edema can also be assessed by MLS
and change in CSV on MRI because BV increases as edema
progresses. Moreover, the intensity characteristics of MRI reflect
the tissue composition, and some sequences are particularly
sensitive to changes in water content.

T2 and T2 Fluid-Attenuated Inversion Recovery
T2 prolongation is commonly observed hours after stroke and is
considered to be related to increased water content in ischemic
tissue, which represents ionic and vasogenic edema (54, 55).
Gerriets et al. found that a significant T2 signal increase is
detectable as early as 20–45min following middle cerebral artery
occlusion in rats (56). However, in the early phase of stroke, a
slightly increased T2 signal intensity may be masked by high
CSF signal. Therefore, T2-weighted fluid-attenuated inversion
recovery (FLAIR) sequences can be more sensitive because
of the inhibition of CSF signals. In several studies, FLAIR
hyperintensity has been measured by calculating the intensity
ratio between the stroke lesion and the corresponding normal
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FIGURE 4 | Time course of the signal intensities in T2-weighted imaging

(T2WI), diffusion-weighted imaging (DWI), and apparent diffusion coefficient

(ADC) maps of a patient with a right paraventricular infarct.

FIGURE 5 | Cytotoxic edema, ionic edema, and vasogenic edema on MRI and

CT. A 69-year-old male underwent MRI and CT on day 5 post-stroke. (A) DWI

shows hyperintensity in the left frontal and parietal lobes. (B) ADC map shows

hypointensity in the marginal area of the lesion, indicating cytotoxic edema,

and hyperintensity in the lesion center, indicating ionic and vasogenic edema.

(C) CT image shows hypodensity in the left frontal and parietal lobes, especially

in the area of ionic and vasogenic edema (i.e., ADC hyperintensity area).

contralateral hemisphere as a marker to quantify vasogenic
edema (57–59).

Diffusion Magnetic Resonance Imaging
Diffusion MRI is sensitive to the diffusion of water molecules
in biological tissue and plays a critical role in the research
and clinical management of acute stroke. Diffusion-weighted
imaging (DWI) is the most frequently used technique to detect
cytotoxic edema. An increase in DWI and a decrease in apparent
diffusion coefficient (ADC) can be observed several hours after
acute ischemia because of extracellular fluid loss and swelling of
various cellular compartments, which are proportionate to the
degree of intracellular water accumulation (60, 61). ADC declines
immediately when the cerebral blood flow (CBF) falls below 20
to 40 ml/100 g/min in animals and humans (22), and the most
dominant decay occurs within the first hours (1–1.5 h) (57, 61,
62). Subsequently, ADC values increase in the days following

stroke because of progressive ionic and vasogenic edema and
cell lysis, which results in a phenomenon called ADC pseudo-
normalization (63) (Figures 4, 5). Therefore, timely imaging (24–
48 h after stroke onset) is essential to evaluate the process of
cytotoxic edema.

However, DWI provides relatively limited quantitative
information regarding the microstructural features of brain
tissue. Recently, several advanced diffusion techniques have been
proposed, such as the ball-and-stick model, q-ball imaging,
diffusion spectrum imaging, composite hindered and restricted
models of diffusion, and neurite orientation dispersion and
density imaging (NODDI) (64–67). Among these, NODDI
provides quantification of the relative contribution of the three
diffusion compartments (CSF-like, extra-neurite, and intra-
neurite) to the total diffusion signal in each voxel (65). NODDI
parameters can be used to further elaborate microstructural
changes within ischemic tissue and may disentangle the
confounding factors behind cerebral edema.

NEUROIMAGING PREDICTORS OF EDEMA

The measurement methods of edema have been described above.
Because edema strongly influences patient prognoses, predicting
its occurrence in the early stages is vital to provide timely
intervention. To date, various clinical and imaging markers have
been developed to predict edema. In this review, we focus on
neuroimaging predictors.

Infarction Volume
A large ischemic core is considered a key risk factor for ME.
Occlusion of both the middle cerebral (MCA) and internal
carotid arteries (ICA) is a strong predictor ofMLS (11, 18, 68, 69).
For patients with MCA occlusion, over 50% of the MCA territory
infarction on initial CT predicts ME (18, 70), whereas an acute
DWI volume of >80ml on MRI acquired within 6 h of stroke
onset and that of >145ml when imaged 14 h from stroke onset
have been shown to predict rapid early neurological deterioration
and the need for neurosurgery (11, 71–74).

A large cerebellar hemisphere infarction is the major cause
of severe edema in infra-tentorial infarcts and results in
acute obstructive hydrocephalus and potentially fatal tonsillar
herniation. Decompressive suboccipital craniectomy with
dural expansion with or without ventriculostomy leads to
acceptable functional outcomes in most patients. However,
cerebellar infarction volume that is predictive of the need for
decompression has not yet been established (75, 76).

The early development of a large ischemic area
suggests extensive cytotoxic edema. Because this may be
associated with a proximal clot, in combination with a poor
leptomeningeal collateral status, it can further lead to prominent
vasogenic edema.

Intracranial Volume Reserve
Intracranial volume reserve is represented by the space occupied
by the CSF, which is mainly determined by pre-existing brain
atrophy. A larger intracranial volume reserve provides space
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to compensate for the increased BV and can alleviate early
neurological deterioration.

The assessment of BV and/or CSV can quantify the degree of
brain atrophy (72, 77, 78). The DWI high-intensity volume/BV
ratio and cerebral blood volume lesion volume/CSV ratio have
been demonstrated as reliable predictive markers for malignant
MCA infarction, with a cut-off value of 0.078 (sensitivity 86%,
specificity 87%) and 0.92 (sensitivity 96.2%, specificity 96.2%),
respectively (72, 79). However, BV information is not readily
available to clinicians during the management of acute stroke
patients because traditional image processing methods involve
sophisticated post-processing steps and are thus relatively slow.
However, the application of deep learning-based segmentation
methods can provide fast and accurate results (47), which offers
great potential for future clinical practice.

Intercaudate distance (ICD) is considered a convenient and
practical marker for brain atrophy (80), and a higher ICD has
been shown to be a protective factor against malignant infarction
(74, 78, 80). Lee et al. demonstrated that an ICD ≥ 20mm
in the non-infarcted hemisphere has an independent protective
effect against malignant clinical outcomes during admission to
hospital. However, it is also negatively associated with a modified
Rankin Scale score of<4 at 6 months (80). These studies indicate
that although intracranial volume reserve can compensate for the
space-occupying edema during the early phase of stroke, it also
represents a pre-existing neurodegenerative process that affects
patients’ long-term outcomes.

Blood–Brain Barrier Permeability
The BBB is the interface between blood circulation and brain
tissue; it consists of a continuous endothelial membrane within
brain microvessels and is sheathed by mural vascular cells
and perivascular astrocyte end-feet. During ischemia, several
pathological mechanisms, such as inflammation and oxidative
stress, can disrupt BBB integrity and increase paracellular
permeability, which contributes to vasogenic edema (81, 82).

In clinical studies, the permeability of the BBB (BBBP) is
usually measured by the amount of contrast agent that leaks
into the extravascular space (83, 84). Hom et al. analyzed
32 patients with acute anterior circulation stroke within 12 h
of stroke onset and found that BBBP > 7 ml/100 g/min at
admission is 100% sensitive and 79% specific in predicting
symptomatic hemorrhagic transformation and ME. Moreover,
specificity further increases to 100% after adding age (≥65
years) and tissue plasminogen activator (tPA) administration
(81). Compared with cerebral hemorrhage, cerebral edema may
have a lesser degree of BBB disruption because it only needs
to be permeable to small molecules, such as albumin, rather
than blood cells. Unfortunately, the clinical application of BBBP
measurement is limited by the use of contrast agents. Recently,
a new MRI method based on diffusion-weighted arterial spin
labeling (ASL) was proposed as a method to quantify the rate
of water exchange across the BBB; it has the advantages of
repeatable measurement for longitudinal monitoring and being
exempt from the need for a contrast agent (85, 86).

Collateral Status
Robust pial arterial collaterals may temporarily preserve blood
flow during stroke, and collateral status has been shown to be
related to post-stroke cerebral edema. Various methods have
been proposed to evaluate collateral status based on different
imaging models, such as the American Society of Interventional
and Therapeutic Neuroradiology or Thrombolysis in Cerebral
Infarction grades on digital subtraction angiography (87), as
well as the Alberta Stroke Program Early CT Score based on
CT angiography (88) or CT perfusion (89). Additionally, new
methods, such as ASL, have also been introduced (90).

Collateral status has been demonstrated to be a predictor of
cerebral edema in ischemic stroke (91, 92). Jo et al. reported that a
collateral status score of <2 strongly predicts malignant cerebral
edema [odds ratio (OR): 0.165, 95% confidence interval (CI):
0.064–0.426] (92). Poor collateral status is known to augment
the progression of the infarct core and induce more proximal
vascular occlusion, which are both associated with brain edema
(93, 94).

In patients undergoing recanalization, those with initially
poor collaterals may develop greater early brain edema and have
a higher early edema progression rate (EPR) (1.6% EPR per
one collateral status point) 24 h after acute ischemic stroke (25,
95). This may result in elevated interstitial pressure, increased
resistance of collateral arterioles, and downstream perforating
arterioles in the hypoperfused area. Subsequently, ischemic
edema may be further aggravated, which results in adverse
functional outcomes. Huang et al. found that a low collateral
score may be an independent risk factor for the development
of malignant cerebral edema after mechanical thrombectomy,
especially in patients with successful reperfusion (93).

Therefore, collateral status could be used for the early
stratification of adjuvant treatment options after successful vessel
recanalization, especially anti-edematous treatment.

Cerebral Veins
Venous changes in the affected hemisphere after acute ischemic
stroke may play a crucial role in determining clinical outcomes
(94, 96), given that the venous system is responsible for ∼70–
80% of the cerebral blood volume. Zhang et al. suggested that
a lack of superficial middle cerebral vein filling contributes to
poor outcomes following thrombolysis and that this indicator
predicts edema progression within 24 h in non-reperfusion
patients (97, 98). Xia et al. assessed cortical veins (Labbe,
sphenoparietal sinus, and the superficial middle cerebral vein)
and found that the absence of cortical venous filling is associated
with increased brain edema and a higher risk of malignant
cerebral edema (OR, 14.68; 95% CI, 4.03–53.45) (94) regardless
of whether patients received reperfusion therapy. The likely
pathophysiologic mechanism of these signs is the elevation
of venous pressure caused by micro-thrombotic occlusion in
venules or endothelium swelling after ischemia (99, 100), which
may increase fluid leakage into the perivascular space, resulting
in brain edema (101).
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Recanalization and Reperfusion
Recanalization therapies in the hyperacute phase following
ischemic stroke, such as intravenous thrombolysis with tPA
and endovascular thrombectomy, aim to reopen the occluded
artery, which has been unequivocally shown to restore CBF
in salvageable ischemic tissue and reduce patient disability
(102, 103). However, pre-clinical data using rodent and primate
models have indicated that tPA facilitates the development
of BBB damage in acute ischemic stroke by inducing phasic
secretion of matrix metalloproteinase-9, and reperfusion
injury is observed after the restoration of vascular supply
to ischemic lesions. Both of these conditions may augment
the development of edema following recanalization therapy
(104, 105). On the contrary, several studies have demonstrated
that thrombolytic therapy and recanalization in the hyperacute
phase reduce brain edema by arresting infarct growth and
rescuing at-risk ischemic tissue (18, 45, 93, 106, 107). Thorén
et al. analyzed 22,184 patients who underwent recanalization
therapies (intravenous thrombolysis and thrombectomy
with or without intravenous thrombolysis) and found that
patients who had successful recanalization had a lower
cerebral edema grade at 24–36 h than that of those who did
not undergo recanalization (13 vs. 23.6%; OR: 0.52) (45).
Additionally, post-hoc analysis of the Echoplanar Imaging
Thrombolytic Evaluation Trial and Mechanical Retrieval and
Recanalization of Stroke Clots Using Embolectomy cohorts
found that increasing reperfusion is associated with and
independently predicts less MLS and a lower swelling volume
3–8 days after stroke onset (107). However, downstream
reperfusion is not always achieved even after complete
recanalization (called futile recanalization), which is likely
related to microvascular obstruction. Nawabi et al. reported
that futile recanalization after receiving successful endovascular
recanalization (thrombolysis in cerebral infarction scale 2b/3) is
associated with an elevated edema volume in the follow-up CT
24 h later (12).

ARTIFICIAL INTELLIGENCE IN THE
ASSESSMENT AND PREDICTION OF
EDEMA

Artificial intelligence has been widely used in the segmentation of
intracranial tissues. Following the theory that CSF displacement
reflects the extent of edema, Chen et al. developed a computer
algorithm capable of automatically segmenting CSF from
standard clinical CT images to evaluate edema and further

refined this algorithm by training a fully convolutional neural
network. This newmethod automatically performs segmentation
of clinical CT images with high concordance to manually
obtained measurements and takes <1min per scan (108).

Different types of neural network algorithms have been
introduced in the past several decades to predict cerebral
edema (109, 110). Compared with traditional regression models,
these new methods have higher accuracy. However, studies that
investigated these models are often conducted in a single center
with relatively small sample sizes. Thus, further research is
needed to validate these methods.

CONCLUSION

Severe cerebral edema following ischemic stroke is associated
with a poor prognosis if timely intervention is not provided.
Neuroimaging is important in the assessment of edema and can
be used to evaluate the degree of cerebral edema and quantify
edema volume. Using different imaging modalities, a range of
neuroimaging indicators to predict edema progression have been
offered, although their predictive value varies between studies.
Therefore, further research is required to establish evaluation
and prediction models of cerebral edema and improve their
clinical applicability.
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Purpose: Texture analysis based on clinical images had been widely used in neurological

diseases. This study aimed to achieve depth information of computed tomography

(CT) images by texture analysis and to establish a model for noninvasive evaluation of

intracranial pressure (ICP) in patients with hypertensive intracerebral hemorrhage (HICH).

Methods: Forty-seven patients with HICH were selected. Related CT images and ICP

value were collected. The morphological features of hematoma volume, midline shift,

and ventriculocranial ratio were measured. Forty textural features were extracted from

regions of interest. Four models were established to predict intracranial hypertension with

morphological features, textural features of anterior horn, textural features of temporal

lobe, and textural features of posterior horn.

Results: Model of posterior horn had the highest ability to predict intracranial

hypertension (AUC = 0.90, F1 score = 0.72), followed by model of anterior horn

(AUC = 0.70, F1 score = 0.53) and model of temporal lobe (AUC = 0.70, F1

score = 0.58), and model of morphological features displayed the worst performance

(AUC = 0.42, F1 score = 0.38).

Conclusion: Texture analysis can realize interpretation of CT images in depth, which

has great potential in noninvasive evaluation of intracranial hypertension.

Keywords: hypertensive intracerebral hemorrhage, computed tomography, texture analysis, noninvasive

evaluation, intracranial hypertension

INTRODUCTION

Hypertensive intracerebral hemorrhage (HICH) is one of the most common critical diseases in
neurosurgery, with high morbidity, disability, mortality, and recurrence rates (1–3). The increase
of intracranial pressure (ICP) after intracerebral hemorrhage directly causes the decrease of cerebral
perfusion pressure, and finally leads to cerebral ischemia, hypoxia, and even cerebral hernia
(4). Timely and efficient monitoring of ICP plays an important role in identifying intracranial
physiological and pathological changes (5). In recent years, various methods of noninvasive ICP
monitoring have been used in clinical practice, with the characteristics of low cost, wide range of use
and fewer complications (6–8). Computed tomography (CT) image, as one of the most commonly
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used clinical examination, plays an essential role in the evaluation
of patients’ condition (9). In addition, relatively perfect scoring
scales and guidelines have been formed for the morphological
analysis of CT images, which can be used for the evaluation
of ICP to a certain extent, but it largely depends on the
clinical experiences of doctors and is difficult to be accurate
and quantitative (10, 11). This study aims to analyze nonvisual
features of CT images by texture analysis, with machine learning
being used to capture ICP signals, and then the performance of
predicting ICP by CT can be improved.

MATERIALS AND METHODS

Study Design and Setting
Clinical data of patients with HICH admitted to the Department
of Neurosurgery, Shanghai General Hospital from January 2019
to December 2020 were collected and analyzed. Inclusion
criteria were as follows: (1) patients admitted to emergency
department for spontaneous intracranial hemorrhage, with a
history of hypertension; (2) with the main lesion of intracerebral
hematoma; (3) received invasive ICP monitoring according to
the guidelines (12) for the management of HICH; (4) received
emergency cranial CT scan within 60min of ICP monitoring.
Exclusion criteria were as follows: (1) patients with a history of
traumatic brain injury, cerebral infarction, brain tumor, or other
neurological diseases or cranial surgical interventions that might
result in an abnormal anatomical structure; (2) with previous
coagulopathy and blood system related diseases; (3) a large
amount of subarachnoid hemorrhage or ventricular hemorrhage
being showed on CT images, with aneurysms, moyamoya
disease, vascular malformations, or other vascular anatomical
abnormalities detected by cranial CTA or angiography in follow-
up treatment. The study protocol conformed to the ethical
guidelines of the Declaration of Helsinki, and this study was
approved by the Ethics Committee of Shanghai General Hospital,
Shanghai Jiao Tong University School of Medicine. Participants’
right to know was fully guaranteed and indicated in the ethical
approval document.

Data Sources and Measurements
In addition to the baseline characteristics, we collected and
analyzed the last cranial CT before the surgery and the initial
ICP value immediately after ICP sensor (Integra, USA) insertion.
In this study, the ICP sensor was inserted into the ventricle
before performing a craniotomy for hematoma removal, and the
location of the sensor was verified by cranial CT after surgery.
The CT related features were acquired from the Digital Imaging
and Communications in Medicine (DICOM) file of the last
cranial CT before ICP monitoring using a 64-slice spiral CT
machine (General Electric Medical Systems, USA). As per the
routine protocol of a CT scan, the CT slices were parallel to the
orbitomeatal plane from the foramen magnum to the vertex. The
scanning slice thickness was 1 mm.

In this study, hematoma volume, midline shift, and
ventriculocranial ratio (VCR) were included in the
morphological features, and the final results were the average of
the measurements by two clinical experts. The specific measuring

method is as follows: (1) the DICOM files of CT were imported
into 3D slicer software, using the Threshold function under
the Editor module to complete the 3D reconstruction of the
hematoma and obtain the hematoma volume; (2) the slice with
maximum midline shift was selected, and the perpendicular
distance between the septum pellucidum and cranial midline
(median ridge of the fronto-parietal bone) was measured at
the level of Monro’s foramen; (3) the lateral ventricle width
between the heads of the caudate nuclei and the width of
the same horizontal cranial cavity were measured at the slice
which was 5 cm above the orbitomeatal plane; ratio of the two
width was VCR. These three morphological features were then
included into random forest model to evaluate the probability
of intracranial hypertension (ICP ≥ 20 mmHg) (12) as the
morphological features related model (MF model).

The slice with upper part of the third ventricle (about 6 cm
above the orbitomeatal plane) was selected for the extraction
of textural features. “Pydicom” module in Python 3.8 was used
to extract six rectangular regions of interest (ROI) with size of
20 pixels × 20 pixels from the bilateral anterior horn of lateral
ventricle, bilateral temporal lobe and bilateral posterior horn of
lateral ventricles (the bilateral ROI is symmetrical as shown in
Figure 1). On the one hand, the ROIs were selected according
to CT values (the threshold of CT value was set to ≤50 HU
and ≥0 HU, HU was short for Hounsfield Unit); on the other
hand, manual verification was carried out to avoid ROIs falling
into the hematoma or the ventricle. “Radiomics” module was
used to extract a total of 40 textural features including gray level
cooccurrence matrix (GLCM, 24 features) and gray level run

FIGURE 1 | Selection of six rectangular ROI with size of 20 pixels × 20 pixels.

The red, green, and blue rectangles, respectively, represent ROI of the anterior

horn, the temporal lobe, and the posterior horn.
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FIGURE 2 | Model establishment and analysis process. MF, morphological features; AH, anterior horn; TL, temporal lobe; PH, posterior horn.

length matrix (GLRLM, 16 features) from six ROI, respectively.
Next, there were three steps for processing textural features.
Firstly, the value of features from six ROI were transformed
into variation rate related to three areas (anterior horn of lateral
ventricle, temporal lobe, and posterior horn of lateral ventricle).
The formula was as follows:

R =

∣

∣

∣

∣

∣

FHemorrhagic lateral − FContralateral

FHemorrhagic lateral

∣

∣

∣

∣

∣

Secondly, the variation rate of three groups were standardized.
The formula was as follows:

Rnew =
R− Rmin

Rmax − Rmin

Thirdly, recursive feature eliminationmethod (RFE) was used for
feature selection in three groups, respectively. The importance of
each feature was obtained by random forest classifier, the least

important feature was removed from the current feature set, and
this step was repeated on the feature set. To avoid overfitting,
cross validation (RFECV) was used to find the optimal number
of features. According to the features selected for three groups,
three random forest models were established to evaluate the
probability of intracranial hypertension (ICP ≥ 20 mmHg),
including anterior hornmodel (AHmodel), temporal lobe model
(TL model), and posterior horn (PH model). The establishment
and analysis process of above models are shown in Figure 2.

Statistical Analysis
Python 3.8 was used for statistical analysis of the data. Numpy
module and Pandas module were used for data operation
and sorting, RFECV module of Sklearn was used for feature
selection, RandomForestClassifier module of Sklearn was used
for model establishment, and Matplotlib module is used for
drawing. Continuous variables subject to normal distribution
were expressed as the mean (M) ± standard deviation (SD),
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TABLE 1 | Initial ICP and morphological features of patients.

Patients with HICH

(n = 47)

Systolic pressure (mmHg) 146 (135–157)

GCS score 6 (4–7)

Initial ICP (mmHg) 25 (15–30)

>20 mmHg 32 (68.09%)

Location of hemorrage

Thalamus 5 (10.64%)

Basal ganglia 35 (74.47%)

Cerebral cortex 7 (14.89%)

With subarachnoid hemorrhage 6 (12.77%)

Hematoma volume (ml) 52.40 (37.25–78.94)

Midline shift (mm) 6.61 (3.95–9.21)

Ventriculocranial ratio 0.24 (0.16–0.30)

continuous variables not subject to normal distribution were
expressed as the median and interquartile range (IQR), and
categorical variables were expressed as the frequency and
percentage. Accuracy, precision, recall, and F1 score were used
to evaluate the performance of each model. The area under the
receiver operator characteristic (ROC) curve was used in all four
models to assess discrimination.

RESULTS

As shown in Table 1, a total of 47 patients with HICH were
included in this study, among which 30 were males (63.83%)
and 17 were females (36.17%). Bleeding sites include basal
ganglia (35, 74.47%), thalamus (5, 10.64%) and cerebral cortex
(7, 14.89%), and six cases (12.77%) were accompanied by a
small amount of subarachnoid hemorrhage. ThemedianGlasgow
Coma Score (GCS) was 6 (IQR: 4–7) at the time of emergency
admission. Median systolic pressure was 146 mmHg (IQR: 135–
157) upon arrival. The median ICP of all patients was 25
mmHg (IQR: 15–30), and 32 patients (68.09%) were diagnosed
with intracranial hypertension. Median hematoma volume was
52.40mL (IQR: 37.25–78.94ml), median midline shift was
6.61mm (IQR: 3.95–9.21mm), and median ventriculocranial
ratio was 0.24 (IQR: 0.16–0.30).

The selected textural features and variation rate of anterior
horn, temporal lobe, and posterior horn are shown in Table 2.
After RFECV selection, a total of 12 features were extracted from
the anterior horn of the lateral ventricle, and the cross-validation
score was the highest at this time. As above, 10 features were
extracted from temporal lobe and 12 features were extracted from
posterior horn of lateral ventricle. The illustration of all features
extracted was added in the Supplementary Material.

The performance of the MF, AH, TL, and PH models in
predicting intracranial hypertension is shown in Table 3 and
Figure 3. PH model had the strongest prediction ability
of intracranial hypertension, TL model and AH model
had the same prediction ability and were inferior to PH

TABLE 2 | Selected features and their variation rate.

Selected features Variation rate

Anterior horn (12 features)

Autocorrelation 0.09 (0.05∼0.16)

Cluster shade 0.71 (0.46∼1.66)

Idm 0.05 (0.03∼0.07)

Joint average 0.05 (0.02∼0.09)

Joint energy 0.27 (0.16∼0.40)

Maximum probability 0.16 (0.10∼0.24)

Sum average 0.05 (0.02∼0.09)

Gray level variance 0.47 (0.24∼0.75)

High gray level run emphasis 0.59 (0.32∼0.79)

Run length nonuniformity 0.22 (0.10∼0.34)

Short run emphasis 0.20 (0.09∼0.45)

Short run low gray level emphasis 0.25 (0.13∼0.39)

Temporal lobe (10 features)

Cluster prominence 0.65 (0.32∼0.91)

Id 0.05 (0.02∼0.08)

Idm 0.05 (0.02∼0.08)

Joint average 0.06 (0.03∼0.12)

Maximum probability 0.11 (0.06∼0.23)

Gray level nonuniformity 0.12 (0.05∼0.23)

High gray level run emphasis 0.22 (0.13∼0.38)

Long run high gray level emphasis 0.49 (0.22∼0.85)

Run length nonuniformity 0.26 (0.14∼0.52)

Run percentage 0.22 (0.09∼0.40)

Posterior horn (12 features)

Cluster prominence 0.40 (0.23∼0.88)

Cluster shade 0.82 (0.34∼2.37)

Correlation 0.92 (0.57∼1.75)

Imc1 0.45 (0.25∼0.79)

Imc2 0.32 (0.14∼0.56)

MCC 0.42 (0.15∼0.60)

Sum squares 0.33 (0.13∼0.73)

Long run emphasis 0.26 (0.16∼0.45)

Run entropy 0.15 (0.09∼0.23)

Run length nonuniformity normalized 0.34 (0.18∼0.55)

Run percentage 0.12 (0.07∼0.23)

Short run low gray level emphasis 0.17 (0.07∼0.26)

model, and MF model had the worst prediction ability of
intracranial hypertension.

DISCUSSION

This study retrospectively analyzed the preoperative CT
images of patients with HICH, conducted texture analysis,
predicted intracranial hypertension according to the textural
features obtained, and compared them with traditional
morphological features. The results showed that texture features
had better prediction ability thanmorphological features, and the
prediction ability of textural features varied in different regions.
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TABLE 3 | Performance of models based on textural features and morphological

features.

Textural

features

(anterior horn)

Textural

features

(temporal lobe)

Textural

features

(posterior horn)

Morphological

features

Accuracy 66.67% 73.33% 80.00% 60.00%

Precision 59.62% 85.71% 88.46% 32.14%

Recall 55.00% 60.00% 70.00% 45.00%

F1 score 0.53 0.58 0.72 0.38

AUC 0.70 0.70 0.90 0.42

FIGURE 3 | Performance of models based on textural features (anterior horn,

temporal lobe, and posterior horn) and morphological features in

discriminating intracranial hypertension; the AUCs for these models were 0.70,

0.70, 0.90, and 0.42, respectively.

With the promotion of noninvasive concept, CT image-based
ICP evaluation has been carried out. Clinically, it is commonly
used to evaluate ICP based on visual features, including midline
shift, width of third ventricle, change of basal cistern, and optic
nerve sheath diameter. These radiological findings are regarded
as morphological features and a prognostic evaluation system
such as Marshall classification and Rotterdam classification
has been formed, which is a concentrated manifestation of
the clinical application of these features. Oliveira et al. (13)
evaluated intracranial conditions by measuring the width of
the third ventricle, peri-mesencephalic cistern, and sylvian
fissure. Optic nerve sheath diameter had also been measured
on preoperative brain CT, which predicted increased ICP with
good discrimination and high inter-observer reliability (14).
Rotterdam classification is a new CT scoring method proposed
by Mass et al. (10) on the basis of Marshall classification, which
was scored on the shape of basal cistern, midline shift, presence
of the hematoma or contusion and presence of intraventricular
hemorrhage or subarachnoid hemorrhage; the score indicated
the severity of the brain injury (15). The above methods can
predict ICP to a certain extent, but they are highly subjective,
highly affected by the heterogeneity of the disease, and difficult

to be accurately quantified (hematoma volume, midline shift,
and ventricle cisternal size are currently measured by different
methods and most of them are manually measured). In addition,
most studies on morphological features were focused on
individual correlation analysis, and comprehensive assessment
models are rarely reported.

Currently, the main trend of texture analysis is to judge or
predict the outcome of a clinical event through the extraction and
deep learning of textural features of selected lesions. For example,
a study extracted textural features to predict ICP level (elevated
ICP with ICP > 12mm Hg and normal ICP with ICP ≤ 12mm
Hg) in patients with traumatic brain injury (16). Shen et al. (17)
filtered the CT images in different degree, and the gray related
parameters (average gray intensity, variance, and uniformity) of
hematoma sites on images with different texture thickness were
extracted, so as to predict the possibility of early hematoma
enlargement in patients with ICH. Texture features generally
include first-order features, second-order features and higher-
order features according to the current study of radiomics (18–
20). CT value is the expression form of gray value on CT image,
which describes distribution of the intensities of voxels within the
ROI by entropy, mean value, range, root mean square, skewness,
standard deviation, consistency, variance, and other parameters
(known as first-order features). As mentioned above, CT value
can be used to predict clinical events under certain conditions,
but it has limitations for the assessment of ICP discussed in this
study. For example, high CT value area caused by small amount
of subarachnoid hemorrhage and low CT value area caused by
brain edema existed around hematoma after ICH, both of which
were under intracranial hypertension. These differences of CT
value could cause effective visual impact, but they could not
explain the same situation of intracranial hypertension caused
by different CT values. Therefore, first order features were not
included in this study.

The second-order features (known as textural features in a
narrow sense) which described the spatial distribution of voxel
intensity levels were obtained by GLCM and GLRLM. Guan
et al. had showed the judgement ability of textural features. They
selected 38 infarcted areas and 38 symmetrical non-infarcted
areas of contralateral cerebral hemisphere from CT images by
matching the lesion areas displayed on MRI images, extracted
textural features, and established classifiers through computer
deep learning method to verify its effectiveness. The results
showed that there were differences in textural features between
the two types of regions, which could be helpful for early clinical
assessment of acute ischemic stroke and quantification of affected
regions (21). However, the results of studies on the predictive
ability of textural features were not always positive. Nawabi
et al. (22) indicated that machine learning–based evaluation of
filter- and texture-derived high-end image features provided the
same discriminatory power in predicting functional outcome as
multidimensional clinical scoring systems. In summary, most
textural analysis based on second-order features at present
focuses on selecting hematoma or the local lesion, while multi-
area comparative analysis of surrounding tissues is rarely
reported. This study aims to explore the differences in the degree
of compression of local brain tissue after HICH by comparing
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the textural features of the brain tissue in bilateral symmetric
regions without lesion, and to explore the relationship between
these differences and ICP.

HICH is usually unilateral, and the main bleeding sites are
basal ganglia, thalamus, ventricle, cerebellum and brain stem
(23, 24). Patients with hemorrhage of ventricle, cerebellum, and
brainstem were excluded in this study, so as to reflect the
pressure changes in bilateral brain tissues caused by intracerebral
hematoma. After the ICH, compression of hematoma and
swelling of brain tissue result in the disruption of cranial
cavity, such as midline deviation to the healthy side, ventricle
compression, and decrease of VCR. Therefore, the average CT
value of brain tissue on the bleeding side is higher than that
on the opposite side. In clinical practice, doctors often judge
the degree of increased ICP according the “density” of brain
tissue, but it is greatly affected by anatomical factors and blood
flow effects, and there are many application restrictions. The
second-order textural features obtained by GLCM and GLRLM
describe the relative positions of the two voxels. By comparing
the textural features at the same position on the bleeding side
and the contralateral side, the differences in the internal structure
changes of the bilateral brain tissues after hematoma compression
and brain tissue swelling can be reflected. In this study, variation
rate was used to quantify the difference. The results showed
that the three models of textural feature are superior to the MF
model. The parameters included by the morphological model
were commonly used in clinical practice to roughly evaluate
intracranial hypertension, and their measurements were greatly
affected by clinical experience, so the performance of the MF
model is poor. In addition, the performance of PH model was
better than that of AH model and TL model. The reason may
lie in: the anterior horn and temporal lobe were close to the
hematoma; due to the relative smaller space of the frontal lobe
and temporal lobe compared with the occipital lobe, and themass
effect of hematoma, although the increase of hematoma would
lead to the displacement of internal structures, the deformation
space of the frontal or temporal brain tissue was limited, and was
not as large as that of the occipital lobe. Therefore, the PH model
has the best judgement ability.

In summary, the value and potential of textural analysis in
the prediction of intracranial hypertension had been proved,
but this study also had some limitations. Firstly, the sample
size was relatively small and from a single center. Secondly,
there are strict requirements on the inclusion data of texture
analysis. In this study, hemorrhage of ventricle, cerebellum and
brainstem were excluded, and the study coverage was narrow.
Thirdly, as different observers have different perceptions of
lesions in ROI delineation, manual segmentation would cause
certain interference to experimental results, increase inaccuracy
and lead to certain errors. Fourthly, the ICP value acquired
from the intraventricular ICP sensor could not represent the
actual ICP of different regions. Fifthly, this study was conducted
only from the perspective of CT image; many objective factors
including age, preoperative medication, and time of onset were
not considered. Lastly, the HU method evaluated ICP values in

a semiquantitative way, without providing a continuous value.
These flaws need to be addressed in subsequent research.

CONCLUSIONS

In summary, texture analysis, which is known for high-
throughput, obtain a large amount of additional quantitative
data that cannot be observed by eyes through parameterization
of CT images, which can be used for the prediction
and avoidance of adverse clinical events. In this study,
compared with traditional morphological analysis, this novel
method can distinguish intracranial hypertension more
accurately, and has an extensive application prosperity for
noninvasive filed.
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Background: Cerebral edema forms immediately after blood flow interruption in

ischemic stroke, which largely increased the death and disability. The glymphatic

(glial-lymphatic) pathway is a major regulator of the brain liquid dynamics and

homeostasis. This study aimed to investigate the transport kinetics of the glymphatic

system after the appearance of ischemic edema.

Methods: In this study, a coated filament was attached to the left middle cerebral

artery (MCA) of mice to establish a mouse model of permanent middle cerebral artery

occlusion with an intact blood-brain barrier (BBB). The glymphatic function was then

quantified using contrast-enhancedMRI (11.7T) by employing an injection of gadobenate

dimeglumine (BOPTA-Gd) into the cisterna magna of mice. We then evaluated the

expression and polarization of aquaporin-4 (AQP4) as a proxy for the physiological state

of the glymphatic system.

Results: Our results revealed a positive correlation between the signal intensity in T1-

weighted images and the corresponding apparent diffusion coefficient (ADC) values in the

cortex, striatum, and periventricular zone, suggesting that impaired glymphatic transport

kinetics in these regions is correlated to the cytotoxic edema induced by the occlusion of

MCA. Furthermore, the increased depolarization of AQP4 in the parenchyma perivascular

space (PVS) was consistent with glymphatic failure following the induced early cerebral

ischemic edema.

Conclusions: Glymphatic transport kinetics were suppressed between the onset of

cytotoxic edema and the disruption of the BBB, which correlated with the diminishing

ADC values that vary based on edema progression, and is associated with depolarization

of AQP4 in the parenchyma PVSs.

Keywords: magnetic resonance imaging, glymphatic, aquaporin-4, cerebral ischemic edema, polarization
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INTRODUCTION

The severity of cerebral edema following ischemic stroke is
predictive of a patient’s functional outcome (1). However, current
treatment options are often ineffective. Ischemic cerebral edema
occurs soon after the cerebral blood flow (CBF) interruption,
which can lead to severe stroke-related damage (2). This
phenomenon is further exacerbated if the edema is aggravated
and can lead to long-term or permanent effects even after
the vessels are successfully re-canalized. In patients with early
postischemia neurological deterioration, the effect of cerebral
edema on the clinical outcome of reperfusion therapy is
generally more pronounced (3). Cerebral edema after stroke
has mainly been thought to be caused by the destruction
of the blood-brain barrier (BBB) (4), which can allow blood
components to penetrate this boundary, enter the parenchyma,
and damage the tissue. Because of this, previous studies
investigating the mechanism of cerebral edema have largely
focused on the destruction of the BBB (5). Nevertheless, recent
reports showed that cerebral edema develops several hours
before significant dysfunction of the BBB (6), which posed
a new question regarding other influential factors that arise
cerebral ischemia edema. In fact, cytotoxic edema begins within
minutes of ischemic destruction and is triggered by spreading
depolarizations (SDs). These traveling neurophysiological events
form a dysregulated ion homeostasis that often results in cell
swelling (7), and are often accompanied by ionic edema and
the net entry of water and ions into the brain (8), defined as
interstitial edema. Based on this series of evidence, there exists
a key time window between the onset of cytotoxic edema and the
disruption of the BBB in which the transformation of cytotoxic
edema to vasogenic edema occurs.

A previous study verified that an increased glymphatic influx
of cerebrospinal fluid (CSF) into the parenchyma perivascular
spaces (PVSs) (9) of ischemic brain tissue might be the actual
cause of superacute ischemic brain edema (10). CSF influx was
observed at (11.4 ± 1.8 s) and (5.24 ± 0.48min), and was
driven by SDs in the cortex following cerebral ischemia and
led to edema (10). We then asked in a follow-up study how
the kinetics of glymphatic functions were affected after the
influx of the CSF. This influx occurred through the glymphatic
system which is a brain-wide mass clearance system (11) that
functions through fluid transport and has been confirmed in
both humans (12) and mice (9, 13). In particular, the PVSs
by which the CSF and interstitial fluid (ISF) exchange occurs
act as flow channels that ensheath the cerebral vasculature in
the mammalian brain (9). Aquaporin-4 (AQP4) is an essential
water channel protein that facilitates this process through a
complex network of astrocytes (14) that are localized throughout
brain tissues facing the PVS (15) and ventricle lining (16).
The glymphatic system, therefore, supports convective bulk flow
(9, 14) by astrocytic paracellular fluid transport and facilitates
the drainage of brain ISF between para-arterial influx and
paravenular efflux. We hypothesis this process may facilitate
brain swelling by glymphatic malfunctions.

In this study, we aimed to explore the alteration in
glymphatic dynamics after the accumulation of fluid in

the brain parenchyma and periventricular zone. We also
assessed glymphatic system dysfunction and its correlation
with parenchymal and periventricular edema based on the
signal intensity (SI) in T1-weighted images (T1WIs) and the
corresponding apparent diffusion coefficient (ADC) value and
further explored the altered polarization patterns of AQP4 in
various affected edema regions in permanent middle cerebral
artery occlusion (pMCAO) mice. We quantified the kinetics of
glymphatic drainage using 11.7T contrast-enhanced magnetic
resonance imaging (CEMRI) with intracisternal injections of
BOPTA-Gd (17) after the onset of ischemic edema in a
mouse model of pMCAO without BBB disruption (18). The
glymphatic functions of sham-operated and pMCAO mice were
characterized along both spatial and temporal features to identify
glymphatic malfunction in the edema mouse brain induced by
occlusion of the MCA.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request and
are subject to institutional agreements and ethical approvals.
All experiments were reported in compliance with the ARRIVE
guidelines 2.0 (ARRIVE, Animal Research: Reporting in Vivo
Experiments) (19).

Animals
All animal procedures were approved by the Huashan Hospital
Institutional Review Board. The reason for using only male
mice is that estrogen has been shown to significantly affect
ischemic stroke (20). Male C57/BL6 mice (bodyweight 25–
30 g) aged 10–12 weeks old were used in this study. Animals
were housed at constant temperature (25◦C ± 2◦C) with a
12/12 h light/dark cycle and were provided with ad libitum
access to food and water. Animals were randomly assigned to
two groups using excel-generated random numbers: the sham-
operated group or the pMCAO group. The experimenters were
blinded to pretreatments and data analysis. This study was
carried out per the recommendations of the National Science
Council of the Republic of China. All efforts were made to
minimize animal suffering and the number of experimental
animals used.

pMCAO Model
Previous studies investigating the mechanism of cerebral
ischemic edema have mainly focused on the destruction of BBB
(5). To do this, most experiments used an animal model of
cerebral ischemia/reperfusion. By contrast, the BBB remains
intact during permanent MCA occlusion (18), as indicated by
continuous isolectin-B4 (IB4) staining (21), which allows for the
mechanistic study of ischemic brain edema with an intact BBB.
To perform pMCAO, mice were initially anesthetized with 4%
isoflurane in 1 l/min oxygen delivered through a nose cone. The
isoflurane was then adjusted to between 1.5 and 3% in 1 l/min
oxygen to maintain anesthesia and normal breathing throughout
the procedure. Animal body temperature was maintained at
37◦C with a heating pad throughout the procedure. A laser
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Doppler probe was fixed on the skull 5mm lateral to and 2mm
posterior to Bregma. A coated filament (1622A4, Cinontech Co.
Ltd., Beijing, China) was then placed at the left MCA under a
stereomicroscope. Concurrent CBF recordings were recorded by
laser Doppler to ensure that it was below 25% of baseline. Only
the mice presenting with MCAO on a 3D (three-dimensional)-
TOF (time-of-flight) MRI performed immediately after surgery
were included in subsequent analyses.

Intracisternal Perfusion of
Gadolinium-Based Contrast Agents
About 4 µl of BOPTA-Gd was injected into the cisterna magna
with a microsyringe pump (ALC-IP600(H), ALCOTT, Shanghai,
China) and a pulled glass micropipette (diameter = ∼80µm)
that was connected and sealed to a 50 µl syringe with hot melt
glue (19). This allowed us to perform a single diminutive volume
injection of contrast agents without significant injury to the dura
mater and, thus, without CSF leakage. The micropipette was left
in place for 1 additional minute to allow the wound to close. The
intracisternal injection was conducted at a flow rate of 0.6µl/min
over 6min. About 28min after the start of blood occlusion,
the function of the glymphatic system and cerebral edema were
evaluated by MRI.

MRI Experiments and Imaging Analysis
Following surgery and cisterna magna injection, animals were
transferred to an MRI-compatible cradle. About 1.5% isoflurane
in oxygen was continuously delivered to the animal through
a nose cone. The core body temperature of the mice was
maintained at 37◦C, and respiratory rate wasmaintained between
70 and 100 breaths per minute. Each MRI was acquired on
an 11.7T Pharmascan MRI system (Bruker, Germany) equipped
with surface coils. A baseline scan was acquired before intrathecal
infusion of the paramagnetic contrast agent. 3D T1WI was then
performed with a fast low angle shot sequence with parameters as
follows: magnetic field strength = 11.75123799 Tesla, repetition
time/echo time (TR/TE) 50/3.5ms, field-of-view (FOV)= 16mm
× 16mm, matrix = 128 × 128, slice thickness (ST) = 0.3mm,
flip angle (FA) = 15◦. 3D-TOF imaging was performed with the
following parameters: TR/TE 12/2.0ms, field-of-view (FOV) =
16mm × 16mm, matrix = 120 × 120, ST = 0.13mm, FA = 20◦.
T2-weighted (T2W) imaging was performed with the following
parameters: TR/TE 2500/30ms, FOV= 16mm× 16mm, matrix
= 256× 256, ST= 0.5mm, FA = 90◦. Finally, diffusion-weighted
imaging (DWI) was performed with parameters set as follows:
TR/TE 3200/23ms, FOV = 16mm × 16mm, matrix = 180 ×

180, ST = 0.3mm, FA = 90◦. The time course of distribution
of the contrast agent throughout the brain was assessed as a
measure of glymphatic flow, as demonstrated in a previous study
(9, 22). The time-resolved T1W SI in the striatum, cortex, and
cerebral ventricles were used to obtain the average hydrodynamic
response curves. These time series were also used to illustrate the
tissue uptake of BOPTA-Gd tracers over time. The ADC values
were calculated automatically by the 11.7T Pharmascan MRI
system and were displayed as a parametric map that indicated
the degree of water molecule diffusion through different tissues.

Then, ADC measurements were acquired for a given region by
drawing regions of interest (ROIs) on the ADC map (23).

Triphenyl Tetrazolium Chloride (TTC)
Staining
Animals were anesthetized and perfused with 20ml of ice-cold
saline. After immediate decapitation, the brains were extracted
and sliced into six 1.5mm coronal sections and immersed into
2% 2,3,5-triphenyl tetrazolium chloride (TTC) (Sigma-Aldrich)
for 10min at room temperature. Images were then acquired with
a digital camera.

Section Preparation
About 150min after surgery, the deeply anesthetized pMCAO
animals (n = 4) and sham-operated animals (n = 4) were
sacrificed. All animals were then transcardially perfused with
ice-cold saline, followed by 4% paraformaldehyde (PFA). Brains
were removed, postfixed in PFA overnight at 4◦C, dehydrated
in the ascending alcohol series, rinsed by xylene, and embedded
in paraffin blocks. Coronal sections (bregma +0.38 mm to
+1.10 mm) were serially cut at 3µm thickness using a paraffin
slicing machine (RM2135, Leica Microsystems, Germany).

Immunofluorescence
After deparaffinization and hydration, antigen recovery was
performed with ethylene diamine tetraacetic acid antigen
retrieval buffer (pH 8.0). Coronal sections were maintained at
a subboiling temperature for 8min to facilitate staining with
an AQP4 antibody. Sections were then blocked in phosphate-
buffered saline (PBS) with 3% bovine serum albumin (BSA)
for 30min, and stained sequentially with primary mouse
antibody AQP4 (1:500, #GB12529, Servicebio) and Alexa Fluor
594 antimouse (1:300, #GB21301, Servicebio), together with
the fluorescein isothiocyanate (FITC) conjugate Bandeiraea
simplicifolia Isolectin B4 (BSI-B4, 1:50, #L-2895, Sigma). The
brain sections were then covered with an antifade medium
containing 4′,6-diamidino-2-phenylindole (DAPI, #D21490,
Invitrogen). For this experimental step, IB4-FITC (2mg
dissolved in 2ml saline, 0.05mg per animal) was intravenously
administered to the animals to identify the basement membrane.
This was an important step as IB4 binds to a-D-galactose residues
in the basement membrane secreted by endothelial cells (24). In
each group, the circulation period of IB4-FITC was ensured for
180min before sacrifice.

Immunohistochemistry
After deparaffinization, hydration, and antigen retrieval, sections
were washed and incubated with the 3% hydrogen peroxide
(H2O2) at room temperature for 15min to block endogenous
peroxidase. Then tissues were washed and blocked with 3% BSA
at room temperature for 30min. Tissue sections were incubated
with primary mouse antibody AQP4 (1:2, 000, #GB12529,
Servicebio) at 4◦C overnight. Following PBS wash, sections were
incubated with secondary antibody goat antimouse IgG (1:200,
#GB23303, Servicebio) labeled with horseradish peroxidase,
incubate at room temperature for 50min. Then visualized with
diaminobenzidine reagent (#G1211, Servicebio).
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Imaging Analysis
Microphotographs for analyzing immunofluorescence were
captured by laser scanning confocal microscopy (FV1200,
Olympus Microsystems, Japan) to generate 3-channel
fluorescence images of the cerebral cortex and striatum. Images
were obtained at 100× magnification and quantified using the
ImageJ software (Bethesda, MD, USA). For immunofluorescent
quantification of each antigen, at least three selected visual fields
(bregma +0.38 to +1.10mm) from each animal were imaged.
Imaging parameters were constant throughout all imaging
sessions. The background fluorescence for each channel was
conformably subtracted and the perivascular expression of AQP4
was then measured after that in the soma (“depolarization”)
was subtracted.

Microphotographs for analyzing immunohistochemistry were
captured by conventional fluorescence microscopy (BX60,
Olympus Microsystems, Japan). For the AQP4 examination,
at least three high-power fields at 100× magnification were
randomly selected and imaged for each animal. The ROI on
the AQP4 display included the ependymal wall and a small
amount of surrounding brain tissue in the bilateral brain of
pMCAO animals. The average optical density (AOD) of AQP4
in each field was quantitatively calculated using the ImageJ
software. All imaging parameters were constant throughout all
imaging sessions.

Quantification of AQP4 Expression and
Polarization
To evaluate global and perivascular AQP4 expression levels,
the mean AQP4 immunofluorescence intensity was measured
within each visual field and the perivascular space. Evaluation
of the polarization of AQP4 to perivascular end-feet was
performed by measuring the immunofluorescence intensity of
AQP4 immunoreactivity across sections of blood vessels labeled
by IB4-FITC in each brain region studied. AQP4 polarization
was measured by comparing the intensity ratios of AQP4 at
perivascular domains vs. those in the parenchymal domains, as
evaluated previously (25). The threshold was determined based
on immunostained control slices.

Statistical Analysis
Statistical analyses were conducted using Prism (GraphPad
Software, V8.3.0, La Jolla, USA). The data are represented as
mean ± SD. Either a repeated measure two-way ANOVA or a
regular two-way ANOVA was used for regional comparisons,
followed by Tukey’s multiple comparisons test. A one-way
ANOVA was used for regional comparisons, and unpaired t-
tests were used for single comparisons. Pearson correlation
analysis was utilized to evaluate the link between edema
and glymphatic failure. A p-value < 0.05 was considered
statistically significant.

RESULTS

Occlusion of Blood Flow in pMCAO Mice
To study the dynamics of glymphatic flow following cerebral
edema, we induced pMCAO (Figure 1A) in the left (L)

hemisphere of mice, examined ischemic regions using TTC
staining 24 h after pMCAO (Figures 1Bi–iii). We confirmed the
occlusion of MCA by multiplanar reconstructions (Figure 1C)
and maximum intensity projections (Figure 1D) in 11.7 T MR
images. In both images, pMCAO was represented by a unilateral
loss of visible vasculature ipsilateral in the site of model
induction. By contrast, bilateral vasculature could be observed in
the sham-operated animals. The loss of vascular imaging markers
was also quantified by calculating the CBF, as recorded by laser
Doppler, to ensure that it was below 25% of baseline. pMCAO
resulted in an immediate and strong reduction in the relative CBF
(rCBF) (79.6%± 2.1%; Figure 1E).

In vivo Evaluation of Glymphatic Flow in
Sham-Operated Mice
We then investigated the glymphatic flow in sham-operated
mice by in vivo CEMRI with BOPTA-Gd injection (BOPTA-
Gd+) in the cisterna magna (Figure 2C). Sequential multiplanar
reformation or reconstruction images revealed that gadolinium
progressively entered the brain parenchyma, as shown in
the schematic diagram in Figure 2A. The schematic diagram
of the approximate ROIs used for MRI quantification is
indicated in Figure 2B. In these images, an increase in SI,
representing contrast agent uptake, can be observed as a
function of time. Overall, the routes of CSF distribution were
consistent with previous reports (Figure 2C) (26). Meanwhile,
the contrast agent sequentially flowed from the cisterna magna
to the bilateral, third, and fourth cerebral ventricles, as
shown in Figure 2C. At 70min postinjection, the brain ROI
were completely perfused with the tracers (Figure 2C). The
average time evolution curves illustrate the dynamics of tissue
uptake of BOPTA-Gd tracers (Figure 2D). We also detected
extracerebral CSF drainage routes at 14min after BOPTA-Gd
injection. Tracers drained from the subarachnoid space alongside
the cranial nerves, such as the cochleovestibular and optic
nerves (Figure 2E).

Glymphatic Transport Kinetics Malfunction
in the Acute Phase of pMCAO Mice
Interestingly, in the MRI we noticed a blockage of the ipsilateral
(L) parenchyma and the bilateral ventricle perfusion immediately
after pMCAO (Figures 3A,Ci). By contrast, the inflow of contrast
agent was observed in the contralateral (R) hemisphere in the
pMCAO and the sham-operated animals, further suggesting
that glymphatic flow was altered in this pMCAO mouse model.
To quantify these effects, we calculated the corresponding SI
in the cortex, striatum, and ventricles in the pMCAO and
the sham-operated animals (Figures 3Bi,ii,Di,ii). We found
that glymphatic perfusion of the ipsilateral cortex/striatum and
bilateral cerebral ventricles of the pMCAO mice was reduced
compared with sham-operated animals. By contrast, glymphatic
perfusion in the contralateral cortex/striatum was increased.
These results provide evidence of glymphatic perfusion from the
cisterna magna to the cerebral ventricles. However, the volume
of the ventricles (Figure 3Cii) was reduced in the ipsilateral
pMCAO mice and was accompanied by a delayed influx in the
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FIGURE 1 | TTC staining, laser Doppler, and MRI of the pMCAO mice model. (A) Schematic diagram of the MCA occlusion. Reproduced with permission (10) (Bi–iii)

Representative TTC staining of cerebral ischemia at 24 h after pMCAO. A lack of TTC staining was defined as infarction, whereas viable brain tissue was stained red.

(Ci,D) The MCA occlusion displayed in coronal, axial, and sagittal planes of MPR and MIP. Bright signals are associated with the vasculature. L indicates the pMCAO

side. (Cii) Schematic diagram of the slice positions of the MRI. Color-coded border lines denote the anatomical position of the slice. (E) Ipsilateral relative rCBF after

MCAO ensured that the CBF decreased to below 25% of baseline as measured by laser Doppler.

bilateral ventricles (Figure 3D). The schematic diagram of the
anatomical position of ventricles, and the approximate ROIs used
for MRI quantification of the lateral ventricle volume are shown
in Figure 3E.

Analysis of the Link Between Ischemic
Edema and Glymphatic Failure
To evaluate cerebral edema, we acquired T1WI, DWI, and ADC
brain maps, these sequential scans were performed 28min after
pMCAO with 14min BOPTA-Gd injections until 178min (150
+ 28min) (n = 3 per group), serial acquisition of MR images
was performed using an interval of about 12min, and confirmed
brain infarction by T2W images at ∼178min (Figure 4A).
Accordingly, we acquired the T1W and ADC value brain maps
sequentially in the sham-operation group 14min after BOPTA-
Gd injection. Glymphatic transport kinetics were determined
based on the SI in T1WIs, while cytotoxic edema was identified
as cases of DWI hyperintensity with reduced diffusion and with
ADC dark signal (27). When we measured molecular motion
with DWI, only the ADC value was calculated. We observed a

positive correlation between SI in T1WIs and the corresponding
ADC value in the cortex, striatum, and periventricular zone,
suggesting that the impaired glymphatic transport kinetics in
these regions are associated with the progression of pMCAO
edema, as indicated by ADC values changes (Figures 4B–D).

Immunofluorescent Analysis of AQP4
Expression and Polarization
Representative images of pMCAO and sham-operated animals
(Figures 5A–C) showed an ischemia-affected ipsilateral (L)
cortex and striatum 150min after surgery. The vascular
endothelial surface was delineated by I-B4 staining. At 150min
after pMCAO induction, parenchymal vessels in pMCAO
animals exhibited endothelial IB4-FITC signals that did not differ
from those of sham-operated animals (Figure 5B). This lack
of difference indicated that the BBB remained intact (18, 21).
In the current work, AQP4 was conjugated with Alexa Fluor
594, and nuclei were visualized with DAPI. AQP4 polarization
levels were obtained by comparing the expression ratio of
AQP4 at perivascular domains vs. parenchymal domains (25),
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FIGURE 2 | MRI-based evaluation of glymphatic perfusion. (Ai,ii) Schematic diagram of cisterna magna injection and the CSF drainage routes from the cisterna

magna (alongside cerebral ventricles and ventral brain surface). (B) Schematic diagram of the approximate ROIs used for MRI quantification of SI, including the

striatum, cortex, periventricular zone, and bilateral, third, and fourth cerebral ventricles. (C) Representative coronal, sagittal, and axial slices of CEMRI MRP images

(Continued)
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FIGURE 2 | from the sham-operated group (BOPTA-Gd+), showing progressive enhancement of the brain parenchyma and cerebral ventricles. (Di,ii) Corresponding

quantification of the SI from the sham-operation striatum, cortex, and cerebral ventricles. The average time evolution curves illustrate the dynamic of tissue uptake of

BOPTA-Gd tracers (n = 3 per group). (E) Extracerebral CSF drainage routes revealed by the sham-operated group (BOPTA-Gd+). Arrows indicate cochleovestibular

nerves, optic nerves, cribriform plate, and the peritracheal lymph nodes (from left to right, respectively).

FIGURE 3 | Glymphatic transport kinetics were impaired after the onset of ischemic edema in the pMCAO mice. (A) Representative T1W images, DWI, and ADC

maps of pMCAO and sham-operated animals with BOPTA-Gd injection. The serial acquisition of MR images was performed at an interval of about 12min and started

at 28min after pMCAO and 14min after BOPTA-Gd injection. L indicates the pMCAO side. ROIs used for MRI quantification are as shown in Figure 2B. (B,D) The

corresponding quantification of SI indicated the dynamic of tissue uptaking BOPTA-Gd tracers. Compared to the sham-operated animals, the T1W SI of the pMCAO

group was decreased in the ipsilateral cortex/striatum (Bi,ii) and the bilateral cerebral ventricles (Di,ii) of the pMCAO brain (n = 3 per group). Concurrently, the

increase in the SI of the contralateral cortex/striatum was detected by the enhancement of contrast agent, as compared to the sham-operated group. (Ci)

Representative TOF images demonstrate that glymphatic flow was impaired in the bilateral ventricles of mice after the onset of ischemic edema in pMCAO with

BOPTA-Gd injection. (Cii) Corresponding quantification of ventricular volume changes in the pMCAO and sham-operated animals, for which a decrease in the volume

of the ipsilateral ventricles was observed. (Ei) Schematic diagram of the anatomical position of ventricles, namely, bilateral (LV), third (3V), and fourth (4V) cerebral

ventricles. Reproduced with permission (10) (Eii) Blue-dashed areas indicate the approximate ROIs used for MRI quantification of the lateral ventricle volume.

which were analyzed on corresponding images obtained under
100× magnification. Specifically, we compared the contralateral
tissue 150min after surgery in pMCAO and sham-operated
animals. Overall, in pMCAO animals, we found no significantly

altered global AQP4 expression (Figure 5E). Quantitative
analysis showed that perivascular polarity of AQP4 decreased
in ipsilateral pMCAO brains, with the most pronounced
effects in the cortex and the striatum (Figure 5D). The
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FIGURE 4 | Impaired glymphatic kinetics were correlated to ischemic edema in pMCAO as evaluated by 11.7 T MRI. (A) Representative T1W images, DWI, and ADC

maps of pMCAO and sham-operated animals with BOPTA-Gd injection, and T2W images of cerebral ischemia at ∼150 + 28min after pMCAO. L indicates the

damaged side. (B–D) The corresponding quantifications of T1W SI in the cortex (B), striatum (C), and periventricular zone (D) were positively correlated to ADC values

in pMCAO and the sham-operated animals by MR scan. The serial acquisition of MR images was performed by an interval of about 12min, started at 28min after

pMCAO and 14min after BOPTA-Gd injection. The correlation analysis indicated that the progression of ischemic edema was consistent with the impaired glymphatic

transport kinetics after cytotoxic edema appeared, as evaluated by MRI.

widespread loss of perivascular AQP4 polarization accompanied
the decline in glymphatic dynamics. Representative image of
immunofluorescent staining of PVS in the sham-operated group
is shown in Figure 5F.

Immunohistochemical Analysis of AQP4
Expression in the Ependymal Wall
Representative images showing AQP4 immunohistochemical
staining (brown) of coronal brain sections in the lateral ventricle
(LV) ependymal barrier (Figures 6A,B) revealed that AQP4
expression was decreased in the LV ependymal wall of the
ipsilateral pMCAObrain (Figure 6C). These images also revealed
AOD values with no apparent abnormalities in ependymal
architecture. Furthermore, we observed a positive correlation
between the corresponding ADC values in the periventricular
zone of pMCAO animals at the MR scan acquired after
150min and the AOD of AQP4 in the immunohistochemical
staining of bilateral LV ependymal walls (Figure 6D). This
result suggests that decreased expression of AQP4 in ependymal

walls was correlated to the diminishing of ADC values in the
periventricular zone.

DISCUSSION

Our results demonstrate in a pMCAO model with an intact BBB
(18, 21) that the accumulation of edema is not accompanied by
the transendothelial extravasation water (28) across the BBB. Of
note, at as early as 150min post-pMCAO, in the period during
which the transformation of cytotoxic edema to vasogenic edema
occurs, the ischemic edema regions showed a depolarization of
AQP4 in the PVSs. The key finding was that there was a positive
correlation between T1WI SI and the corresponding ADC
values in the cortex, striatum, and periventricular zone. This
suggested that glymphatic transport kinetics were impaired after
the ischemic edema appeared in pMCAO, were accompanied by
depolarization of AQP4, and were correlated to the progression
of edema.
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FIGURE 5 | Immunofluorescent staining of AQP4 in the cortex and striatum of sham-operated and 150min post-pMCAO animals. (A) Representative images of

immunofluorescent staining of AQP4 in the cortex and striatum in 150min post-pMCAO and sham-operated animals. The scale bar is 20µm. Magnification is 100×.

(B) Three representative magnified images in the boxed areas of (A) are shown as a representative expression pattern. (C) The axis perpendicular to blood vessels

was used to quantify the expression across vessel cross-sections. AQP4 expression surrounding blood vessels in the ipsilateral cortex of pMCAO mice was

decreased (depolarization expression pattern). (D) Quantification of at least 12 images (a minimum of 3 images per animal, n = 4) shows changes in AQP4

polarization. Compared with the sham-operated and contralateral pMCAO, polarized expression of AQP4 immunofluorescence was decreased surrounding blood

vessels in the cortex and striatum of the ipsilateral pMCAO brain. (E) Quantification of at least 12 images (a minimum of 3 images per animal, n = 4) shows changes in

global AQP4 expression. Compared with the sham-operated and contralateral pMCAO, global expression of AQP4 immunofluorescence was not significantly altered

in the cortex and striatum of the ipsilateral pMCAO brains. (F) Representative image of immunofluorescent staining of PVS (red indicates AQP4, green indicates

basement membrane, and blue indicates DAPI) in the sham-operated group.

Cerebrospinal fluid (CSF) can provide a predominant source
for the initial rise in the brain water content of ischemic tissues.
The glymphatic influx of CSF into the PVSs (9) of ischemic brain
tissues is the critical cause of acute ischemic brain edema within
∼5min (10). Given the possible treatment strategies require the
time for the operation to be executed, it is necessary to investigate
the specific contribution of the glymphatic dynamics in different
stages of acute ischemia edema. As such, we investigated the
pattern of glymphatic flow that could account for the liquid
drainage in the parenchyma and periventricular zone following
induced acute ischemic brain edema as a follow-up study. Uptake

of tracers and extracerebral CSF drainage routes have been
observed in sham-operated animals as shown in Figures 2C,E.
In the pMCAO model, we found that CSF dynamic flow was
reduced in the ipsilateral brain parenchyma and accompanied by
an increase in flow in the contralateral as indicated in Figure 3.
These observations suggest that the accumulation of liquid in
pMCAO brains may result from an impaired glymphatic system
or be responsible for the suppression of the glymphatic dynamics.
Glymphatic transport is driven by arterial pulsation (29, 30),
and ISF drainage may be increased by vasomotion as a driving
force, as observed by two-photonmicroscopy (31). Therefore, the
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FIGURE 6 | Immunohistochemical staining of AQP4 in the LV ependymal wall of 150min post-pMCAO animals. (A,B) Representative images showing AQP4

immunohistochemical staining (brown) of coronal brain sections in the LV ependymal barrier of the bilateral brain in 150min post-pMCAO animals. These images

revealed comparable morphology of the bilateral ependyma walls outlining LV. Boxed areas are enlarged successively from left to right. The areas between the dotted

lines were used to quantify AQP4 expression in the LV ependymal wall. The scale bars are indicated in each box, and the magnification is 4×, 40×, and 100×,

respectively. (C) Quantification of at least 12 images (a minimum of three images per animal, n = 4) revealed changes in AQP4 expression. Compared with the

contralateral pMCAO animals, AOD of AQP4 immunohistochemical staining was reduced in the LV ependymal wall of the ipsilateral pMCAO brain. (D) The

corresponding ADC values in the periventricular zone of pMCAO animals at the 150min MR scan were positively correlated to the AOD of AQP4 in the

immunohistochemical staining of bilateral LV ependymal walls. ROIs used for MRI quantification are as shown in Figure 2B.

regional differences in glymphatic flow observed here may be due
to discrepancies in a convective flow drive mechanism. However,
another study recently provided evidence that the directional
movement of CSF in the PVS is not generated by arterial
pulsations and can be explained by naturally occurring flow
(32). Furthermore, contrast agents were found to rapidly enter
the ventricular system in the sham-operated group (Figure 3),

suggesting that cistern-labeled CSF could enter the ventricles.
Previous data suggest a critical role of the ventricle in brain
water drainage (33, 34). PVS pathways were found to connect
different parts of the brain to the ventricles. In particular, a
connection between the lateral ventricle and ventral brain surface
has been identified through PVS pathways surrounding the
anterior choroidal artery (33). Thus, there might exist a pathway
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that involves the transependymal exchange of CSF, followed by
the clearance therefore from the parenchyma via a mechanism
similar to the glymphatic system.

As a key determinant of the glymphatic system, AQP4 is a
transmembrane and bidirectional water channel that is highly
expressed on astrocytes, particularly at the sites of fluid transport
at the pial surrounding cerebral blood vessels and ependymal
surfaces in contact with the CSF in the ventricular system, and
acts as a facilitator for water transport both in cells and tissues
(16, 35–37). In a recent study, CSF was identified as a major
source of water that drives directly AQP4-dependent edema,
which acts as a consequence of CSF and brain ISF exchange
(10). Other studies suggested a controversial opinion, in that the
depletion of astrocytic AQP4 caused water to accumulate in the
brain (34) and markedly impaired interstitial solute clearance
(38). Moreover, recent studies on AQP4-knockout mice have
suggested that the water movement in the paravascular space
is mediated through diffusion and convective flow (39, 40),
and elucidated the concept that AQP4 plays a vital role in the
central nervous system (CNS) water homeostasis. In this sense,
AQP4 is thought to facilitate the development or clearance
of CNS edema. Previous studies have shown the glymphatic
clearance function depends on the highly selective expression
of AQP4 in microvascular end-feet of astrocytes in the aging
brain, traumatic brain injury, and animal models of cerebral
small vessel disease (38, 41, 42). We explored here the loss of
polarized AQP4 expression leads to compromised glymphatic
activity as soon as edema appeared at 150min post-pMCAO
(Figure 5). We also observed a decrease in AQP4 expression
in the LV ependymal wall of the ipsilateral pMCAO brain,
accompanied by a reduced volume of the ventricles and a
delay in CSF uptake from the cisterna magna, as shown in
Figures 3C, 6C. The participation of AQP4 in structural
function, such as the distensibility capacity of the ventricular
system, is also related to CSF homeostasis by altering the CSF
drainage and the ventricular compliance in AQP4 mutation
mice (43). Aquaporins (AQPs) line the periventricular wall.
Previous studies have hypothesized that AQP4 participates in
the development and integrity of the ependyma, however,
the underlying mechanism of this effect has not been
identified (44).

Cerebral edema is primarily an intracellular water
accumulation process, caused by water influx through AQP4
passively in response to osmotic gradients (16), and usually as a
consequence of ischemia-hypoxia. Of all the cell types susceptible
to cytotoxic edema in the cerebral nervous system, astrocytes
are particularly vulnerable (28). Along these lines, a recently
proposed treatment targeting the mechanism of CNS edema is
supported by the idea that AQP4 localization is also dynamically
regulated at the subcellular level, from intracellular vesicles to the
plasma membrane, affecting membrane water permeability (45).
Due to the described dynamic subcellular changes of aquaporin
abundance (45, 46), and there being highly polarized at the

fluid interface (15), the membrane permeability and either the
influx of CSF or ISF dynamics must be selective or suppressed.
AQPs have been validated as an important drug target but there
is no single drug that has yet been approved to successfully

target it, it is hard to target edema and the glymphatic function
using one line of therapies (47, 48). The previous studies have
shown an increased AQP4 membrane localization in primary
human astrocytes which was not accompanied by a change
in AQP4 protein expression levels (45, 46). This subcellular
mislocalization can be a potential therapeutic target. More
studies to investigate the communication between AQPs (mainly
AQP4) and other therapeutic targets are required to identify AQP
modulators. Targeting the ion channel function and regulation
mechanisms of AQP4 subcellular relocalization provides new
insights into drug development (49). Currently, chelation of
Ca2+ or CaM inhibition through egtazic acid acetoxymethyl
ester (EGTA-AM) (45) or trifluoperazine (TFP) (50) had been
reported to effectively reduce ischemia CNS edema.

In conclusion, glymphatic transport kinetics were suppressed
between the onset of cytotoxic edema and the disruption
of the BBB. These impaired glymphatic transport kinetics
were correlated to the diminishing of ADC values that vary
depending on edema progression, as measured by MRI, and
that are associated with the depolarization of AQP4 in both
the parenchyma PVSs and periventricular zone. As such,
targeting the dynamic subcellular relocalization of the water
channel protein AQP4, and improving glymphatic dynamics by
promoting polarization of AQP4 may alleviate acute ischemic
cerebral edema and similar pathologies.
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Early Edema Within the Ischemic
Core Is Time-Dependent and
Associated With Functional
Outcomes of Acute Ischemic Stroke
Patients
Qing Han 1†, Jianhong Yang 1†, Xiang Gao 2, Jichuan Li 1, Yuefei Wu 1, Yao Xu 1, Qing Shang 1,

Mark W. Parsons 3* and Longting Lin 1,3*

1Department of Neurology, Ningbo First Hospital, Ningbo, China, 2Department of Neurosurgery, Ningbo First Hospital,

Ningbo, China, 3 Sydney Brain Center, University of New South Wales, Sydney, NSW, Australia

Objective: To investigate the difference in early edema, quantified by net water uptake

(NWU) based on computed tomography (CT) between ischemic core and penumbra and

to explore predictors of NWU and test its predictive power for clinical outcome.

Methods: Retrospective analysis was conducted on patients admitted to Ningbo

First Hospital with anterior circulation stroke and multi-modal CT. In 154 included

patients, NWU of the ischemic core and penumbra were calculated and compared

by Mann–Whitney U test. Correlations between NWU and variables including age,

infarct time (time from symptom onset to imaging), volume of ischemic core, collateral

status, and National Institutes of Health Stroke Scale (NIHSS) scores were investigated

by Spearman’s correlation analyses. Clinical outcome was defined using the modified

Rankin Scale (mRS) at 90 days. Logistic regression and receiver operating characteristic

analyses were performed to test the predictive value of NWU. Summary statistics are

presented as median (interquartile range), mean (standard deviation) or estimates (95%

confidence interval).

Results: The NWU within the ischemic core [6.1% (2.9–9.2%)] was significantly higher

than that of the penumbra [1.8% (−0.8–4.0%)]. The only significant predictor of NWU

within the ischemic core was infarct time (p = 0.004). The NWU within the ischemic core

[odds ratio = 1.23 (1.10–1.39)], the volume of ischemic core [1.04, (1.02–1.06)], age

[1.09 (1.01–1.17)], and admission NHISS score [1.05 (1.01–1.09)] were associated with

the outcome of patients adjusted for sex and treatment. The predictive power for the

outcome of the model was significantly higher when NWU was included (area under the

curve 0.875 vs. 0.813, p < 0.05 by Delong test).

Conclusions: Early edema quantified by NWU is relatively limited in the ischemic core

and develops in a time-dependent manner. NWU estimates within the ischemic core may

help to predict clinical outcomes of patients with acute ischemic stroke.

Keywords: edema, net water uptake, multimodal CT, acute ischemic stroke, ischemic core, penumbra, functional

outcome
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INTRODUCTION

Cerebral edema is defined as a pathological increase in the water
mass contained in the brain interstitial space (1). The disruption
of water homeostasis can occur in the hyperacute stage after brain
ischemia (2) and plays an important role in the pathophysiology
of ischemic stroke. Early cerebral edema is a sign of damage
to the blood–brain barrier (BBB) and disruption of neuronal
ion channels, which contribute to poor clinical outcomes (3–
5). However, it is difficult to quantify early cerebral edema after
acute stroke.

Computed tomography (CT)-based net water uptake (NWU)
is an emerging tool for the quantitative assessment of tissue
edema (6, 7). NWU within early infarct was reported as a
reliable biomarker identifying patients within the time window
of thrombolysis (7, 8) and predicting malignant edema or poor
outcome after large vessel occlusion (9–11).

Cerebral edema, quantified by NWU, may provide essential
information on the assessment of patients with acute ischemic
stroke; however, the relationship between NWU and other
important predictors (12–15) such as age, the volume of infarct
lesion, National Institutes of Health Stroke Scale (NIHSS) scores,
and collateral status need further exploration. In addition,
previous studies testing the correlations between NWU and
clinical prognosis were limited to patients with large vessel
occlusion. It is, therefore, not known whether NWU in the
ischemic lesion is predictive of outcome in patients with small-
vessel occlusion.

Previous studies have also focused primarily on infarct core
(tissue that has already infarcted); however, the occurrence and
predictive role of edema in the penumbra (hypoperfused tissue
that is at risk of infarction but potentially salvageable) (16)
remains unknown.

Therefore, this study was designed to investigate the difference
in edema between ischemic core and penumbra, explore the
relevant predictors of NWU within early infarct, and test
whether it is a reliable predictor of poor outcomes in acute
ischemic stroke.

METHODS

Patients
All patients with acute ischemic stroke who receivedmulti-modal
CT imaging on admission between July 2017 and September 2019
at Ningbo First Hospital, China were retrospectively screened
for inclusion.

Inclusion criteria for this study were as follows: (1) ischemic
core and penumbra in anterior circulation territory confirmed
by CT perfusion (CTP) and dynamic CT angiography (CTA),
including either large vessel or small vessel occlusion; (2)
assessment byNIHSS score on admission; (3) documented infarct
time (from symptom onset to admission imaging) except for
patients with wake-up strokes. The exclusion criteria included
preexisting infarctions, hemorrhage, and any other abnormal
alteration of density on admission non-contrast CT (NCCT).
Baseline demographic data and clinical characteristics were
extracted from the medical records. The modified Rankin Scale

(mRS) score after 90 days was extracted from the follow-
up database.

The study had institutional ethical approval, and written
informed consent was obtained for each patient for their
collected data.

Image Acquisitions
Patients received multi-modal CT on admission, including
NCCT, CT angiography (CTA), and CTP on a 320-slice
scanner (Toshiba Aquilion ONE, Toshiba Medical Imaging,
Tokyo, Japan). The CTP was performed with the following
protocol: temporally, 19 time points were obtained, with the
acquisition commencing 4 s after non-ionic iodinated contrast
injection into an antecubital vein (50ml, 5 ml/s; Bayer
HealthCare, Berlin, Germany). Spatially, 320 axial sections with
a thickness of 0.5mm were obtained, which covered the whole
brain (160mm total coverage). CTP data were processed by
using commercial software (MIstar, Apollo Medical Imaging
Technology, Melbourne, VIC, Australia). The mathematical
model of delay-corrected singular value decomposition was
chosen to generate perfusion parameters, including cerebral
blood volume (CBV), cerebral blood flow (CBF), mean transit
time (MTT), and delay time (DT) (17). The volumes of ischemic
lesion, ischemic core, and penumbra were then quantified by
appropriate thresholds reported elsewhere (18): DT <3 s for
total ischemic lesion, CBF <30% for acute ischemic core, and
penumbra measured by the total ischemic lesion volume minus
ischemic core volume. CTA data were post-processed on a Vitrea
workstation (Vitreafx version 1.0, Vital Images, Minnetonka,
MN, United States).

Image Analysis
All imaging measurements were performed using commercial
software MIstar (Apollo Medical Imaging Technology,
Melbourne, VIC, Australia). NWU was defined as increased
volume of water after stroke (1Vwater) per unit volume of
the ischemic lesion (Vischemic). A standardized procedure was
performed to quantify NWU within early ischemic core based
on multi-modal CT. Briefly, regions of interest (ROIs) for
ischemic core and penumbra were firstly drawn according to
CTP and then automatically mirrored contralateral ROIs were
defined as normal tissue. These ROIs were placed on NCCT
and were sampled between 20 and 80 Hounsfield units (HU)
to exclude voxels including CSF or calcification (Figure 1). All
densitometric CT measurements (Dnormal, Dischemic including
Dcore and Dpenumbra) were then used to calculate NWU according
to the following equations (6, 7).

NWU =
1Vwater

Vischemic
=

Vischemic − Vnormal

Vischemic

=

(

1 −
Dischemic

Dnormal

)

× 100%

Statistical Analysis
According to the results of Kolmogorov–Smirnov test, all
numerical variables were described as mean [standard deviation
(SD)], or median [interquartile range (IQR)]. Categorical
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FIGURE 1 | Quantification of net water uptake (NWU) per volume of early infarct in admission non-contrast computed tomography (NCCT). The ischemic core and

penumbra were identified by cerebral blood volume (CBV) and delay time (DT) maps based on computed tomography perfusion (CTP). The mean density of early

infarct (Dcore and Dpenumbra) and the normal tissue (Dnormal) derived from a mirrored contralateral region of interest were then calculated.

data were expressed as numbers (percentages). The NWU
within ischemic core and penumbra were calculated and
then compared by Student’s t-test or Mann–Whitney U test
as appropriate. The relationship between NWU within the
ischemic core and other baseline variables including infarct
time (time from symptom onset to imaging), age, NNHISS
score, the volume of ischemic core, and collateral status were
assessed using Pearson’s correlation analysis or Spearman’s
correlation analysis as appropriate. Collateral status was classified
by a modified version of the ASITN/SIR (American Society
of Interventional and Therapeutic Neuroradiology/Society of

Interventional Radiology) collateral scale on dynamic CTA
(19, 20), and it was further dichotomized into good collateral
(ASITN/SIR score 3–4) and poor collateral (ASITN/SIR score 0–
2) status. The relationship between NWU within the ischemic
core and collateral status (good vs. poor collateral) was further
tested on Mann–Whitney U test.

We defined poor functional outcome (functional dependence
or death) as a modified Rankin Scale (mRS) of ≥3 at 90 days.
Baseline data were compared after dichotomization into mRS
score 0–2 and mRS score 3–6 using the Mann–Whitney U Test
for metric variables and Chi-square test for categorical variables.
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To investigate the predictive value of ischemic core NWU and
other variables for the likelihood of the poor functional outcome,
we performed binary logistic regression analyses presenting
odds ratio (OR) estimates along with 95% confidence intervals
(CI). The diagnostic power of variables and predictive models
were assessed by univariate receiver operating characteristic
(ROC) curve analysis. The ROC comparisons between different
predicting models were performed using the DeLong test.

A two-tailed p < 0.05 was considered statistically significant.
All Statistical analyses were performed using SPSS Statistics for
Windows, Version 22.0 (IBM Corp., Armonk, NY, USA) and
MedCalc (version 9.2.1; Mariakerke, Belgium).

RESULTS

Of the 248 screened patients, 154 fulfilled the inclusion criteria
of which 127 had documented the time of symptom onset and
27 had wake-up strokes. In all 154 included patients, NWU
within the ischemic core, penumbra, and contralateral healthy
tissue were calculated and then compared using the Mann–
Whitney U test. The density of ischemic core on admission
NCCT was significantly lower than that of contralateral normal
tissue [median 31.8 HU (30.3–33.2) vs. median 33.9 HU (32.4–
35.4), p < 0.001, Figure 2A). The density of penumbra was also
lower than that of contralateral normal tissue but this difference
was not statistically significant [median 34.8 HU (33.3–36.1) vs.
median 35.0 HU (33.5–36.6), p = 0.158, Figure 2B]. The NWU
within the ischemic core was significantly higher than that of the
penumbra [median 6.1% (2.9–9.2%) vs. 1.8% (−0.8 to 4.0%), p <

0.001, Table 1 and Figure 2C].
A Spearman test was performed to investigate correlations

between NWU within ischemic core and age, admission NHISS
score, and volume of ischemic core in 154 patients. The
correlation between NWU and infarct time was analyzed in

those 127 patients with a documented time of onset. There
was a significant correlation between NWU and infarct time (p
= 0.004, Figure 3A). However, the NWU within the ischemic
core was not correlated with age (p = 0.954), admission NHISS
score (p = 0.821), ASITN/SIR score (p = 0.287), the volume
of the ischemic core (p = 0.094, Figure 3B). There was no
significant difference of NWU between the good collateral group
(ASITN/SIR score 3–4) and poor collateral group (ASITN/SIR
score 0–2) on Mann–Whitney U test (p = 0.137), although
patients with good collateral showed a tendency of lower NWU

TABLE 1 | Net water uptake in different categories of lesion, infarct time, core

volume, and collateral status.

Category Net water uptake % median (IQR)

Region

Ischemic core 6.1 (2.9–9.2)

Penumbra 1.8 (−0.8–4.0)

Time from onset to CT

0–3 h, n = 32 3.4 (0.9–7.3)

3–6 h, n = 74 6.2 (3.3–9.0)

6–24 h, n = 21 9.2 (4.2–13.3)

Volume of ischemic core

0–30ml, n = 76 4.5 (1.9–7.6)

30–50ml, n = 35 7.5 (3.6–11.4)

50–70ml, n = 18 5.9 (2.0–7.9)

>70ml, n = 25 6.8 (4.0–9.3)

Collateral status

ASITN/SIR 0–2, n = 105 6.4 (3.2–9.3)

ASITN/SIR 3–4, n = 49 4.4 (1.8–9.2)

IQR, interquartile range; CT, computed tomography; ASITN/SIR, modified version

of American Society of Interventional and Therapeutic Neuroradiology/Society of

Interventional Radiology collateral scale on dynamic CT angiography.

FIGURE 2 | (A) Comparison with mean density of the ischemic core and normal tissue. (B) Comparison with mean density of penumbra and normal tissue. (C)

Comparison of net water uptake (NWU) with ischemic core and penumbra.
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FIGURE 3 | (A) Relationship between net water uptake (NWU) within the ischemic core and infarct time from onset to imaging. (B) Relationship between NWU within

ischemic core and core volume.

(4.4 vs. 6.4, Supplementary Figure 1). The value of NWU in
different categories of infarct time, core volume, and collateral
status are summarized in Table 1.

Of the 154 patients, 128 were followed up at 90 days; these 128
patients were divided into good outcome (mRS score 0–2, n =

53) and poor outcome groups (mRS score 3–6, n= 75). The main
characteristics of the two groups are summarized in Table 2. The
NWU within the ischemic core in patients with good outcomes
was significantly lower compared to patients with poor outcomes.
Patients with the good outcome also tended to be younger, have
a smaller volume of the ischemic core and lower NIHSS score at
baseline, and were less likely to be female than those with poor
outcome. The infarct time and treatment of the two groups did
not significantly differ.

We performed multivariate logistic regression analysis to
determine the effects of NWU within the ischemic core,
age, sex, ischemic core volume, admission NHISS score, and
treatment on likelihood of poor functional outcome. The result
showed the NWU within ischemic core [odds ratio = 1.23
(95% CI 1.10–1.39)], volume of ischemic core [odds ratio =

1.04 (95% CI 1.02–1.06)], age [odds ratio = 1.09 (95% CI
1.01–1.17)] and admission NHISS score [odds ratio = 1.05
[95% CI 1.01, 1.09)] were independently and significantly
associated with poor functional outcome while sex and treatment
were not (Table 3).

We tested the power of NWU within the ischemic core to
predict the poor functional outcome by the area under the
curve (AUC) after receiver operating characteristic curve (ROC)
analysis. The AUC of the model including NWU (NWU within
ischemic core, volume of ischemic core, age, and NHISS score)
was 0.875 while the AUC of the model without NWU was 0.813
(Table 3 and Figure 4). The power of the model including NWU
to predict poor functional outcomes was significantly higher

than that of the model without NWU according to the DeLong
test (p= 0.021).

DISCUSSION

This study confirmed an important role for acute lesion edema,
quantified by NWU, in predicting stroke outcomes. One of the
main findings of this study was that edema was affected by the
severity of ischemia, with limited NWU detected in the ischemic
penumbra but significantly higher NWUdetected in the ischemic
core. Moreover, the severity of edema was not predicted by core
volume, but rather by infarct time. This study indicates that the
more late a patient with stroke is presented, the more severe is the
edema within the ischemic core.

A novel finding of this study was the lack of significant edema
in the penumbra region. Previous studies measured NWU either
in the whole hypoperfused region (combining both core and
penumbra into a single measurement) or ischemic core only.
The lack of edema detected in the penumbra may relate to the
slower progression of pathophysiological pathways compared
to the core. Processes such as ATP depletion, reactive oxygen
species generation, oxidative membrane injury, ionic imbalance,
and tissue edema develop in the penumbra over several hours or
days (21, 22). Previous ultrastructural studies also demonstrated
that the degree of edema, degeneration of neurons, glia, and
capillaries decreased gradually from ischemic core to penumbra
(23, 24). Although this study confirmed previous findings of
significantly increased NWUwithin the ischemic core, the NWU
detected was lower compared to previous studies (7, 9, 25, 26).
This is probably a result of different thresholds of ischemic core
on CTPmeasurements. Most previous studies used amore severe
threshold of CBV ≤6/100ml while we defined ischemic core
using CBF <30%. As NWU gradually decreased based on the
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TABLE 2 | Characteristics of patients with anterior circulation infarct stratified

by prognosis.

Characteristics Good

prognosis

(mRS at 90

days 0–2)

Poor

prognosis

(mRS at 90

days 3–6)

p-valuea

Subjects, n (%) 53 (41.4) 75 (58.6)

Female sex, n (%) 18 (34.0) 40 (53.3) 0.033*

Age in yeas, median (IQR) 68 (56–76) 74 (66–81) 0.009*

Admission NHISS, median

(IQR)

15 (9–18) 20 (14–25) <0.001*

Time from onset to CT,

median h (IQR)b
4.2 (2.8–4.9),

n = 45

3.8 (2.9–5.7),

n = 62

0.464

Volume of ischemic core,

median ml (IQR)

12 (4–30) 42 (22–62) <0.001*

Treatment 0.162

Mechanical

thrombectomy, n (%)

19 (35.8) 40 (53.3)

DPT, median min (IQR) 93 (80–127) 97 (81–132)

Intravenous lysis, n (%) 18 (34.0) 22 (29.3)

DNT, median min (IQR) 49 (36–61) 52 (32–64)

Both, n (%) 12 (22.6) 8 (10.7)

None, n (%) 4 (7.5) 5 (6.7)

Net water uptake, median

% (IQR)

4.1 (1.2–7.4) 7.2 (4.4–10.9) <0.001*

Net water uptake/time,

median %/h (IQR)b
1.1 (0.3–2.1),

n = 45

1.5 (1.0–2.2),

n = 62

0.059

aDifference between good and poor prognosis groups.
bTwenty-one patients with wake-up strokes were excluded due to unknown time

from onset.
*Statistical difference between two groups.

mRS, modified Rankin scale; CT, computed tomography; IQR, interquartile range; NIHSS,

National Institutes of Health Stroke Scale; DPT, door-to-puncture time; DNT, door-to-

needle time.

degree of perfusion, we can also assume that the early tissue
edema would depend on the severity of ischemia within the
infarct core.

This study emphasizes the importance of treating stroke
patients early. When treated early, further development of edema
in the ischemic tissue could be prevented. Another novelty of this
study was the discovery of the positive relationship between early
edema and infarct time. With prolonged time to treatment, early
edema developed, as demonstrated by increased NWU value
within the ischemic core. Infarction and edema are dynamic
processes with time-dependent development, and this study
demonstrated that the severity of edema increased with increased
time from onset to reperfusion. It was demonstrated that early
edema within the ischemic core could help predict the functional
outcome of patients. The high value of NWUwithin the ischemic
core indicated the severity of ionic edema and vasogenic edema,
which in turn is related to early damage to the BBB, ion channel
disturbance, and other complex mechanisms (3–5), which all
may contribute to the poor outcome of patients. All of these
findings emphasize the importance of early treatment inpatients
with acute stroke.

Besides the infarct time, other factors may relate to early
edema. The collateral status reflects the cerebral microperfusion

status of patients with acute ischemic stroke, which is linked
to edema formation and core growth (27). A previous study
showed an association between favorable venous flow profiles
and ischemic lesion NWU growth (28). Favorable tissue-level
collaterals were also reported predicting less ischemic lesion
NWU after performing thrombectomy in patients with large
vessel occlusion (29). We did not find a statistically significant
relation between modified ASITN/SIR score on dynamic CT
and NWU, but there was the tendency of different NWU
between good collateral and poor collateral groups. More
included cases and appropriate assessments on tissue-level
collaterals together with venous outflow (27) may strongly
approve the relation between NWU and collateral status of
patients with ischemic stroke. Another factor is ischemic core
volume, which is recognized as the most essential variable
influencing prognosis. In the current study, no significant
relation was found between core volume and NWU. This
might indicate that NWU within the ischemic core, besides
core volume, is a relatively independent factor associated
with the functional outcome of patients with ischemic stroke.
Finally, factors not assessed in the study, such as admission
blood glucose (30, 31), may also affect early edema of
ischemic tissues.

The clinical applications of this study include the following
two aspects. First, measuring NWU in addition to ischemic core
volume for acute stroke management was valuable. Ischemic core
volume measured in CTP is not the only imaging biomarker
predicting clinical outcomes. Ischemic core volume combined
with NWU provides better prognostic value after acute stroke.
In addition to admission of NWU, quantitative measures of
NWU 24–48 h after treatment and NWU growth (difference
between NWU after treatment and on admission) seem to have a
significant impact on clinical outcomes as well (29). Secondly, it is
important to combine NCCT and CTP when evaluating patients
with hyperacute stroke. NCCT has additional value as our study
has indicated early edema, quantified by NWU on NCCT, is a
potential biomarker to improve the delineation between ischemic
core and penumbra.

Our study has several limitations. First, we retrospectively
screened patients from a single center. Not every patient
with acute ischemic stroke received multi-modal CT imaging.
Moreover, patients with mild symptoms and low admission
NHISS scores intended to refuse CTP and were therefore not
included in the study. This bias may influence the reliability
or generalizability of our findings. Secondly, some potential
variables related to prognosis after stroke such as hyperglycemia
(30, 31) were not included in our logistic regression analyses
due to the lack of admission data. Prospective validation
is needed to confirm the predictive power of NWU for
functional outcomes. Thirdly, CT density measurements of
normal tissue relied on automatically mirrored contralateral ROI.
This process might result in inaccuracies as the NCCT images
were not absolutely symmetrical. However, this method of CT
density measurements had been proved reliable previously (6).
Finally, the estimates based on the CTP map in this study
might be distinct from studies using other CTP processing
software packages.
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TABLE 3 | Binary logistic regression and ROC curve analysis to probability of prognosis after anterior circulation infarct.

OR (95%CI) P-valuea AUC (SE) Sensitivity Specifity

Variableb

Net water uptake 1.23 (1.10–1.39) <0.001 0.681 (0.047) 69.3% 60.4%

Ischemic core volume 1.04 (1.02–1.06) <0.001 0.778 (0.041) 61.3% 83.0%

Admission NHISS 1.09 (1.01–1.17) 0.024 0.716 (0.046) 57.3% 77.4%

Age 1.05 (1.01–1.09) 0.021 0.636 (0.049) 66.7% 56.6%

Combined model

Net water uptake, Ischemic core volume, Admission NHISS, Age 0.875 (0.031) 74.7% 88.7%

Ischemic core volume, Admission NHISS, Age 0.813 (0.038) 73.3% 79.2%

aSignificance of association with poor prognosis (defined as a score on the modified Rankin scale at 90 days of 3–6) by binary logistic regression.
bThe gender and treatment included in binary logistic regression were not significant so not listed in the table.

ROC, Receiver operating characteristic; OR, Odds ratio; AUC, Area under curve; SE, Standard error; NIHSS, National Institutes of Health Stroke Scale.

FIGURE 4 | Univariate receiver operating characteristic (ROC) curve analysis of single net water uptake (NWU), combined model with NWU, National Institutes of

Health Stroke Scale (NIHSS) score, ischemic core volume, and age.

CONCLUSION

The early edema after acute stroke quantified by NWU was
relatively limited in the ischemic core region anddevelop in
a time-dependent manner. The quantified edema within the

ischemic core could help predict functional outcomes. These
findings emphasize the importance of timely and early treatment
of patients with stroke, thereby indicating that early edema
quantification using ischemic lesion NWU may be a valuable
imaging biomarker based on multimodal CT.
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Background and Purpose: Cerebral venous systems play a key role in regulating

stroke outcomes. We aimed to elucidate the effect of the transverse sinus (TS) filling

patterns on edema expansion and neurological outcomes in patients with acute large

artery occlusion (LAO).

Materials and Methods: We recruited consecutive patients with acute M1 middle

cerebral artery and/or internal carotid artery occlusion who underwent pretreatment

computed tomographic perfusion (CTP). On the reconstructed 4-dimensional computed

tomographic angiography derived from CTP, the filling defect of the ipsilateral transverse

sinus (FDITS) was defined as the length of contrast filling defect occupying at least half

of the ipsilateral TS. An unfavorable outcome was defined as having a modified Rankin

Scale (mRS) score of 3–6 at 3 months.

Results: A total of 318 patients were enrolled in the final analysis and 70 (22.0%) patients

had baseline FDITS. The presence of FDITS was associated with the baseline NIHSS

(odds ratio [OR] 1.119; 95%CI, 1.051–1.192; p< 0.001) and poor arterial collaterals (OR

3.665; 95% CI 1.730–7.766; p = 0.001). In addition, FDITS was associated with 24-h

brain edema expansion (OR 7.188; 95% CI, 3.095–16.696; p < 0.001) and 3-month

unfavorable outcome (OR 8.143; 95% CI 2.547–26.041; p < 0.001) independent of

arterial collateral status. In the subgroup analysis of patients with FDITS who received

reperfusion therapy, no significant difference was found in the rate of edema expansion

and unfavorable outcome between non-reperfusion and reperfusion subgroups (both

p > 0.05).

Conclusion: Filling defect of the ipsilateral transverse sinus was associated with

edema expansion and an unfavorable outcome irrespective of the baseline arterial

collateral status in patients with acute LAO, indicating that FDITS may be an important

stroke-related prognostic imaging marker.

Keywords: large artery occlusion in anterior circulation, transverse sinus, computer tomography, brain edema,

reperfusion therapy
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INTRODUCTION

Despite the development of reperfusion therapy, the rate of
severe disability and mortality in patients with acute large artery
occlusion (LAO) remains high (1). Previous studies on acute
ischemic stroke (AIS) have focused on arterial pathophysiology;
however, it was recently discovered that cerebral venous systems
also have a role in determining the prognosis of AIS after
reperfusion therapy (2–4).

Cerebral veins have been used to predict stroke outcomes,
though the exact mechanisms are still unclear (2, 3, 5–7). Cortical
and deep veins were both suggested to be good venous markers
for stroke outcomes (2, 3, 5–7). Nevertheless, in terms of patients
with LAO, these veins may not reflect the entire venous drainage
abnormalities in the corresponding regions supplied by cerebral
arteries. Additionally, there were difficulties in recognizing the
cortical and deep veins due to the broad variation of cerebral
venous across different centers (8).

The transverse sinus (TS), functioning as a pool gathering
cortical and deep veins, is superficial and easier to identify
than cerebral veins (8). Additionally, the vein of Labbé collects
the blood flow of the lateral temporal area supplied by the
middle cerebral artery (MCA), joining into ipsilateral TS directly
(9). Therefore, TS might be an appropriate target to reflect
the abnormality of hemispheric venous drainage, especially in
patients with acute LAO of the anterior circulation.

We thus evaluated the drainage pattern of TS on the
reconstructed four-dimensional CT angiography (4D-
CTA) derived from CT perfusion (CTP) in AIS patients
with anterior circulation LAO and investigated whether the
drainage abnormality of ipsilateral TS would influence their
clinical outcomes.

FIGURE 1 | The flowchart of inclusion and exclusion.

SUBJECTS AND METHODS

Ethics Statement
Each subject or an appropriate family member had given written
informed consent prior to the study, and the protocols had been
approved by the local ethics committee. All clinical investigations
were conducted according to the principles expressed in the
Declaration of Helsinki.

Study Subjects
We retrospectively reviewed our prospectively collected database,
namely, Comparison Influence to Prognosis of CTP and MRP
in AIS Patients (CIPPIS, http://www.clinicaltrials.gov, Unique
identifier: NCT03367286), of patients with consecutive AIS who
were admitted within 9 h of stroke onset or with an unknown
time of onset and underwent CTP before the treatment between
January 2014 and January 2019. Reperfusion therapy, including
intravenous thrombolysis and/or endovascular therapy, was
given to eligible patients with informed consent according to the
guidelines of the time. We enrolled patients who had middle
cerebral artery M1 segment and/or intracranial internal carotid
artery (ICA) occlusion on pretreatment 4D-CTA reconstructed
from CTP. We excluded patients who (1) had pre-stroke a
modified Rankin Scale score (mRS) >2; (2) had bilateral acute
ischemic lesions; (3) had poor image quality due to severe head
motion artifact on the image; and (4) could not tolerate follow-up
CT/MRI or were lost to follow-up within 3 months.

Patients’ demographic, clinical, laboratory, and radiological
data, including age, sex, comorbid conditions, such as the
history of stroke/transient ischemic attacks (TIA), hypertension,
diabetes mellitus, coronary artery disease, and atrial fibrillation,
were retrieved. Baseline neurologic severity was assessed by the
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TABLE 1 | Baseline characteristics and outcomes dichotomized by the presence

of FDITS.

FDITS Non-FDITS P-value

(n = 70) (n = 248)

Demographics and clinical features

Age, year 71 ± 14 70 ± 13 0.684

Male, n (%) 43 (61.4) 154 (62.1) 0.999

Baseline NIHSS, median (IQR) 18 (14–20) 13 (9–16) <0.001*

Onset to door time, mina, 194 (120–318) 174 (86–260) 0.167*

median (IQR)

Onset to needle time, minb, 259 (168–337) 208 (135–296) 0.061*

median (IQR)

Baseline systolic BP, mmHg 155 ± 25 150 ± 23 0.167

Baseline diastolic BP, mmHg 84±15 83 ± 14 0.444

Baseline blood glucose, mmol/L 7.31 ± 2.45 7.65 ± 2.40 0.310

INR, median (IQR) 1.04 (0.98–1.11)1.02 (0.98–1.10) 0.246*

History of atrial fibrillation, n (%) 36 (52.2) 123 (50.4) 0.892

History of hypertension, n (%) 50 (72.5) 154 (63.1) 0.156

History of diabetes mellitus, n (%) 9 (13.0) 46 (18.9) 0.289

History of coronary artery disease, n (%) 8 (11.6) 33 (13.5) 0.840

History of stroke/ TIA, n (%) 13 (18.8) 55 (22.5) 0.620

Baseline imaging data

Baseline hypoperfusion volume, 154 (97–213) 124 (74–168) 0.005*

ml, median (IQR)

Baseline ischemic core volume, 80 (41–140) 48 (25-84) <0.001*

ml, median (IQR)

Poor collaterals, n (%) 57 (83.8) 111 (46.6) <0.001

Baseline edema score, median (IQR) 0 (0–1) 0 (0–0) 0.021*

Outcomes

PH, n (%) 12 (17.1) 25 (10.1) 0.137

sICH, n (%) 6 (8.6) 16 (6.5) 0.594

Edema score at 24-h, median (IQR) 3 (2–4) 1 (0–2) <0.001*

Brain edema expansion, n (%) 62 (88.6) 93 (37.5) <0.001

Reperfusion, n (%)c 21 (48.8) 111 (58.7) 0.306

Unfavorable outcome, n (%) 65 (92.9) 132 (53.2) <0.001

*Mann–Whitney U-test.
a Estimated as the midpoint of sleep (i.e., the time between going to sleep and waking up

with symptoms) among patients with wake-up stroke.
b Evaluated in patients who received intravenous thrombolysis (n = 243, FDITS vs.

non-FDITS = 50 vs. 193).
c Evaluated in patients who had both baseline and 24-h perfusion images (n= 232, FDITS

vs. non-FDITS = 43 vs. 189).

FDITS, filling defect of the ipsilateral transverse sinus; NIHSS, National Institutes

of Health Stroke Scale; BP, blood pressure; INR, International normalized ratio;

TIA, Transient ischemic attack; PH, parenchymal hemorrhage; sICH, symptomatic

intracranial hemorrhage.

National Institutes of Health Stroke Scale (NIHSS). Favorable
outcome and unfavorable outcome were defined as mRS scores
of 0–2 and 3–6 at 3 months, respectively (10).

Imaging Protocols
All patients underwent baseline CTP, including non-contrast
CT (NCCT) and volume perfusion CT (VPCT), and follow-
up CTP or magnetic resonance perfusion or NCCT at 24-
h after admission in accordance with our routine stroke

TABLE 2 | Binary logistic regression analysis for unfavorable outcome.

OR 95% CI P-value

Age, year 1.030 1.004–1.056 0.021

Male 0.464 0.235–0.918 0.027

History of hypertension 1.573 0.821–3.013 0.172

Onset to door time, per minute 1.003 1.001–1.005 0.012

Baseline NIHSS 1.068 1.001–1.140 0.045

Baseline ischemic core, per ml 1.011 1.002–1.020 0.018

FDITS 8.143 2.547–26.041 <0.001

Poor collaterals 3.115 1.575–6.162 0.001

Application of endovascular therapy 0.390 0.202–0.754 0.005

FDITS, filling defect of the ipsilateral transverse sinus; NIHSS, National Institutes of Health

Stroke Scale; OR, odds ratio; CI, confidence interval.

imaging protocol (11). The detailed parameters are listed in the
Supplementary Material. VPCT images were reconstructed to
obtain time tomaximum (Tmax)maps and 4D-CTA images were
presented in axial, coronal, and sagittal planes with 20-mm-thick
maximum intensity projections by commercial software (MIStar;
Apollo Medical Imaging Technology, Melbourne, Australia).

Defining the Filling Defect of The Ipsilateral
Transverse Sinus (FDITS)
The contrast filling of TS of each hemisphere was evaluated on a
coronal view of temporally fused maximum intensity projections
(tMIPs) reconstructed from 4D-CTA images. According to the
contrast filling pattern of the ipsilateral TS, the presence of
a filling defect of the ipsilateral transverse sinus (FDITS) was
confirmed by two steps: (1) contrast filling defect was defined
as the width of the contrast filling in ipsilateral TS being
≤50% width of the contralateral TS (12); and (2) the length
of contrast filling defect occupied at least half of the ipsilateral
TS. Hypoplasia and aplasia of TS of the ischemic side were
also identified as FDITS. A similar definition was used for the
filling defect of contralateral TS (FDCTS) and all others were
defined as symmetric TS. Both FDCTS and symmetric TS were
set as non-FDITS.

Assessment of Arterial Collaterals on
4D-CTA
Arterial collaterals were evaluated on peak arterial opacification
(peak phase) and tMIPs were reconstructed from 4D-CTA
images, and the regional leptomeningeal collateral (rLMC) score
was graded on peak phase (rLMC-P) and tMIP (rLMC-M),
respectively. The integrated collateral grading scale (CGS) was
used to assess the arterial collateral status: poor collaterals (score
0: rLMC-P ≤11 and rLMC-M ≤16), intermediate collaterals
(score 1: rLMC-P ≤11 and rLMC-M >16, or rLMC-P >11 and
rLMC-M ≤16), and good collaterals (score 2: rLMC-P >11 and
rLMC-M >16) (13).

Defining Hypoperfusion and Ischemic Core
A threshold of Tmax > 6 s was used for the volumetric
measurement of baseline and 24-h hypoperfusion areas (14).
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FIGURE 2 | The relationship between collateral status and outcome in the filling defect of ipsilateral transverse sinus (FDITS) and non-FDITS groups. The poor

collaterals subgroup was more likely to undergo edema expansion (A) and an unfavorable outcome (B) than those with good-or-intermediate collaterals in patients

with non-FDITS. While in the FDITS group, no significant difference was found in the rate of edema expansion (C) or an unfavorable outcome (D) between patients

with poor and good-or-intermediate collaterals.

Baseline relative cerebral blood flow (rCBF) <30% was used for
calculating the ischemic core volume (15). At 24 h, Diffusion
Weighted Imaging (DWI) or NCCT was used to calculate the
final infarct volume (13).

Reperfusion, Hemorrhagic Transformation,
and Brain Edema
Reperfusion ratio (RR) = (baseline hypoperfusion volume – 24-
h hypoperfusion volume)/baseline hypoperfusion volume. Based
on RR, we defined reperfusion as RR≥80% and non-reperfusion
as RR <80% (16).

Hemorrhagic transformation, including parenchymal
hemorrhage (PH), was classified according to the European
Cooperative Acute Stroke Study criteria. Symptomatic
intracranial hemorrhage (sICH) was defined as any intracranial
hemorrhage associated with an increase of ≥4 points on NIHSS
or leading to death (17).

Brain edema was assessed with a 7-point scale at baseline
NCCT and 24-h NCCT or DWI (18, 19). To minimize the
grading error, 24-h brain edema expansion was defined as

an increase of ≥2 in grade from baseline imaging to 24-h
imaging (19).

Reproducible Parameters
Two evaluators (Y.C. and S.Z.) who jointly evaluated the TS
were blinded to the patients’ 24-h imaging and clinical data. A
single trained observer (Y.C.) measured the TS of all patients two
times, at an interval of 3 months apart. Another observer (S.Z.)
independently made the same evaluation. Similarly, rLMC, brain
edema, and PH were assessed by two neurologists independently
(Y.C and S.Z), respectively. The Kappa statistic was used to test
the inter- and intra-rater reliability for detecting the presence
of FDITS and PH, and the weighted Kappa statistic was used
to test the inter- and intra-rater reliability for rLMC and brain
edema score.

There was a good level of inter- and intra-observer agreement
in the evaluation of arterial collaterals status (weighted κ = 0.80
and 0.86), FDITS (κ = 0.81 and 0.92), and an excellent level
of agreement for brain edema (weighted κ = 0.86 and 0.90),
hemorrhagic transformation (κ = 0.86 and 0.99).

Frontiers in Neurology | www.frontiersin.org 4 May 2022 | Volume 13 | Article 86346050

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chen et al. FDITS Predicts Stroke Outcome

FIGURE 3 | The relationship between reperfusion status and outcome in the FDITS and non-FDITS groups. A non-reperfusion subgroup was more likely to undergo

edema expansion (A) and unfavorable outcome (B) than reperfusion subgroup in patients with non-FDITS. While in the FDITS group, no significant difference was

found in the rate of edema expansion (C) or unfavorable outcome (D) between two subgroups.

Statistical Analysis
All numeric variables were expressed as mean ± SD and
median (interquartile range, IQR). Categorical variables were
presented as frequency (percentage). Fisher’s exact test was
used to compare the dichotomous variables between groups,
while Mann–Whitney U-test was used for ordered categorical
variables, and independent samples 2-tailed t-test or Mann–
Whitney U-test was used for continuous variables, depending
on the normality of the distribution. Variables identified by
univariate analysis (p < 0.05) were included in the binary
logistic regression model except for potential linearly correlated
ones. Independent factors for the presence of FDITS, edema
expansion, and unfavorable outcomes were evaluated using
the binary logistic regression analysis, respectively. Then, the
subgroup analysis was made for the effects of FDITS on edema
expansion and unfavorable outcomes under the condition of
different collateral status and reperfusion status, separately. All
analyses were performed blinded to the participant identifying
information. Statistical significance was set as a probability value
of <0.05. The statistical analysis was performed using SPSS 18
(SPSS Inc., Chicago, IL, USA).

RESULTS

Overall Characteristics
A total of 318 patients were enrolled in the final analysis
(Figure 1). The average age was 70 ± 13 years and 197 (61.9%)
patients were men. The median baseline NIHSS was 14 (IQR
10–18). Among them, 287 (90.3%) patients received reperfusion
therapy, including endovascular treatment (n = 142). FDITS
occurred in 70 (22.0%) patients. Non-FDITS was identified in
248 (78.0%) patients, including 82 FDCTS and 166 symmetric
TS. Baseline poor arterial collaterals (score 0) were found in 168
(54.9%) patients. At 24 h, 155 (48.7%) patients underwent brain
edema expansion. At 3 months, 197 (61.9%) patients suffered
unfavorable outcomes.

Association Between FDITS and Baseline
Characteristics
Table 1 shows the baseline characteristics and outcomes
dichotomized by the presence of FDITS. Compared with the non-
FDITS group, patients with FDITS had higher baseline NIHSS,

Frontiers in Neurology | www.frontiersin.org 5 May 2022 | Volume 13 | Article 86346051

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chen et al. FDITS Predicts Stroke Outcome

FIGURE 4 | Representative images of patients with different status of ipsilateral transverse sinus and collaterals. Patient 1 with acute left middle cerebral artery

occlusion (MCAO) (baseline NIHSS = 14) presented with poor collaterals [integrated collateral grading scale (CGS) =0] (1A,1B) and FDITS (the red arrow in 1C,1D) on

4-dimensional computed tomographic angiography (4D-CTA). The patient received intravenous thrombolysis bridging with endovascular therapy at 2.5 h from stroke

onset. At 24 h after reperfusion therapy, this patient developed brain edema expansion on non-contrast CT (NCCT) from baseline score 0 (1E) to 2 (1F), although

reperfusion rate was 100% with hypoperfusion (red plus green area) volume changing from 220ml (1G) to 0ml (1H) on lesion map. The modified Rankin scale (mRS)

score was 4 at 3 months. Patient 2 with acute left MCAO (baseline NIHSS = 13), presented with good collaterals (CGS = 2) (2A,2B) and symmetric bilateral

transverse sinuses (non-FDITS) (two red arrows in 2C,2D) on 4D-CTA. The patient received intravenous thrombolysis at 4 h from stroke onset. At 24 h after

(Continued)
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FIGURE 4 | reperfusion therapy, this patient developed no brain edema with edema score keeping 0 from baseline NCCT (2E) to 24-h diffusing weighted imaging

(DWI) (2F), and reperfusion rate was 97% with hypoperfusion (red plus green area) volume changing from 29ml (2G) to 1ml (2H) on lesion map. The mRS score was 0

at 3 months. Patient 3 with acute right MCAO (baseline NIHSS = 11), presented with good collaterals (CGS = 2) (3A,3B) and filling defect of contralateral transverse

sinus (FDCTS) (the red arrow in 3C,3D) on 4D-CTA. The patient received intravenous thrombolysis bridging with endovascular therapy at 2 h from stroke onset. After

reperfusion therapy, this patient developed no brain edema with edema score keeping 0 on NCCT from baseline (3E) to 24 h (3F), and reperfusion rate was 100% with

hypoperfusion (red plus green area) volume changing from 137ml (3G) to 0ml (3H) on lesion map. The mRS score was 0 at 3 months.

larger baseline hypoperfusion volume and ischemic core volume,
and a higher rate of poor arterial collaterals.

Binary logistic regression analysis revealed that the presence
of FDITS was independently associated with baseline NIHSS
(odds ratio [OR] 1.119; 95% CI 1.051–1.192; p < 0.001) and
poor arterial collaterals (OR 3.665; 95% CI 1.730–7.766; p =

0.001) after adjusting for ischemic core volume (OR 1.002; 95%
CI 0.997–1.007; p= 0.372).

The Associations of FDITS With Edema
Expansion and Unfavorable Outcome
The patients with FDITS showed a higher rate of brain edema
expansion and unfavorable outcomes (Table 1). The univariate
analysis for the association between factors and edema expansion
and outcome is separately shown in Supplementary Tables 1, 2.
The binary logistic regression analysis showed that the presence
of FDITS was independently associated with unfavorable
outcomes (92.9 vs. 53.2%, OR 8.143; 95% CI 2.547–26.041;
p < 0.001) (Table 2). In addition, we found that the
presence of FDITS was associated with edema expansion
(88.6 vs. 37.5%, OR 7.188; 95% CI 3.095–16.696; p <

0.001) (Supplementary Table 3). Baseline hypoperfusion volume
remarkably correlated linearly with the baseline ischemic volume
(rs = 0.778, p < 0.001) and thus was not included in the binary
logistic regression.

Subgroup Study in Patients With FDITS and
Non-FDITS
As Figure 2 shows, in patients with FDITS, the rate of
edema expansion (91.2 vs. 72.7%, p = 0.113) and unfavorable
outcome (94.7 vs. 81.8%, p = 0.181) was comparable between
the poor collaterals subgroup and the good-or-intermediate
subgroup. However, among patients with non-FDITS, the poor
collaterals subgroup was likely to have a higher rate of edema
expansion (49.5 vs. 26.0%, p < 0.001) and unfavorable outcome
(72.1 vs. 39.4%, p < 0.001) than the good-or-intermediate
collaterals subgroup.

As Figure 3 shows, in patients with FDITS, no significant
difference was found in the rate of edema expansion (90.9 vs.
81.0%, p = 0.346) or unfavorable outcome (95.5 vs. 81.0%,
p = 0.138) between the non-reperfusion subgroup and the
reperfusion subgroup. However, patients with non-FDITS were
likely to develop a higher rate of edema expansion (43.6 vs. 27.0%,
p = 0.018) and unfavorable outcome (73.1 vs. 31.5%, p < 0.001)
when reperfusion was not achieved.

Figure 4 shows three cases with representative images.

DISCUSSION

In our study, we found that FDITS had a close relationship with
baseline arterial collateral status, and FDITS was associated with
24-h edema expansion and subsequently 3-month unfavorable
outcome independent of the baseline arterial collateral status.

The venous drainage system is amajor blood reservoir. A prior
study revealed that the ipsilateral absent filling of the superficial
middle cerebral vein (SMCV) was influenced by the severity of
reduction in upstream arterial flow among patients with stroke
(2). Considering the high rate of congenital hypoplastic TS, it is
difficult to clarify whether the asymmetry of TS was congenital or
a result of ischemia in patients with stroke in our study since we
had no pre-stroke imaging of the same patient for comparison.
However, we infer that stroke itself may influence TS symmetry
because the rate of symmetric TS was actually changed in patients
with stroke. In a healthy population, 50–60% of patients had
right dominant TS and 10–20% had left dominant TS, leaving the
occurrence rate of symmetric TS as low as 30% (20, 21), whereas
in other two stroke studies, 57% of patients had symmetric TS
and 21–30% had “hypoplasia” or “occlusion” of ipsilateral TS
(22, 23). Similarly, in our study, 52.2% of patients presented
symmetric TS and 22% presented FDITS, indicating that TS
morphology may be modulated by ischemic stroke and might be
a stroke-related imaging feature.

In addition, our findings on the relationship between
disturbed drainage of TS and poor arterial collaterals suggest
that venous outflow is influenced by the severity of low arterial
flow. This finding is consistent with a previous study which
demonstrated that the patients with asymmetrical clearance of
TS were more likely to have incomplete arterial collateral filling
on dynamic magnetic resonance angiography (p= 0.015) (24). A
similar phenomenon was reported in the MCA occlusion model
of the African green monkey, showing that the poor collateral
circulation was related to a back and forth blood pooling with
no venous return into cortical veins, leading to no flow into the
venous sinus (25).

Previous studies described the independent impact of venous
drainage patterns on outcomes in patients with AIS (2, 3),
which supported the view that cerebral veins played a vital role
in the maintenance of CBF and brain function after ischemia.
In the current study, we first identified that FDITS was also
independently associated with unfavorable outcomes in the acute
LAO of anterior circulation. Importantly, we found that although
FDITS and poor collaterals were both independently associated
with 24-h brain edema expansion, their prognostic values were
different. When FDITS was absent, about 50% of patients who
had poor collaterals suffered severe brain edema. However, if
baseline FDITS was present, the possibility of an obvious edema
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expansion within 24 h was as high as about 90% regardless of
the arterial collateral status. Decreased cerebral venous outflow
in ipsilateral TS would greatly change the venous pressure,
which was previously suggested as the primary driving force
in the development of brain edema. When venous pressure is
increased beyond the tissue pressure, the pressure difference
might interfere with venous reflux and lead to parenchymal
edema and subsequent unfavorable clinical outcome (2, 26, 27).
Actually, ischemic brain edema is a crucial cause of death
for stroke survivors (28), as malignant cerebral infarct, usually
related to poor collaterals, leads to a poor outcome. It is thus
worth exploring in future studies whether the early identification
of FDITS at admission in patients with acute LAO would help
to guide appropriate treatment to prevent or alleviate edema
expansion by all means, for example, the widely announced early
decompressive hemicraniectomy (28), or intravenous glyburide
as a promising intervention (29), in addition to reperfusion
effort (30).

However, the subgroup analysis result is surprising because
patients with FDITS still had edema expansion at 24 h and
an unfavorable outcome at 3 months even though they were
treated with reperfusion therapy and even if reperfusion was
obtained. This is different from the previous result, which
revealed no significant difference in outcome between patients
with or without ipsilateral SMCV if reperfusion was successfully
achieved (2). It is believed that cerebral veins have sufficient
anastomosis and the drainage area of TS is obviously much
larger than that of cortical veins. Thus, it might be assumed
that the occurrence of FDITS indicates the possibility of venous
collateral failure to severe arterial ischemia, which would not
be compensated even after successful reperfusion, leading to a
synergistic influence on the tissue outcome (8). Although we
could not jump to doubt whether reperfusion therapy might be
of limited significance in patients with initial FDITS according to
the current small sample subgroup results, our study emphasizes
the need for ancillary judgment of venous drainage to guide
reperfusion therapy, and future large prospective studies are
needed to clarify this issue.

Our study has limitations attributed to its retrospective
collection of data in a single center with a moderate sample
size, which may pose a potential risk of selection bias. Second,
the edema evaluation scale may not well differentiate vasogenic
edema from infarction. To minimize the impact of this error, we
focused on 24-h edema change to reflect relatively actual edema
development. Third, due to the lack of a gold standard, such as
DSA, the accuracy of 4D-CTA in identifying the filling defect
of transverse sinus needs to be further validated. Fourth, we

could not differentiate the asymmetry of TS as nature or nurture
from baseline 4D-CTA due to its recognition ability of jugular
foramen dominancy. Fifth, 4D-CTA derived from CTP would
not necessarily be performed on patients with LAO who arrive
early at some large centers, which would further limit utility. In
addition, we did not analyze the drainage pattern changes of TS
after reperfusion therapy due to the lack of enough follow-up
image data. Further studies are still needed to prove our findings
and investigate the possible mechanisms.

CONCLUSION

The filling defect of the ipsilateral transverse sinus was strongly
associated with the level of arterial collateral flow. It was
associated with edema expansion and an unfavorable outcome,
irrespective of baseline arterial collaterals. FDITS might be
identified as a potential imaging marker for neurological
outcomes in acute LAO of the anterior circulation, and
prevention of edema expansion might be an important ultra-
early target once FDITS is identified.
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Objective: In moyamoya disease (MMD) with direct or combined revascularization,

the initially hemodynamic recipient features are likely one of the main causes of acute

hemodynamic disruption. Previous studies have explored the relationship between

recipient diameter or flow velocity and postoperative complications, but there are still

no optimal selection criteria with multiple potential recipient vessels. Cerebral edema

is one of the most common radiological manifestations in the acute postoperative

period. This study assessed the hemodynamic characteristics of cortex vessels related

to postoperative cerebral edema.

Methods: All patients who had undergone direct or combined revascularization with

preoperative digital subtraction angiography (DSA) between 2019 and 2021 were

eligible for inclusion in this study. The application of DSA was performed and regular

radiological examinations were employed after surgery. DSA was analyzed with the

hemodynamic features within chosen recipient vessels. Cerebral edema was identified

as a low-density image on CT or high signaling in the MRI T2 phase. The recipient

hemodynamic characteristics and demographic presentation, as well as clinical data,

were retrospectively analyzed in this study.

Results: A total of 103 patients underwent direct or combined revascularization

with preoperative DSA. The mean age of this enrolled cohort was 44.31 ± 10.386

years, in which bilaterally involved MMD accounted for the main part. The preliminary

correlation analysis found preoperative disease period (p = 0.078), recipients observed

in angiography (p = 0.002), and surgery on the left (p = 0.097) may be associated

with cerebral edema. The following regression analysis confirmed low occurrence of

cerebral edema was accompanied by recipients observed in angiography (p = 0.003).

After subdividing by flow direction and hemodynamic sources, the incidence rate of

anterograde direction, anterior sources, and posterior sources were significantly lower

than undetected recipients.
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Xu et al. Detected Recipients With Less Edema

Conclusions: Cerebral edema is a common radiological manifestation in MMDs

after surgery. In this study, the observation in angiography reliably identifies a variety

of physiological or pathological recipient detection, flow direction, and hemodynamic

sources in patients with MMD after revascularization, which indicates the selection

strategy of potential recipients and highlights the importance of recipient observability in

DSA. Meanwhile, vascular conditions determined by recipient hemodynamics meditate

the occurrence of postoperative cerebral edema.

Keywords: moyamoya disease (MMD), cerebral edema, recipient vessels, digital subtraction angiography (DSA),

flow direction, stroke

INTRODUCTION

Moyamoya disease (MMD) is a chronic cerebrovascular disease
that is characterized by progressive steno-occlusive in bilateral
internal carotid arteries and their proximal branches (1). Surgical
revascularization has been recognized as an effective treatment
to improve the impaired cerebral hemodynamics and decreased
the risk of recurrent stroke (2). However, a previous study
found about 16% of MMDs suffered a postoperative stroke with
permanent deficits (3) and the watered-shift phenomenon was
as high as 10.9% after surgery (4). Surgical revascularization
changed the distribution of the recipient’s vessels and the
sharp hemodynamic shift caused by vascular anastomosis may
boost postoperative neurological morbidity. Recent research
demonstrated that blood flow changes before and after
vascular anastomosis were evident in MMDs with postoperative
complications (5). Recipients with an initially retrograde flow
direction presented great potential for flow increase after surgery
(6) and arteries with the earliest intraoperative fluorescence
emission were prone to occur symptomatic complications (7).
In addition, hemodynamic sources of recipient arteries were
concerned with postoperative hyperperfusion (8).

The radiologic incidence of stroke was higher than
symptomatic stroke, in which 33.3% of MMDs were reported
with postoperative diffusion-weighted imaging (DWI)-
detected lesions (9). Cerebral edema is a common imaging
performance related to hemodynamic compromise after
surgical revascularization and may be warning sign that focal
parenchymal tissues fail to adapt to hemodynamics disruption.
Thus, this study aimed to analyze the effects of recipient
hemodynamic features on postoperative cerebral edema
in MMDs.

MATERIALS AND METHODS

Patients Selection
This study included 103 MMDs with surgical revascularization
at our hospital between November 2019 and February 2021 after
15 patients were excluded (Figure 1). The diagnosis of MMD
was confirmed based on the guidelines for MMD diagnosis

Abbreviations: ACA, Anterior cerebral artery; CT, Computed Tomography; DSA,

Digital Subtraction Angiography; MCA,Middle cerebral artery; MMD,Moyamoya

disease; STA, Superficial temporal artery.

FIGURE 1 | Flow diagram for the study selection process.

and treatment published by the Research Committee on the
Pathology and Treatment of Spontaneous Occlusion of the Circle
of Willis (10). Besides, the inclusion criteria of this study were
as follows:

(1) Age ≥ 18 years;
(2) Definite diagnosis of MMD confirmed by DSA;
(3) The application of direct or combined revascularization;
(4) Radiological examinations, including computed tomography

(CT) or magnetic resonance imaging (MRI), were performed
within 4 days after surgery.

The exclusion criteria were as follows:

(1) The employment of dual direct revascularization;
(2) Lack of preoperative angiography in our hospital.

Surgical Procedures
Direct revascularization indicates superficial temporal artery
(STA)—middle cerebral artery (MCA) bypass (11). Combined
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FIGURE 2 | The flowchart of the identification of cerebral edema. The left indicates the steps of identification. (A) showed high signaling changes in MRI T2 phase. (B)

showed low density changes in CT, in which the red circle manifested altered regions. (C,D) was preoperative radiological sequences of (A,B), respectively. It was

proven that those signaling changes just occurred after surgery.

revascularization has been described previously (12) and consists
of direct and indirect revascularization (encephalo-duro-myo-
synangiosis, EDMS). Meanwhile, intraoperative indocyanine
green was immediately injected to confirm the patency of
anastomotic sites.

The Evaluation of Recipient Hemodynamic
Features and Postoperative Cerebral
Edema
The hemodynamic characteristics of the recipient’s were assessed
through preoperative DSA by two experienced neurosurgeons.
Of note, the flow direction of the recipient’s vessels was
categorized as follows:

(1) Anterograde direction: blood flow from M3 segment to
M4 segment;

(2) Retrograde direction: blood flow from M4 segment to
M3 segment;

(3) Undetected direction: no or little flow direction was detected
in angiography.

The hemodynamic sources of the recipient’s vessels were
categorized as follows:

(1) Anterior sources: blood supply was from an anterior cerebral
artery (ACA) or MCA;

(2) Posterior sources: blood supply was from a posterior cerebral
artery (PCA) or vertebrobasilar artery;

(3) Undetected sources: no or few hemodynamic sources were
detected in angiography.

The evaluation of cerebral edema was relatively fussy. The first
step is to identify signal changes around the anastomotic area
of postoperative radiological examinations, which presented as
either slightly low-density on CT or high-signaling in the MRI
T2 phase. Subsequently, the comparison among perioperative
imaging was applied to confirm whether the changes were recent,
which means occurring or not. The occurrence of cerebral edema

was confirmed by two experienced neurosurgeons independently
and the results were reached after consensus, as shown in
Figure 2.

Data Analysis
The SPSS 24.0 (SPSS, Inc., Chicago, IL, USA) was used for
statistical analysis. A descriptive summary is presented as
mean ± standard deviation (SD), median (interquartile range),
frequency, or percentage, as appropriate. For comparison
between the non-postoperative cerebral edema group and
postoperative cerebral edema group, an independent-
sample t-test, Pearson’s chi-squared, or Fisher’s exact
test correlation analysis was performed. Afterward, the
logistic regression analysis was conducted for significant
factors achieving P < 0.10 in the univariate analysis.
All tests were two-tailed. P < 0.05 was considered to be
statistically significant.

RESULTS

Demographics and Clinical Presentation
Of the 118 consecutive patients with MMD, who underwent
surgical revascularization from November 2019 to February
2021, we identified 103 MMDs who met the inclusion and
exclusion criteria of this research (Figure 1). The mean age
of MMDs was 44.31 ± 10.386 years. The female ratio was
69.9% in this study. Eighty-three out of 103 (80.6%) patients
presented with bilateral MMD. Thirty-four percent of patients
presented with postoperative cerebral edema. The other clinical
characteristics of total MMDs are summarized in Table 1.

Effects of Recipient Vessel Characteristics
on Cerebral Edema
Initially, we analyzed basic features between the non-
postoperative (non-postop) edema group and the postoperative
(postop) edema group. As shown in Table 2, the demographics
of the two groups were similar and had no statistical significance.
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TABLE 1 | The baseline characteristics of enrolled MMD patients.

Patients (n = 103)

Age, yrs 44.31 ± 10.386

Female (%) 73 (69.9)

Comorbidity (%)

Smoking 19 (18.4)

Alcohol consumption 20 (19.4)

Dyslipidemia 24 (23.3)

Hypertension 33 (32.0)

Diabetes 10 (9.7)

MMD characteristics (%)

Bilateral involved 83 (80.6)

Onset manifestation

Ischemic 58 (56.3)

Hemorrhagic 39 (37.9)

Others 6 (5.8)

Preop disease period, mos* 5.00 (10)

Suzuki stage

1 13 (12.6)

2 18 (17.5)

3 52 (50.5)

4 18 (17.5)

5 2 (1.9)

Surgical information (%)

Surgical type

Direct revascularization 7 (6.8)

Combined revascularization 96 (93.2)

The left side of operation 53 (51.5)

Postop cerebral edema (%) 35 (34.0)

mRS on admission* 0.00 (0)

MMD, moyamoya disease; Preop, preoperative; Postop, postoperative.
* Indicates that values are presented as median (interquartile range).

And the comorbidities apart from MMD in groups presented
no significant differences. Besides, disease-related aspects were
consistent between the two groups. However, the preoperative
disease period was inclined to be shorter in the postop
edema group than the non-postop edema group (p = 0.078).
Remarkably, the proportion of recipient’s vessels observed in
preoperative angiography was less in the postop edema group
significantly, compared with the non-postop edema group (p
= 0.002), which presented as 54.3 vs. 82.4%. Meanwhile, the
duration of the postop edema group was prone to be longer
than the non-postop edema group statistically (17.94 ± 7.840
vs. 14.66 ± 3.896, p = 0.024). Also, the time of postoperative
imaging was irrelevant to cerebral edema (p = 0.181). After
possible factors were included in logistic regression, we found
recipient vessels observed in preoperative angiography were an
independent factor associated with postoperative cerebral edema
(OR= 3.930, 95% CI: 1.579–9.778, p= 0.003).

Afterward, we further investigated the flow direction and
hemodynamic sources of recipient vessels on the occurrence
of cerebral edema. The two different features had obvious

statistical differences in the two groups (p = 0.012; p =

0.002, Table 3). Of note, the interrater reliability between the
evaluation of two independent surgeons in the flow direction,
hemodynamic sources, and cerebral edema is a significantly
almost perfect agreement (K = 0.906; K = 0.903; K =

0.916, Table 4). On the one hand, the occurrence rate of
cerebral edema in the undetected direction was higher than
anterograde direction (p = 0.004, Figure 3), but no significant
differences were shown between the retrograde direction and
the undetected direction. On the other hand, undetected sources
were vulnerable to cerebral edema statistically, compared with
anterior sources and posterior sources (p = 0.008; p = 0.005;
Figure 4).

DISCUSSION

In this study, 103 patients accepted surgical revascularization
and ischemia was the major onset manifestation in enrolled
MMDs. Disease severity was classified by the angiography-
based Suzuki classification and stage 3 accounted for the bulk
of all patients. No severe neurological deficits were observed
on admission. Thirty-five cases were caught in cerebral edema.
The anastomosis to undetected recipient vessels in angiography
was inclined to cause postoperative edema. After further
subdivision of recipient hemodynamic features, the anterograde
direction was less prone to develop edema. Meanwhile, the
incidence of edema in anterior and posterior hemodynamic
sources was lower than that in recipient vessels with undetected
sources, respectively.

Surgical revascularization has been applied in the treatment
and effectively improves the long-term outcome of MMD
(13, 14). Direct revascularization immediately improves
impaired hemodynamic status after surgery, but ischemic
parenchymal tissues are possibly unadaptable to dramatic
hemodynamic changes. There were 16–20% of patients involved
with complications after direct or combined revascularization
(2, 3), which was higher than other craniotomy surgery.
The radiological signal changes are before the onset of
neurological symptoms. A previous study reported that
27.5% MMDs after STA-MCA bypass experienced cerebral
hyperperfusion syndrome (15). Radiological hyperperfusion
syndrome is defined as a great increase in recipient cerebral
blood flow (16), which requires specific sequences measuring
hemodynamic differences. As a postoperative common
radiological appearance, the discrimination of cerebral edema
requires simple image examinations. Surgical techniques caused
little disturbance and limited edema on the cerebral cortex,
while the hemodynamic compromise occurred in the blood
flow competition between the donor and recipient arteries
(17). As the watershed shift, reversed flow direction may
contribute to the hypoperfusion of the distal MCA field (18),
followed with the appearance and progression of cerebral
edema. Consequently, edema after bypass probably implied the
inadequate adaptation of focal brain tissues in early postoperative
hemodynamic variation.
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TABLE 2 | The factors related with postoperative cerebral edema in adults with moyamoya.

Univariate analysis Multivariate analysis

Non-postop edema (n = 68) Postop edema (n = 35) p-value OR 95% CI p-value

Age, yrs 43.66 ± 10.633 45.57 ± 9.915 0.379a

Female (%) 49 (72.1) 23 (65.7) 0.506b

Smoking (%) 12 (17.6) 7 (20.0) 0.771b

Bilateral disease (%) 52 (76.5) 31 (88.6) 0.141b

Onset manifestation (%) 0.407b

Ischemic 37 (54.4) 21 (60.0)

Hemorrhagic 24 (35.3) 13 (37.1)

Others 7 (10.3) 1 (2.9)

Preop disease period, mos 10.61 ± 16.137 6.71 ± 5.800 0.078a

Suzuki stage (%) 0.905c

1 8 (11.8) 5 (14.3)

2 11 (16.2) 7 (20.0)

3 35 (51.5) 17 (48.6)

4 13 (19.1) 5 (14.3)

5 1 (1.5) 1 (2.9)

Recipient vessels observed in preop angiography (%) 56 (82.4) 19 (54.3) 0.002b 3.930 1.579–9.778 0.003

Surgery on the left (%) 31 (45.6) 22 (62.9) 0.097b

Time of postop imaging, days 2.37 ± 0.976 2.66 ± 1.136 0.181a

Duration, days 14.66 ± 3.896 17.94 ± 7.840 0.024a

Preop, preoperative; postop, postoperative.
a Independent-samples t-test.
bPearson chi-square.
cFisher’s exact test.

TABLE 3 | The hemodynamic features of recipient vessels involved with

postoperative cerebral edema.

Preop recipient

vessels

characteristics (%)

Non-postop edema

(n = 68)

Postop edema

(n = 35)

p-value

Observed in

angiography

56 (82.4) 19 (54.3) 0.002

Flow direction

(Ref = undetected)

0.012a

Anterograde 40 (58.8) 13 (37.1) 0.004b

Retrograde 16 (23.5) 6 (17.1)

Undetected 12 (17.6) 16 (45.7)

Hemodynamic sources

(Ref = Undetected

sources )

0.002a

Anterior 48 (70.6) 19 (54.3) 0.008b

Posterior 8 (11.8) 0 (0.0) 0.005a

Undetected sources 12 (17.6) 16 (45.7)

Preop, preoperative; postop, postoperative.
aFisher’s exact test.
bPearson chi-square.

The selection of recipient vessels is likely one of the
main determinants in the anastomotic procedure (6, 19).
The most common strategy is the recipient with the
largest diameter, which seems to guarantee the favorable

TABLE 4 | The interrater reliability involved in the estimation of recipient

hemodynamic features and postoperative cerebral edema.

Surgeon 1 Surgeon 2 p-value Kappa (95% CI)

Flow direction (%) <0.001 0.906 (0.833,

0.979)

Anterograde 51 (49.5) 55 (53.4)

Retrograde 24 (23.3) 20 (19.4)

Undetected 28 (27.2) 28 (27.2)

Hemodynamic

sources (%)

<0.001 0.903 (0.821,

0.985)

Anterior 65 (63.1) 68 (66.0)

Posterior 28 (27.2) 28 (27.2)

Undetected sources 10 (9.7) 7 (6.8)

Cerebral edema (%) <0.001 0.916 (0.836,

0.996)

Edema 36 (35.0) 38 (36.9)

Non-edema 67 (65.0) 65 (63.1)

anastomotic process and draw high compensatory outflow
as a primary determinant of direct revascularization
function (20). However, the matched calibers between
STA and MCA are sufficient to avoid anastomotic failure
(19). Also, hemodynamic features of recipient’s vessels
are heavily associated with postoperative complications.
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FIGURE 3 | The relationship between recipient flow direction and

postoperative cerebral edema. * indicates p < 0.05.

FIGURE 4 | The relationship between recipient hemodynamic sources and

postoperative cerebral edema. ** indicates p < 0.01.

Multiple applications have focused on recipient vessel
selection to reduce acute complications via intraoperative
indocyanine green video angiography, which indicated
the earliest emission was prone to occur symptomatic
hyperperfusion, and the latest was related to white thrombus of
anastomotic sites (5, 7, 21).

Recipient vessels with preoperative detection in DSA are
at a significantly lower risk of cerebral edema, as shown in
Table 2. The angiographic appearance of recipient’s vessels
manifests the strong communication between cortex vessels
and large intracranial arteries, which also indicates the
potential adaptation of neighboring parenchymal tissues.
In contrast, the missing angiographic recipients presented
high rates of edema. Undetected angiographic vessels were
accompanied by high vascular resistance or severe proximal
perfusion deficit. After the subsequent blood flow shock
from donor arteries, cortical vessels showed maladaptive
manifestations, of which the most familiar is cerebral edema.

Furthermore, an initially anterograde blood flow direction,
anterior and posterior hemodynamic sources within possible
recipients, was less likely to occur in cerebral edema than
undetected flow direction, shown in Figures 3, 4 and Table 3. We
believe that these characteristics indicate great accommodated
capacity with little vascular resistance because failure to show in
DSA is caused by arterial steal and loss of vascular autoregulation.
In general, the primary prerequisite of initially regular flow
orientations requires integrated vascular networks. Besides, the
disposition of extracranial strike recruits local strong vascular
autoregulation. Similarly, anterior or posterior hemodynamic
sources within potential cortex vessels could indicate the
integrality of the vascular bed. Intriguingly, the combination
of heel and toe recipient orientations occasionally appeared in
the anterior or posterior hemodynamic sources. In effect, the
blood supply from anterior or posterior cerebral arteries reverses
through distal cortical vessels and into the recipient encephalic
region, in a certain area which run in forward directions
at times, shown in Figure 5. The two different categories
seem to be arguable in position-specific flow orientations, but
there are exactly two diverse directions in particular arteries.
With these mentioned discoveries, we have ample reason to
believe cortex vessels with anterior directions from anterior
or posterior hemodynamic sources could achieve less cerebral
edema. Meanwhile, the specious contradiction may also support
the hypothesis that the distribution dynamics of preceding DSA
through intracranial braches and into the recipient bed serve
as an indicator of vascular conditions. After all, complementary
flow from the fish-mouthed graft to promote the filling of the
recipients requires sufficient vascular spaces for shock absorption
in the acute postoperative period (22). It is not a question of
which direction or source of recipient’s vessels are, but rather
how much of recipients could be detected in angiography.
Thus, the recipient observation in DSA indicates vascular
conditions and serves as a mediator in cerebral edema. Of note,
the medical strategy in enrolled MMDs after surgery reduced
changes in blood flow requiring receptor vascular adaptation.
The unstable blood pressure possibly caused sharp changes in
extra-intracranial arterial pressure difference. The strict control
of blood pressure between 120 and 140 mmHg was beneficial to
narrow down hemodynamic fluctuations and avoid other fatal
complications, such as anastomotic rupture or bleeding.

Several potential limitations of this study should be noted.
First, it was a retrospective analysis with small sample size. The
operative indications and surgical procedures were based on
individual characteristics and institutional experience. Second,
cerebral edema was simply recognized by daily CT or MRI
examinations, and there were still patients with mild cerebral
edema missing in this study. Third, further multicenter studies
with a larger cohort of MMD and focused on the type of edema
and risk factors should be conducted.

CONCLUSIONS

Cerebral edema is a common radiological manifestation
in patients with MMD after surgery. In this study, the
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FIGURE 5 | Illustrations of recipient hemodynamic features on the cerebral edema. Marked by the dotted box in green, recipient vessel region was categorized as

angiographic detected in red and undetected in black. The cortex vessels were applied with superficial temporal artery (STA)- middle cerebral artery (MCA) bypass,

after subdivided by flow direction and hemodynamic sources, in which red arrows indicated specific directions of blood flow. Subsequently, the recipients with different

hemodynamic characteristics developed cerebral edema implied by gradient blue circle and undetected recipients were prone to postoperative cerebral edema.

observation in angiography reliably identifies a variety
of physiological or pathological recipient detection, flow
direction, and hemodynamic sources in patients with MMD
after revascularization, which indicates the selection strategy
of potential recipients and highlights the importance of
recipient observability in DSA. Meanwhile, vascular conditions
determined by recipient hemodynamics meditate the occurrence
of postoperative cerebral edema.
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Quantifying the extent and evolution of cerebral edema developing after stroke is an

important but challenging goal. Lesional net water uptake (NWU) is a promising CT-based

biomarker of edema, but its measurement requires manually delineating infarcted tissue

and mirrored regions in the contralateral hemisphere. We implement an imaging pipeline

capable of automatically segmenting the infarct region and calculating NWU from both

baseline and follow-up CTs of large-vessel occlusion (LVO) patients. Infarct core is

extracted from CT perfusion images using a deconvolution algorithm while infarcts on

follow-up CTs were segmented from non-contrast CT (NCCT) using a deep-learning

algorithm. These infarct masks were flipped along the brain midline to generate mirrored

regions in the contralateral hemisphere of NCCT; NWU was calculated as one minus

the ratio of densities between regions, removing voxels segmented as CSF and with

HU outside thresholds of 20–80 (normal hemisphere and baseline CT) and 0–40 (infarct

region on follow-up). Automated results were compared with those obtained using

manually-drawn infarcts and an ASPECTS region-of-interest based method that samples

densities within the infarct and normal hemisphere, using intraclass correlation coefficient

(ρ). This was tested on serial CTs from 55 patients with anterior circulation LVO (including

66 follow-up CTs). Baseline NWU using automated core was 4.3% (IQR 2.6–7.3) and

correlated with manual measurement (ρ = 0.80, p < 0.0001) and ASPECTS (r = −0.60,

p = 0.0001). Automatically segmented infarct volumes (median 110-ml) correlated to

manually-drawn volumes (ρ = 0.96, p < 0.0001) with median Dice similarity coefficient

of 0.83 (IQR 0.72–0.90). Automated NWU was 24.6% (IQR 20–27) and highly correlated

to NWU from manually-drawn infarcts (ρ = 0.98) and the sampling-based method (ρ =

0.68, both p < 0.0001). We conclude that this automated imaging pipeline is able to

accurately quantify region of infarction and NWU from serial CTs and could be leveraged

to study the evolution and impact of edema in large cohorts of stroke patients.

Keywords: stroke, cerebral edema area, computed tomography, machine learning, image segmentation
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INTRODUCTION

A major consequence of brain ischemia is the development of
cerebral edema. This water accumulation within and around
the injured tissue leads to brain swelling, raising compartmental
pressure and eventually leading to midline shift and herniation.
The development of malignant cerebral edema represents the
greatest source of mortality in the acute period after ischemic
stroke, especially for strokes due to large vessel occlusion (LVO)
(1). As key mediators remain incompletely understood, few
interventions currently exist to mitigate cerebral edema (2). One
of the major limitations in studying edema is the need for an
accurate means of quantifying its formation in the early stages
after stroke (3, 4). Midline shift is a crude measure that does not
adequately capture edema as it develops over the first 24–48 h
after stroke, but only captures its delayed and decompensated
phenotype. Furthermore, labeling edema only when it leads
to deterioration (i.e., malignant edema) obscures a continuum
of injury severity that is seen across almost all LVO stroke
patients (5).

One of the hallmarks of evolving brain edema is tissue
hypoattenuation (6). This can be captured by the progressively
decreasing density (measured in Hounsfield Units, HU) of
infarcted tissue on non-contrast computed tomography (NCCT)
imaging. NCCT is readily available and routinely performed
in almost all stroke patients, both acutely on presentation
and frequently at follow-up. It affords an accessible means
of serially assessing edema as it develops in the days after
stroke. However, measurement of the total lesional hypodensity
volume encompasses both infarcted tissue and associated edema,
with relative proportions varying across patients (5, 7). A
recent imaging method has been proposed to disentangle the
contribution of edema to subacute lesion volume and quantify
the progression edema after stroke (8). Net water uptake (NWU)
evaluates the relative density of the ischemic tissue compared to a
contralateral homologous region; increasing NWU on admission
NCCT has been associated with longer time from stroke onset
to imaging and poor collateral status (9, 10). NWU has also
exhibited promise in quantifying edema progression, rising more
in those withmalignant outcomes and in those without successful
recanalization (11, 12). Therefore, it has emerged as one of the
most promising biomarkers of edema after stroke, with a wide
array of potential applications across LVO cohorts (13).

However, implementation of NWU measurement from serial
CTs in large stroke cohorts faces several challenges. The
principal challenge is that its assessment is dependent on
identification and delineation of the area of early infarction
on acute and subacute CTs. As this region is not usually
clearly visible on baseline NCCT within a few hours of stroke
onset, most studies measuring early NWU have relied on CT
perfusion (CTP) images to visually guide manual delineation
of core infarct. In some studies where CTP was not available,
NWU was estimated by measuring density within regions-
of-interest (ROIs) placed within ASPECTS regions exhibiting
early hypoattenuation and matched regions in the contralateral
hemisphere (14). Measurement of NWU on follow-up NCCT
requires manually outlining the visible region of infarction and

flipping this manual ROI to create a homologous normal region
for density assessment. This approach is time-consuming, subject
to variability, and makes studying edema in large cohorts with
NWU, although attractive in theory, challenging to perform in
practice. Our objective was to develop an accurate means of
automatically extracting infarct regions and measuring NWU
from both baseline and follow-up CTs of LVO stroke patients.
This imaging algorithm could then be leveraged to accelerate
research into edema using larger cohorts of stroke patients (15).

METHODS

Study Participants
We evaluated patients undergoing stroke assessment at a
single institution between May 2018 and November 2019 who
underwent multimodal CT (NCCT with CT angiography and
CTP) on presentation. We selected those who had evidence of
LVO in the anterior circulation, affecting either the internal
carotid artery (ICA) or proximal segment of the middle cerebral
artery (MCA). We limited our analysis to those with measurable
infarct core on baseline CTP (as assessed using the RAPID
software package, iSchemaView, Redwood City, California).
Approval from the institutional review board was obtained for
a waiver of participant consent given the retrospective, de-
identified nature of this research.

Imaging Analysis
We collected all NCCT and CTP images performed at
baseline as well as all follow-up NCCTs performed within
1 week of stroke onset. The CTP images were processed
using an in-house algorithm that automatically extracts high-
resolution image maps of perfusion parameters, including
cerebral blood flow (CBF) and time to maximum (Tmax),
as described in the Supplementary Methods and outlined in
Supplementary Figure 1. Core infarct regions were defined by
tissue with CBF below 30% of normal, where normal brain was
defined as tissue with Tmax below 4 s (16). To assess consistency
of core extraction, the volume of this core region was compared
to the volume extracted by the RAPID software.

All NCCTs at baseline and follow-up were processed using
an automated analysis workflow that is fully described in the
Supplementary Methods. Key steps include: (i) registration
of an atlas template with midline delineated on all slices
to the target NCCT (17); (ii) segmentation of cerebrospinal
fluid (CSF) regions using our well-established deep learning
model (18, 19); and (iii) segmentation of visible acute infarct
regions using a novel deep learning-based algorithm. This
algorithm employed a deep learning model based on the U-Net
architecture and previously trained for CSF segmentation (full
details of this fully convolutional neural network provided in
Supplementary Methods) (20). This network was further trained
on 335manually outlined infarct regions defined on NCCTs from
a prior three institution stroke cohort as ground-truth labels. This
training set was divided into ∼90% (304 infarcts) for training
and the remainder (21) for internal validation. The infarct region
proposed by this algorithm was further refined by identifying
the largest connected region in three dimensions as the likely
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FIGURE 1 | Outline of manual vs. automated techniques for estimation of net water uptake from baseline (top panels) and follow-up (bottom panel) CT scans of

stroke patients. The RAPID core output (A) from CTP processing is used to determine the ASPECTS regions to be used for manual estimation of NWU from baseline

NCCT (B). Regions-of-interest (ROIs) are placed in these regions within the affected hemisphere (orange) and matched ROIs are placed in the contralateral

hemisphere (purple). Manual NWU is calculated as one minus the ratio of mean densities of the two sets of ROIs. For automated measurement of NWU on baseline

CTs, CBF maps (C) are generated from raw CTP data (as fully detailed in the Supplementary Methods and shown in Supplementary Figure 1). The core mask

(defined by thresholding at CBF < 30% of normal) is then registered and overlaid onto the NCCT (blue region in D). This infarct region is then flipped across the midline

(purple region; method fully outlined in the Supplementary Methods and shown in Supplementary Figure 2) to create a matching mirror region (E). Automated

NWU is calculated as one minus the mean densities of these two regions, after removing voxels of CSF (from separate CSF segmentation) or with HU density below

20 or above 80 from both regions (removed voxels shown in white). Lower panels show similar workflow for follow-up CTs (or baseline CTs with visible hypodensity).

ROIs are placed within ASPECTS regions within the visible infarct and matching ROIs are placed in the contralateral hemisphere to calculate manual ROI-based NWU

(F). The infarct region is also manually segmented (yellow, G). A deep learning-algorithm is applied to automatically segment regions of hypodensity and generate an

infarct mask (blue, H). Infarct regions are then flipped to create matching mirror ROIs (purple, I). Regions of CSF are then removed, as are voxels outside the

thresholds (HU 0–40 for infarct, 20–80 for normal brain). Automated NWU is then calculated. In this example, manual NWU on baseline CT was 16.0 and automated

NWU was 12.3. For follow-up CT, the manual infarct volume was 135ml and the automated volume was 143ml. The manual NWU was 29.8 using ASPECTS

ROI-method, 25.4 using the whole manual infarct, compared with 25.0 for the fully automated NWU.

primary infarct territory and excluding smaller disconnected
voxels. The algorithm was then applied to all NCCTs in this
cohort, including a test cohort of 28 subjects where the infarct
region was manually segmented on all slices. The Dice Similarity
Coefficient (DSC), a stringent metric of spatial overlap of voxels
between the automated infarct region and the manually outlined
ground-truth was calculated as twice the union of the two regions
divided by the sum of their volumes.

This infarct region was utilized as the infarct mask
for evaluating NWU on follow-up NCCTs, as well as
for any baseline NCCTs on which infarct was already
clearly visible. For the remainder of baseline CTs, the core
regions from CTP analysis were utilized in place of infarct
masks. These CTP-defined core masks were registered to

the NCCT using FLIRT from FSL (FMRIB, Oxford, UK)
(22). The brain was divided into hemispheres, using the
registered midline, as previously applied to measure the
hemispheric CSF ratio (23). The infarct region was then
flipped along the brain midline to generate a homologous
region in the contralateral hemisphere (as shown in
Supplementary Figure 2).

For baseline CTs, we also instituted an automated patch-based
approach for estimating NWU (that does not require CTP),
similar to one recently proposed, to allow comparison with our
full-infarct method (24). For this approach, square standard
patches were placed on four separate axial slices within each
MCA territory of a CT atlas and then this atlas was registered to
each patient’s baseline NCCT, allowing estimation of NWU from
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FIGURE 2 | Flow of stroke patients assessed for eligibility for this imaging

analysis.

the density within the ischemicMCA territory compared with the
contralateral side (Supplementary Figure 3).

All regions of CSF were removed from both infarct andmirror
regions and thresholding was applied to remove voxels with HU
outside an established range, initially set at 20–80, per prior
protocols for NWUmeasurement (12). However, on review of the
distribution of densities within regions of infarction on follow-
up CTs [both from the literature (25) and our own data], we
determined that expanding the lower limit to 0 HU would better
capture lower density voxels that would otherwise be excluded if
using a threshold of 20 (leading to an underestimation of NWU).
We also chose to restrict the upper limit of infarct regions to
40 HU rather than 80; we found that most voxels within bland
infarcts had densities below 40 HU while regions of hemorrhagic

TABLE 1 | Characteristics of study cohort of 55 patients with large vessel

occlusion stroke.

Age, years 74 (65–84)

Sex, female 27 (48%)

Race/ethnicity: white, non-Hispanic 45 (82%)

Hispanic 1 (2%)

African-American 9 (16%)

History of atrial fibrillation 24 (44%)

History of diabetes mellitus 14 (25%)

NIHSS, baseline 17 ± 6

NIHSS, 24-h 16 ± 10

Glucose (mg/dl) 121 (106–154)

Onset to baseline CT, hours 5 (2–10)

ASPECTS < 7 15 (27%)

Treated with tPA 23 (42%)

Treated with Thrombectomy 35 (64%)

Reperfusion outcome: mTICI 0 3

mTICI 2a 4

mTICI 2b/2c 12

mTICI 3 15

Core volume (RAPID), ml 31 (14–65)

Penumbra volume (RAPID), ml 133 (94–175)

Midline shift 19 (35%)

transformation often extended above 40 HU; this is supported
studies of HU within intracerebral hematomas and should also
exclude regions of contrast staining within evolving infarcts,
specifically defined by HU > 40 (26, 27). Therefore, removing
voxels with density above 40 HU from within the infarct would
avoid contamination of NWU calculations by regions of HT and
contrast staining, both issues that has confounded prior studies
of NWU (28). The standard 20–80 threshold was used for the
normal brain region and for the CTP core mask at baseline
where significant low density or hemorrhagic regions would not
be expected; the 0–40 threshold for applied only for region of
visible infarction segmented by the deep learning algorithm. The
mean HU density (D) of all voxels (after CSF and threshold-
based exclusions) within each region (ischemic vs. normal) was
calculated and NWU was defined as:

NWU = 1−
Dischemic

Dnormal
(1)

We also calculated NWU using the standard 20–80 threshold
for the infarct region and compared results to those obtained
using our modified approach. The code for the manipulation of
the infarct region and calculation of NWU is publicly available
at: https://github.com/dharlabwustl/csfratio_nwu.

Automated NWU results were compared to a sampling
based method that places circular regions of ∼10-mm diameter
within the infarct in up to 13 territories across two axial brain
slices, corresponding to the ASPECTS regions as well as three
more subcortical regions (selecting regions with visible infarct,
while avoiding those with hemorrhage or CSF, as outlined in a
prior paper for manual NWU measurement) (14). These same
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regions were then mirrored to the normal hemisphere and mean
density of each set of ROIs were obtained and from this the
manual NWU was calculated. For baseline NCCTs where clear
infarction was not visible, the RAPID core images were used
to guide manual ROI placement within ischemic tissue. If no
acute infarction was visible on follow-up CTs based on the
consensus of two independent raters, then NWU could not be
obtained manually (and hence this scan was excluded). Manual
NWUmeasurements were performed by two independent raters
for all follow-up CTs and for a subset of the baseline CTs.
The manual NWU used for comparison was the mean of
the raters’ measurements. In addition, for those 28 subjects
with manual infarct segmentations performed, comparisons
of manual volumes with automated infarct volumes as well
as NWU values obtained using these manual vs. automated
infarct masks were performed. Figure 1 outlines the major steps
in obtaining manual vs. automated NWU measurements on
baseline and follow-up CTs. Supplementary Figure 2 provides
a more detailed, step-by-step outline of the automated image
analysis workflow.

Statistical Analysis
All analyses were performed in R (version 4.0.3, Foundation
for Statistical Computing, Vienna, Austria). All measurements
were first assessed for normality using inspection of their
distributions and with Shapiro-Wilk’s tests. We present means
(with standard deviations) for normally distributed and medians
(with interquartile ranges) for all non-normally distributed
variables. We compared automated to manual measurements of
NWU and infarct volume using intraclass correlation coefficients
(ρ) with a two-way random effects model evaluating absolute
agreement of raters, with the manual NWU as the ground-truth
(ICC 2,1), using the package psych (29, 30). We constructed
Bland-Altman plots of the difference between the two measures
using the package BlantAltmanLeh. This allowed us to calculate
the bias (mean difference) and limits of agreement (range within
which 95% of differences in measurement lie).

RESULTS

We evaluated 160 patients who underwent acute stroke
evaluation at our institution during the study period for
eligibility. Of these 89 had LVO affecting the ICA or M1
segments and 55 had infarct core present on baseline imaging
(see Figure 2). A description of this cohort is provided inTable 1.
Mean NIHSS on presentation was 17 and 35 (64%) underwent
thrombectomy (27 achieving mTICI 2b/3 reperfusion). Median
time to baseline CT was 5 h (IQR 2–10). Median ASPECTS was
8 (IQR 6–10). Over one-third developed cerebral edema with
midline shift (median of 3.7mm, IQR 2.8–5.7) (time to scans).

NWU on Baseline CTs
Baseline CTP images (median time from stroke onset of 4.3 h,
IQR 2–10) were analyzed for core volume. Median core volume
provided by RAPID software was 31ml (IQR 14–65). Automated
CTP processing allowed core masks to be extracted in 49
(89%) cases with a median volume of 36ml (IQR 23–77).

There was a strong intraclass correlation between the RAPID
core volumes and our algorithm’s volumes (ρ = 0.81, Table 2;
Supplementary Figure 4). One case (with RAPID core of 4-ml)
had no identifiable core on our processing and so no mask
could be extracted. Two NCCTs had too much artifact to allow
calculation of either manual or automated NWU. Baseline NWU
using the manual ASPECTS ROI method was a median of
6.9 (IQR 4.2–10.0). The agreement of two manual raters for
baseline NWU, tested in 22 cases, was good (ρ = 0.73, p = 1
× 10−10). In five cases with visible infarct on baseline CT, we
used the automated infarct mask to define the infarct region;
the automated CTP core masks were used to measure NWU
in the remainder. There was strong agreement between manual
and automated baseline NWU measurements (ρ = 0.80, p =

1 × 10−16) with minimal bias (Table 2; Figures 3A,B). The
patch-based approach for NWU estimation exhibited modest
concordance with manual methods (ρ = 0.63, p = 2 ×

10−8) but with wider limits of agreement (−9.0 to 12.8, see
Supplementary Figure 5).

The automated NWU on baseline CT was negatively
correlated with ASPECTS score (r = −0.60, p < 0.0001,
Supplementary Figure 6), comparable with that observed for
manual NWU (r = −0.59) but higher than for the patch-based
NWU (r = −0.45). Automated NWU was higher in those who
subsequently developed edema with midline shift (median 6.1 vs.
3.6, p < 0.0001). The automated NWU increased with longer
time from stroke onset (beta = 0.12 per h, p = 0.0003), but
the slope was significantly higher in those who subsequently
developed edema with midline shift (p = 0.017 for interaction
of edema with time, Supplementary Figure 7).

NWU on Follow-Up CTs
There were a total of 85 follow-up CTs performed in 42
subjects. Of these, two were performed after hemicraniectomy
and four scans were from more than 1 week after stroke. Of the
remaining 79 scans, 69 exhibited visible regions of infarction.
Three were too poor quality for NWU estimation, leaving 66
CTs for evaluation of NWU. Median time to follow-up CT
was 60 h (IQR 35–116) with 27 (41%) being within 48 h of
stroke onset. Hemorrhagic transformation was present in 48,
including HI-1 in 18, HI-2 in 22, and PH-1 hematomas in 9
scans. The automated infarct segmentation algorithm correctly
identified the region of infarction in all but two cases (97%).
Manual delineation of infarct regions was performed in 28 scans
with excellent correlation to the automated volumes (ρ = 0.96,
see Supplementary Figure 8). The DSC for overlap of infarct
segmentation (automated vs. manual) was a median of 0.83 (IQR
0.72–0.90) with a median automated infarct volume of 110-
ml (IQR 39–194). There was no significant correlation between
infarct volume and DSC (r = 0.26, p = 0.18) or time to scan and
DSC (r = 0.32, p= 0.10).

NWUwas manually estimated on these 66 scans by two raters,
using the ASPECTS ROI-based approach, with strong intraclass
correlation between raters (ρ = 0.88, p = 3 × 10−54). Fully
automated NWUwas obtained by applying the automated infarct
segmentation in 63 cases (two excluded for failure of infarct
segmentation, one due to lack of voxel information in file header).
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TABLE 2 | Comparison of manual and automated measures of core/infarct volume and net water uptake (NWU).

Comparison Manual value

Median (IQR)

Automated value

Median (IQR)

Mean difference

Limits of agreement

Intraclass correlation

(95% CI)

Core volume:

RAPID vs. automated CTP

31 (14–65)

N = 55

36 (23–77)

N = 49

−2.0 (−61.7 to 57.7) 0.81

(0.71–0.87)

Baseline NWU

ASPECTS ROI vs.

automated
†

6.9 (4.2–9.9)

N = 53

4.3 (2.6–7.3)

N = 49

2.3 (−5.0 to 9.7) 0.80

(0.61–0.89)

Baseline NWU

ASPECTS ROI vs.

automated patch

7.0 (4.0–8.6)

N = 50

5.5 (2.5–8.0)

N = 50

1.9 (−9.0 to 12.8) 0.63

(0.47–0.75)

Follow-up infarct volume

Manual vs. automated
†

105 (39–140)

N = 28

110 (39–194)

N = 63

−12.1 (−60.9 to 36.7) 0.96

(0.92–0.97)

Follow-up NWU:

Manual mask vs.

automated
†

25.3 (19.7–27.8)

N = 28

24.6 (19.8–26.9)

N = 63

0.6 (−2.4 to 3.6) 0.98

(0.96–0.98)

Follow-up NWU

ASPECTS ROI vs.

automated
†

27.1 (21.9–31.7)

N = 66

24.6 (19.8–26.9)

N = 63

2.7 (−9.2 to 14.6) 0.68

(0.52–0.79)

All NWU values

ASPECTS ROI vs.

automated
†

19.0 (7.3–28.1)

N = 126

17.5 (5.5–25.3)

N = 117

2.4 (−8.1 to 12.7) 0.88

(0.81–0.92)

†
Automated measurement using full-infarct mask (i.e., automated infarct segmentation or automated CTP core).

The automated NWU (median 24.6, IQR 19.8–26.9) exhibited
excellent agreement with NWU obtained from the manually
drawn infarct masks (ρ = 0.98, Supplementary Figure 9). These
values also correlated well with the manual ROI-based method
(ρ = 0.68, Figure 3C). There was minimal bias (mean difference
of 2.7) in NWU measurement, with no greater discrepancy in
those with increasing severities of hemorrhagic transformation
(Figure 3D). For example, in one case with focal hematoma,
the manual NWU was 21.0 and the automated value was 21.6
(Figure 4).

NWU results using our modified thresholding (0–40 for the
infarct region) were compared with the standard thresholding
of 20–80. NWU was significantly lower with the original
method (median 16 vs. 24.6) and underestimated the manually
ascertained NWU (median 25.3). This was due to higher
mean HU measured within the infarct region as a result
of both exclusion of infarct voxels with density below 20
HU (i.e., regions of more severe edema) and inclusion of
regions of hemorrhagic transformation within the infarct
region. A review of voxels densities within infarct regions
is shown in Supplementary Figure 10, highlighting the fact
that 14% had densities below 20 HU and would have been
excluded using the 20–80 thresholds. A comparison of the
two thresholding methods for one representative example is
shown in Supplementary Figure 1, where themodified approach
yielded NWU of 24.7 while the standard threshold of 20–80
provided an estimate of 13.7 for NWU. The manual ROI-
based method calculated by two raters was an average of 27.2.
The overall correlation with manual NWU was lower (ρ =

0.43) compared with that obtained using the modified 0–40
approach (ρ = 0.66). Furthermore, the automated 20–80 method
under-estimated the manual measurement (mean difference

of −11.3), with wider limits of agreement, ranging from +3
to−26.

We then combined all automated NWU measurements
together (total of 117 baseline and follow-up measurements):
there was a strong correlation of automated to manual
NWU across time points (ρ = 0.88, p < 0.0001) with
minimal bias (Supplementary Figure 11). There was no
difference in the accuracy of NWU (automated vs. manual
discrepancy) based on time to scan, infarct volume, or degree of
hemorrhagic transformation.

DISCUSSION

Quantifying the evolution and severity of cerebral edema,
using routine CT imaging, presents the promise of accelerating
research into clinical and biologic factors mediating this critical
source of secondary injury (21). The application of NWU in small
LVO cohorts has already led to several interesting observations:
for example, those with worse collateral scores exhibited greater
early edema progression (9). Hyperglycemia was also associated
with enhanced edema formation (31). Estimation of NWU,
which represents the proportion of stroke lesion that constituted
of excess water, allows the separation of primary infarct from
secondary edema within an infarct-related hypodensity on
subacute CT (32). Not only does this allow delineation of edema
severity but this adjusted infarct volume correlates well with
final infarct volume, an important stroke outcome measure.
Furthermore, it is likely that the product of infarct volume
and NWU provides a meaningful volumetric measure of water
accumulation, termed total edema volume (33). However, despite
this promise, measurement of NWU in these previous studies was
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FIGURE 3 | Comparing manual vs. fully automated measurements of NWU. Baseline CT: (A) intraclass correlation, ρ = 0.80; (B) Bland-Altman plot. Follow-up CT: (C)

intraclass correlation, ρ = 0.68; (D) Bland-Altman plot with points colored by hemorrhage transformation (HT) type. The dashed line in the scatter plot represents the

line of identify between measurements. The dashed lines in the Bland-Altman plots represent the limits of agreement. The solid line represents the mean difference in

measurement (bias).

performed manually and hence was time-consuming, requiring
investigators to outline the region of infarction across multiple
CT slices, mirror this region to the normal hemisphere, and
then measure the density in both, applying pixel-based intensity
thresholds to try to exclude CSF regions that might contaminate
the measurement.

We now present a substantial advance to facilitate scalable
NWU measurement: that is, an automated approach that
accurately quantifies NWU from both baseline and follow-up
CTs. This was built upon two new algorithms to extract regions
of infarction: one a deep learning model that was able to segment
the region of infarct-related hypodensity from follow-up CTs and
a second that extracted CBF-based core masks from baseline CTP
images. While the latter is qualitatively similar to the automated

processing of core volumes provided by several commercial
software packages (34), it is performed at native resolution
and provides voxel-by-voxel maps for research applications. In
comparison, output from RAPID software is not provided in
native resolution and cannot be easily incorporated on a voxel-
by-voxel level for analysis.

Segmentation of infarct regions from follow-up CTs in the
first days after stroke is not a trivial task, as early hypodensity
can be subtle and challenging to delineate even for experienced
human raters. Simple thresholding of CT images for infarct is
not accurate as infarcts overlap in density with CSF and other
brain structures. An approach utilized in the MR CLEAN cohort
applied an intensity-based region-growing approach that begins
with a manual seed and also excludes neighboring ventricular
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FIGURE 4 | Example of follow-up CT in a patient who developed a focal parenchymal hematoma within the region of infarction. (A) Original non-contrast CT with

regions-of-interest manually placed within the infarct (avoiding hemorrhage) and in contralateral matching regions (avoiding CSF); (B) Blue region indicates automated

segmentation of infarct lesion; (C) Processing of follow-up CT to measure NWU using automated infarct mask, with removal of voxels representing CSF (white regions

within purple normal mask) and voxels outside the range of 0-40 HU (removing most regions of hemorrhage). The manual NWU was 21.0 and the fully automated

NWU was 21.6.

CSF regions that would be misinterpreted as infarction. This
multi-stage process exhibited similar accuracy to that achieved
with our algorithm (i.e., both had correlation of automated
to manual infarct volumes of 0.98) (35). Two recent deep
learning-based approaches have been proposed for this task:
one employed a combination of three patch-based convolutional
neural networks to identify infarct regions from follow-up scans
in the HERMES collaborative (25). This method (trained on
630 scans, tested on 396) resulted in a lower DSC for infarct
segmentation (0.57 vs. 0.83) and lower ICC (0.88 vs. 0.96) for
infarct volumes measurement than seen with our algorithm,
although we cannot directly compare without head-to-head
testing on a single cohort, given differences in infarct types (for
example, the median infarct volume in our series was 110 vs.
48-ml in the other study). The performance for larger, more
hypodense infarcts was higher, with DSC of 0.78 and ICC of
0.98, comparable to our findings. The second study employed
a generative adversarial network (GAN) to enhance the U-Net
architecture (36). This was trained on 60 scans and tested on 60
others, with DSC of 0.71 and correlation to manual volumes of
0.93. The advantage of this automated method is that it does not
require human input and so can segment large numbers of scans
within the context of the broader automated NWU algorithm.
Given a few outliers where segmentation failed (<5% of cases),
we still recommend manual review of the infarct/NWU results.
However, there is likely some leeway as long as the segmented
infarct region overlaps broadly with the infarct for estimation of
the mean infarct density.

These advances allowed us to measure NWU on both baseline
and follow-up CTs, while most studies have focused on a single
time point. We applied these infarct masks, along with technical
developments to flip the region along the registered midline,
to obtain the ratio of densities between these two regions (i.e.,
NWU). In doing so, we modified the prior thresholds used for
NWU calculation. As in prior studies (25), we noted that a

significant portion of infarcted tissue had HU below 20 and so
excluding voxels with HU < 20 would lead to under-estimation
of the actual infarct density and therefore NWU (as shown in
comparing the results obtained from the two thresholds) (25).
One reason for thresholding at 20 HU is to avoid contamination
of the regions by low-density CSF, an issue in prior studies;
we applied our well-established CSF segmentation algorithm to
subtract these non-brain regions and avoid such contamination.

Presence of hemorrhagic transformation within the infarct
has also confounded measurements of NWU, as voxels with
hemorrhage would have high HU and would lead to significant
underestimation of the actual difference in densities between
infarct and normal brain. This bias has often led to those
scans with significant HT being excluded from NWU studies.
This is a major drawback, as HT occurs in 20–40% of LVO
patients (37), limiting the number of patients who can be
analyzed and generalizability of findings. A recent study of
edema measurement after thrombectomy found that presence
of hemorrhage and/or contrast staining often contaminated
measurement of NWU, leading to under-estimation and even
some negative NWU values; this issue compromised the value
of NWU in comparison to volumetric edema biomarkers (28).
We did not exclude those with HT but applied an upper
threshold of 40H; this removed regions of significant HT (as
shown in Figure 4) and allowed us to measure NWU from all
scans (including those with variable degrees of hemorrhage)
without any noticeable increase in error. However, our cohort
did not include any patients with very large PH-2 hemorrhages;
in such cases where the hemorrhage encompasses the entire
region of infarction, NWU could not be calculated by any
method. We demonstrate that the NWU obtained from our
automated algorithm accurately reflected those obtained using
manually-drawn infarct regions and those using an established
ASPECTS ROI-based method for both baseline and follow-
up CTs (14). There was only a small bias, with automated
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NWU providing lower values (by ∼2%) than manual NWU;
this might actually be because the manual method involves
sampling select regions within the infarct (or core) and
thereby focuses on more obvious hypodense regions where
NWU is higher (compared with our full-infarct method, which
measures edema using the full range of densities within the
infarct) (8).

There have been other recent attempts to operationalize
and simplify measurement of NWU. Notably, all have focused
on estimation of NWU from baseline CTs only and most
require manual region selection or other input/review. One
approach applied an automated core region (similar to our
CTP-based method) but derived from commercial software
(38); it was unclear how this region was transferred to the
NCCT as alignment of CTP source images with NCCT is not
trivial, but likely involved manual inspection and alignment.
Another study manually placed a standard large ROI within the
MCA territory (on a single slice) to estimate where ischemia
might be seen and avoid the need to use CTP to locate
the exact core region (39). Baseline NWU was estimated
from the density of this region vs. a manually translated
contralateral mirror region, but was not compared to a gold-
standard measurement. Only one automated method has been
proposed: using commercial software (syngo.via from Siemens)
to measure the density within affected ASPECTS regions on
baseline CT (40). This technique approximates our manual
ASPECTS-based sampling method but has the advantage of
not requiring CTP for NWU measurement and being relatively
automated (manual inspection of regions was required to
check accuracy). We were not able to compare our automated
method to this automated ASPECTS-NWU approach as we
did not have access to the commercial software, but did use
a comparable manual ASPECTS approach as our ground-truth
for NWU.

Finally, a fourth study applied standardized regions (patches)
within the MCA territory to obtain relative density and estimate
NWU without requiring CTP to generate core masks (41).
However, these regions had to be manually selected to avoid
regions of CSF and old infarcts and would tend to under-
estimate NWU as it inevitably includes non-ischemic regions.
In that study, this patch-based method was compared to a
full-infarct approach (based on region of infarction on follow-
up CT, manually outlined) and found limits of agreement
from −9 to +10, similar to what we found (−5 to +9.7).
For comparison within our own dataset, we implemented a
fully automated version of this patch-based sampling method
to measure NWU from the baseline CTs and showed that it
exhibited moderate agreement with manual ASPECTS region-
based measurements and with our automated approach. This
is likely because this method places regions within the MCA
territory, presuming that these will capture the ischemic tissue
with early edema. As might be expected from a sampling
method that estimates early edema, this approach exhibited wider
limits of agreement compared to our full-infarct/core based
method. Nonetheless, it is an attractive complementary or back-
up option if CTP is not available to define core and the infarct is
not visible.

These studies also confirmed, as we did, that baseline
NWU was higher in those who subsequently developed midline
shift and/or malignant edema. However, none of these studies
incorporated automated assessment of NWU from follow-
up CTs. Our method is therefore more comprehensive in
allowing measurement of NWU from serial CTs at various
time points in a fully automated manner (without manual
inspection, flipping of masks, etc.). We believe that this approach
will empower large cohort studies and clinical trials that
seek to understand the dynamic evolution of edema after
stroke (14).

There remains limitations to applying NWU to study edema,
regardless of measurement approach. As stated above, NWU
cannot be used to estimate edema in the presence of extensive
parenchymal hematoma. In these cases, water accumulation is
unlikely the main contributor to midline shift and deterioration
(37). Instead, efforts at measuring hematoma volume may
allow quantification of secondary injury better than NWU (42).
Concomitant CTP with measurable core volume is generally
required to facilitate measurement of NWU from baseline
CTs unless infarct is clearly visible (as it was in only five
of our 55 cases); this limits its applicability to studies of
early edema. Application of ASPECTS-based approaches may
obviate the need for CTP but rely on presence of early
ischemic changes and would not be possible in those with
“normal” appearing baseline CTs (i.e., ASPECTS= 10). Similarly,
NWU cannot be assessed from early follow-up CTs before
infarct hypodensity is clearly visible. There were several CTs
in our cohort where either no infarct was visible or it was
too subtle for segmentation. We have recently demonstrated
how volumetric CSF-based biomarkers of evolving edema
can be measured and reflect edema formation within the
first 12–24 h after stroke (23). It is possible that these two
biomarkers capture different aspects of edema formation, one
densitometric and other volumetric. The current study provides
technical validation of our approach but was performed in
a pilot cohort too small to analyze clinical outcomes. It also
requires external validation in an independent cohort to ensure
generalizability. We now plan on evaluating both density and
volume ratios (i.e., NWU and CSF ratio) in larger cohorts
using these automated algorithms so that we can understand
the relation of these biomarkers to one another and to relevant
edema outcomes.
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Objectives: We aimed to investigate the association between post-procedure cerebral

blood flow velocity (CBFV) and severity of brain edema in patients with acute ischemic

stroke (AIS) who received early endovascular therapy (EVT).

Methods: We retrospectively included patients with AIS who received EVT within

24 h of onset between February 2016 and November 2021. Post-procedure CBFV

of the middle cerebral artery was measured in the affected and the contralateral

hemispheres using transcranial Doppler ultrasound. The severity of brain edema was

measured using the three-level cerebral edema grading from the Safe Implementation of

Thrombolysis in Stroke-Monitoring Study, with grades 2–3 indicating severe brain edema.

The Association between CBFV parameters and severity of brain edema was analyzed.

Results: A total of 101 patients (mean age 64.2 years, 65.3% male) were included,

of whom 56.3% (57/101) suffered brain edema [grade 1, 23 (22.8%); grade 2, 10

(9.9%); and grade 3, 24 (23.8%)]. Compared to patients with non-severe brain edema,

patients with severe brain edema had lower affected/contralateral ratios of systolic CBFV

(median 1 vs. 1.2, P = 0.020) and mean CBFV (median 0.9 vs. 1.3, P = 0.029).

Multivariate logistic regression showed that severe brain edema was independently

associated with affected/contralateral ratios of systolic CBFV [odds ratio (OR) = 0.289,

95% confidence interval (CI): 0.069–0.861, P = 0.028] and mean CBFV (OR = 0.278,

95% CI: 0.084–0.914, P = 0.035) after adjusting for potential confounders.

Conclusion: Post-procedure affected/contralateral ratio of CBFV may be a promising

predictor of brain edema severity in patients with AIS who received early EVT.

Keywords: ischemic stroke, endovascular therapy, edema, cerebral blood flow velocity, transcranial Doppler

INTRODUCTION

Brain edema is one of the most devastating complications after acute ischemic stroke (AIS) (1).
Malignant brain edema (MBE) is the most severe type of brain edema, and it usually occurs
following the occlusion of the internal carotid artery (ICA) or the middle cerebral artery (MCA)
(2). MBE is characterized by a disastrous clinical course, with a mortality rate reaching 80% in
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conservatively treated patients (3). Since effective treatment
options are limited once MBE occurs, early prediction and
identification of patients at risk of severe brain edema is essential
to improve prognosis (4).

Endovascular therapy (EVT) is the most effective treatment
for patients with large vessel occlusion (5). Recent studies showed
that revascularization was associated with a reduced risk of
MBE (4) and that EVT was inversely associated with the use of
decompressive craniectomy for patients with AIS (6). However,
about 20% of patients with large vessel occlusion still developed
MBE despite successful recanalization (7, 8). Whether post-
procedure factors could guide the early prediction of brain edema
severity is still unknown for patients receiving EVT.

Transcranial Doppler (TCD) as a non-invasive approach for
measuring cerebral blood flow velocity (CBFV) and estimating
increased intracranial pressure at the bedside is widely used
in neurocritical care (9, 10). CBFV reflects real-time cerebral
hemodynamics in patients with AIS; however, the value of
CBFV in predicting brain edema has been poorly studied (11).
Therefore, in this study, we aimed to investigate the value of
post-procedure CBFV in predicting the severity of brain edema
in patients with AIS who received early EVT.

MATERIALS AND METHODS

Patient Selection
Patients with AIS who were admitted to Zhejiang Provincial
People’s Hospital (Hangzhou, China) from February 2016 to
November 2021 and received early EVT were prospectively
included in our study. Stroke was diagnosed according to the
World Health Organization criteria, and ischemic stroke was
confirmed by brain computed tomography (CT) or magnetic
resonance imaging (MRI). We included patients who received
EVT for occlusion of theMCA or ICAwithin 24 h of stroke onset.
We excluded patients who hadmore than one EVTwithin 1 week
of stroke onset, who had no imaging scan or TCD examination
within 1 week of EVT, or who underwent post-procedure TCD
after the last CT scan.

This study was approved by the Ethics Committee of Zhejiang
Provincial People’s Hospital. Informed consent was obtained
from patients or their relatives.

Clinical Management and Data Collection
Upon admission, a brain non-contrast CT scan was performed
for every patient with AIS. Patients who were suspected of
large vessel occlusion were further evaluated by CT angiography
and CT perfusion scanning (Aquilion/ONE TSX-301A, Toshiba,
Tokyo, Japan). We conformed to the latest guidelines for the
selection of candidates for early EVT (5, 12). The final decision
to perform EVT was made after discussing it with the patient’s
families. In our center, EVT includes mechanical thrombectomy
with a stent retriever, direct aspiration, and angioplasty/stenting.
Which procedure to perform is determined by the neuro-
interventionalist in charge.

From all patients, we collected demographic information, time
of onset, past medical history, and stroke severity on admission.
Stroke severity was measured using the National Institutes

of Health Stroke Scale (NIHSS) (13) and Glasgow Coma
Scale (GCS) (14). The state of post-procedure recanalization
was evaluated using the modified Treatment in Cerebral
Ischemia (mTICI) score (15). Hemorrhagic transformation was
determined using the European Cooperative Acute Stroke Study
(ECASS) criteria (16), which comprised hemorrhagic infarction
and parenchymal hemorrhage.

Post-procedure CBFV of the MCA was measured using
TCD (EMS-9PB, Delica, Shenzhen, China) within seven days
of stroke onset. We used a 2-MHz probe to obtain the CBFV
of bilateral MCAs through the temporal bone window, with a
depth of 45–60mm (9). Systolic, diastolic, and mean CBFVs
were recorded. We performed a brain CT scan immediately
after EVT.We strictly maintained post-procedure blood pressure
under 140/90 mmHg in all patients receiving EVT. If angioplasty
or stenting was performed during EVT, blood pressure was
further controlled around 110–120/70–80 mmHg. If the patient
met indications for decompressive craniectomy, neurosurgeons
were consulted.

Osmotic therapy was prescribed when the radiological sign
of space-occupying brain edema was observed. Mannitol and/or
glycerol infusion was the most used regimen. The dosage of
osmotic therapy was determined by the neurologist in charge.
Follow-up brain CT/MRI was scheduled on the first, third, and
seventh days after EVT, or in case of neurological worsening.

Outcome Measures
Brain edema was defined as effacement of cortical sulci or the
ventricular system due to compression of adjacent brain tissue
(17). The severity of brain edema was further assessed using the
cerebral edema (CED) grading from the Safe Implementation of
Thrombolysis in Stroke-Monitoring Study (SITS-MOST) (18), a
three-level scale that classifies brain edema into CED-1 (focal
brain edema up to one-third of the hemisphere), CED-2 (brain
edema greater than one-third of the hemisphere), and CED-
3 (brain edema with midline shift, MLS). Typical imaging
observations of different severity grades of brain edema are
shown in Figure 1.

The primary outcome of this study was severe brain edema
(SBE), defined as brain edema of grades CED-2 or CED-3. The
secondary outcome was MBE, defined as clinical deterioration
(decrease in NIHSS ≥ 4 points or decrease in NIHSS item 1a
of≥1 point), together with radiological signs of space-occupying
edema (MLS ≥ 5mm) within seven days of onset (4). MLS was
defined as the distance of septum pellucidum displacement at the
level of the Foramen of Monro (19).

Statistical Analyses
All statistical analyses were performed using SPSS version 23.0
(IBM, Armonk, NY, USA). We reported the mean ± standard
deviation (SD) or median with interquartile range (IQR) for
reporting continuous variables, and number with percentage
for categorical variables. All ratios presented throughout the
article indicate the proportion of the parameter in the affected
hemisphere compared with the contralateral hemisphere.

Baseline variables were compared between groups with
different severity of brain edema (SBE vs. non-SBE, MBE
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FIGURE 1 | Post-procedure computed tomography scans showing different severity of brain edema according to the Safe Implementation of Thrombolysis in

Stroke-Monitoring Study (SITS-MOST). (A) CED-0: no edema. (B) CED-1: focal brain edema up to one-third of the hemisphere. (C) CED-2: brain edema greater than

one-third of the hemisphere. (D) CED-3: brain edema with midline shift. CED, cerebral edema.

FIGURE 2 | Flow diagram of patient inclusion for the study. EVT, endovascular therapy; ICA, internal carotid artery; MCA, middle cerebral artery; TCD, transcranial

Doppler.
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vs. non-MBE). Analysis of variance (ANOVA) or Mann-
Whitney U test were used to compare continuous variables,
and χ2 or Fisher’s exact test were used to compare categorical
variables as appropriate. Multivariate logistic regression was
applied to examine the association between CBFV and severity
of brain edema after adjustment for potential confounders.
Multivariate analysis was conducted using variables that were
associated with P < 0.10 in the univariate analysis, as
well as variables previously linked to brain edema (4, 20,
21). Consequently, we selected age, NIHSS score, and atrial
fibrillation as potential confounders. Correlations between TCD
parameters and severity of MLS were assessed using Spearman’s
correlation coefficients. A two-sided P < 0.05 was considered
statistically significant.

RESULTS

Patients’ Demographic and Clinical
Characteristics
Details of patient inclusion are shown in Figure 2. Five hundred
and fifty-nine patients received early EVT from February 2016
to November 2021 in our center. We excluded 92 patients for
basilar artery occlusion, 5 patients for anterior cerebral artery
occlusion, 250 patients for no post-procedure TCD, 80 patients
for no TCD examination within 1 week of EVT, and 21 patients
for incomplete data. Finally, a total of 101 patients were included
in the analysis; 65.3% (66/101) were male and the mean age was
64.2 years.

The occluded artery of the index stroke was the ICA in 31.7%
(32/101) of patients, the M1 segment of MCA in 47.5% (48/101),
and the M2 segment of MCA in 20.8% (21/101). The median
time from onset to TCD examination was 5 days (IQR: 3–6 days).
Median systolic CBFV was 87 cm/s, median diastolic CBFV was
32 cm/s, and mean CBFV of the MCA on the affected side was
49.7 cm/s. The hemorrhagic transformation occurred in 42.6%
(43/101) of patients within seven days of onset. Hemorrhagic
infarction grade 1 affected 4% (4/101); hemorrhagic infarction
grade 2, 19.8% (20/101); parenchymal hemorrhage grade 1, 14.9%
(15/101); and parenchymal hemorrhage grade 2, 4% (4/101).
Other baseline characteristics are shown in Table 1.

Brain edema was present on follow-up imaging in 56.3%
(57/101) of included patients. CED-1 was present in 23 (22.8%)
of included patients; CED-2, 10 (9.9%); and CED-3, 24 (23.8%).
For patients with CED-3, the median value of MLS was 4mm
(IQR: 3–7mm). Six patients developedMBE within seven days of
stroke onset.

Comparison of CBFV Between Patients
Who Are Non-SBE and Patients With SBE
Compared to patients who are non-SBE (CED 0–1), patients with
SBE (CED 2–3) had lower ratio of systolic CBFV (median: 1
vs. 1.2, P = 0.020), and lower ratio of mean CBFV (median:
0.9 vs. 1.3, P = 0.029). Similar trends were observed for the
ratio of diastolic CBFV, but the intergroup difference did not
reach statistical significance. Other baseline characteristics were
comparable between the two groups (Table 2).

TABLE 1 | Baseline characteristics and outcomes of included patients.

Characteristic Value

Age, mean ± SD 64.2 ± 15.0

Male, n (%) 66 (65.3)

Hypertension, n (%) 62 (61.4)

Diabetes mellitus, n (%) 17 (16.8)

Atrial fibrillation, n (%) 49 (48.5)

Coronary heart disease, n (%) 7 (6.9)

Stroke history, n (%) 13 (12.9)

NIHSS on admission, median (IQR) 16 (13–20)

GCS on admission, median (IQR) 13 (12–14)

Duration from onset to TCD, days, median (IQR) 5.0 (3.0–6.0)

Intravenous thrombolysis, n (%) 42 (41.6)

Etiology, n (%)

Large-artery atherosclerosis 31 (30.7)

Cardioembolism 55 (54.5)

Others 8 (7.9%)

Undetermined 7 (6.9)

Left hemisphere affected, n (%) 53 (52.5)

Occlusion site, n (%)

ICA 32 (31.7)

M1 48 (47.5)

M2 21 (20.8)

Postoperative mTICI, n (%)

<2b 3 (3.0)

2b 25 (24.8)

3 73 (72.3)

Affected MCA

Systolic CBFV, cm/s, median (IQR) 87.0 (62.0–114.5)

Diastolic CBFV, cm/s, median (IQR) 32.0 (22.0–44.4)

Mean CBFV, cm/s, median (IQR) 49.7 (35.5–67.3)

PI, mean ± SD 1.1 ± 0.2

RI, mean ± SD 0.6 ± 0.1

Contralateral MCA

Systolic CBFV, cm/s, median (IQR) 79.0 (67.5–97.5)

Diastolic CBFV, cm/s, median (IQR) 31.0 (23.0–38.1)

Systolic CBFV, cm/s, median (IQR) 47.0 (37.7–58.3)

PI, mean ± SD 1.1 ± 0.2

RI, mean ± SD 0.6 ± 0.1

Systolic CBFV ratio, median (IQR) 1.1 (0.9–1.4)

Diastolic CBFV ratio, median (IQR) 1.1 (0.8–1.5)

Mean CBFV ratio, median (IQR) 1.1 (0.8–1.4)

PI ratio, median (IQR) 1.0 (0.8–1.1)

RI ratio, median (IQR) 1.0 (0.9–1.1)

Malignant brain edema, n (%) 6 (5.9)

Severity of brain edema, n (%)

No edema 44 (43.6)

CED-1 23 (22.8)

CED-2 10 (9.9)

CED-3 24 (23.8)

All ratios indicate the proportion between affected/contralateral hemispheres.

CBFV, cerebral blood flow velocity; CED, cerebral edema; GCS, Glasgow Coma Scale;

ICA, internal carotid artery; IQR, interquartile range; M1, horizontal segment of middle

cerebral artery; M2, insular segment of middle cerebral artery; MCA, middle cerebral

artery; mTICI, modified Treatment in Cerebral Ischemia; NIHSS, National Institutes of

Health Stroke Scale; PI, pulsatility index; RI, resistance index; SD, standard deviation;

TCD, transcranial Doppler.
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TABLE 2 | Comparison of baseline characteristics between patients with or

without severe brain edema (SBE).

Characteristic SBE

(n = 34)

Non-SBE

(n = 67)

P

Age, mean ± SD 65.0 ± 14.4 63.9 ± 15.4 0.722

Male, n (%) 20 (58.8) 46 (68.7) 0.326

Hypertension, n (%) 21 (61.8) 41 (61.2) 0.956

Diabetes mellitus, n (%) 6 (17.6) 11 (16.4) 0.876

Atrial fibrillation, n (%) 20 (58.8) 29 (43.3) 0.140

Coronary heart disease, n (%) 1 (2.9) 6 (9.0) 0.418

Stroke history, n (%) 6 (17.6) 7 (10.4) 0.353

NIHSS at admission, median (IQR) 17 (15–19) 15 (12–20) 0.048

GCS at admission, median (IQR) 13 (12–14) 13 (12–14) 0.527

Duration from onset to TCD, days, median

(IQR)

5 (3–6) 5 (3–6) 0.870

Intravenous thrombolysis, n (%) 15 (44.1) 27 (40.3) 0.713

Etiology, n (%) 0.529

Large-artery atherosclerosis 10 (29.4) 21 (31.3)

Cardioembolism 21 (61.8) 34 (50.7)

Others 1 (2.9) 7 (10.4)

Undetermined 2 (5.9) 5 (7.5)

Left hemisphere affected, n (%) 16 (47.1) 37 (55.2) 0.437

Occlusion site, n (%) 0.725

ICA 10 (29.4) 22 (32.8)

M1 18 (52.9) 30 (44.8)

M2 6 (17.6) 15 (22.4)

Postoperative mTICI, n (%) 0.740

<2b 1 (2.9) 2 (3.0)

2b 10 (29.4) 15 (22.4)

3 23 (67.6) 50 (74.6)

Systolic CBFV of affected MCA, cm/s,

median (IQR)

84.0

(60.0–104.5)

88.0

(62.0–123.0)

0.327

Diastolic CBFV of affected MCA, cm/s,

median (IQR)

31.5

(20.8–38.8)

33.0

(24.0–47.0)

0.394

Mean CBFV of affected MCA, cm/s,

median (IQR)

47.7

(34.3–60.6)

51.0

(36.7–72.3)

0.304

PI of affected MCA, median (IQR) 1.0 (1.0–1.2) 1.0 (0.9–1.2) 0.752

RI of affected MCA, median (IQR) 0.6 (0.6–0.7) 0.6 (0.6–0.7) 0.752

Systolic CBFV of contralateral MCA, cm/s,

median (IQR)

85.0

(71.5–107.3)

78.0

(66.0–94.0)

0.197

Diastolic CBFV of contralateral MCA,

cm/s, median (IQR)

31.5

(22.0–42.0)

31.0

(23.0–38.0)

0.479

Mean CBFV of contralateral MCA, cm/s,

median (IQR)

49.1

(41.3–62.3)

46.7

(37.3–55.7)

0.273

PI of contralateral MCA, median (IQR) 1.1 (0.9–1.3) 1.0 (0.9–1.2) 0.782

RI of contralateral MCA, median (IQR) 0.6 (0.6–0.7) 0.6 (0.6–0.7) 0.782

Systolic CBFV ratio, median (IQR) 1.0 (0.8–1.3) 1.2 (0.9–1.4) 0.020

Diastolic CBFV ratio, median (IQR) 1.0 (0.8–1.3) 1.3 (0.9–1.6) 0.050

Mean CBFV ratio, median (IQR) 0.9 (0.8–1.3) 1.3 (0.9–1.5) 0.029

PI ratio, median (IQR) 1.0 (0.9–1.1) 1.0 (0.8–1.2) 0.994

RI ratio, median (IQR) 1.0 (0.9–1.1) 1.0 (0.9–1.1) 0.903

All ratios indicate the proportion between affected/contralateral hemisphere.

CBFV, cerebral blood flow velocity; GCS, Glasgow Coma Scale; ICA, internal carotid

artery; IQR, interquartile range; M1, horizontal segment of middle cerebral artery; M2,

insular segment of middle cerebral artery; MCA, middle cerebral artery; mTICI, modified

Treatment in Cerebral Ischemia; NIHSS, National Institutes of Health Stroke Scale; PI,

pulsatility index; RI, resistance index; SBE, severe brain edema; SD, standard deviation;

TCD, transcranial Doppler. P-values in bold indicate statistically significant.

TABLE 3 | Multivariate analysis of the association between the ratio of cerebral

blood flow velocity and severe brain edema.

Multivariate regression model OR 95% CI P

Model 1

Age 0.994 0.962–1.027 0.733

NIHSS score 1.083 0.993–1.181 0.072

Atrial fibrillation 1.709 0.666–4.385 0.265

Systolic CBFV ratio 0.289 0.069–0.861 0.028

Model 2

Age 0.994 0.962–1.026 0.700

NIHSS score 1.078 0.990–1.173 0.084

Atrial fibrillation 1.677 0.657–4.279 0.280

Diastolic CBFV ratio 0.428 0.161–1.139 0.089

Model 3

Age 0.994 0.962–1.027 0.717

NIHSS score 1.082 0.993–1.180 0.073

Atrial fibrillation 1.667 0.651–4.271 0.287

Mean CBFV ratio 0.278 0.084–0.914 0.035

All ratios indicate the proportion between affected/contralateral hemispheres.

P-values in bold indicate statistically significant.

CBFV, cerebral blood flow velocity; CI, confidence interval; NIHSS, National Institutes of

Health Stroke Scale; OR, odds ratio.

TABLE 4 | Correlation between transcranial Doppler parameters and severity of

midline shift in patients with CED-3 (n = 24).

Transcranial Doppler parameter r P

Affected MCA

Systolic CBFV −0.467 0.021

Diastolic CBFV −0.465 0.022

Mean CBFV −0.481 0.018

PI 0.164 0.444

RI 0.164 0.444

Contralateral MCA

Systolic CBFV −0.206 0.334

Diastolic CBFV −0.075 0.728

Mean CBFV −0.141 0.512

PI −0.142 0.507

RI −0.142 0.507

Systolic CBFV ratio −0.300 0.155

Diastolic CBFV ratio −0.436 0.033

Mean CBFV ratio −0.372 0.073

PI ratio 0.255 0.229

RI ratio 0.259 0.223

All ratios indicate the proportion between affected/contralateral hemispheres.

P-values in bold indicate statistically significant.

CBFV, cerebral blood flow velocity; CED, cerebral edema; MCA, middle cerebral artery;

PI, pulsatility index; RI, resistance index.

After adjusting for potential confounders, including age,
admission NIHSS score, and atrial fibrillation, we found
increased risk of SBE to be independently associated with lower
ratio of systolic CBFV (OR = 0.289, 95% CI: 0.069–0.861, P =

0.028) and lower ratio of mean CBFV (OR = 0.278, 95% CI:
0.084–0.914, P = 0.035) (Table 3). Among patients with MLS
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FIGURE 3 | Scatter plot showing correlation between CBFV and MLS in patients with CED-3 (n = 24). (A) Systolic CBFV of the affected MCA and MLS; (B) diastolic

CBFV of the affected MCA and MLS; (C) mean CBFV of the affected MCA and MLS; (D) and affected/contralateral ratio of diastolic CBFV and MLS. CBFV, cerebral

blood flow velocity; CED, cerebral edema; MCA, middle cerebral artery; MLS, midline shift.

(CED-3), severity of MLS correlated with CBFV (systolic: r =

−0.467, P = 0.021; diastolic: r = −0.465, P = 0.022; mean:
r =−0.481, P= 0.018) in the affected MCA and ratio of diastolic
CBFV (r =−0.436, P = 0.033) (Table 4; Figure 3).

Comparison of CBFV Between Patients
Who Are Non-MBE and Patients With MBE
Compared to patients with non-MBE, patients with MBE had
a lower ratio of systolic CBFV (0.8 vs. 1.1, P = 0.049) and a
lower ratio of mean CBFV (0.8 vs. 1.1, P = 0.041) (Table 5). The
multivariate analysis could not be performed due to the small
number of patients in the MBE group.

Comparison of CBFV Between
Hemorrhagic Transformation Subgroups
Compared to patients with hemorrhagic infarction, patients with
parenchymal hemorrhage had a higher ratio of diastolic CBFV

(1.3 vs. 0.9, P = 0.043), while values of CBFV were similar
between patients with or without hemorrhagic transformation.

DISCUSSION

Patients with AIS with large vessel occlusion are at high risk
of developing MBE even after EVT. However, reliable markers
for the prediction of post-EVT brain edema severity are lacking.
Thus, here, we aimed to investigate the association between
post-procedure CBFV measured by TCD and the severity of
brain edema to evaluate the prognostic capacity of CBFV. In
a Chinese cohort of patients, we found that a lower ratio of
affected/contralateral CBFV was independently associated with
an increased risk of severe brain edema.

In AIS research, TCD has traditionally been used as a real-
time screening tool for recanalization, perfusion state, and
microemboli during EVT (22, 23), but studies on the association
between TCDparameters and brain edema are limited. One study
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TABLE 5 | Comparison of baseline characteristics between patients with or

without malignant brain edema (MBE).

Characteristic MBE

(n = 6)

Non-MBE

(n = 95)

P

Age, median (IQR) 80.5

(59.8–83.3)

65.0

(55.0–74.0)

0.131

Male, n (%) 4 (66.7) 62 (65.3) >0.999

Hypertension, n (%) 4 (66.7) 58 (61.1) >0.999

Diabetes mellitus, n (%) 3 (50.0) 14 (14.7) 0.058

Atrial fibrillation, n (%) 6 (100.0) 43 (45.3) 0.011

Coronary heart disease, n (%) 0 (0) 7 (7.4) >0.999

Stroke history, n (%) 1 (16.7) 12 (12.6) 0.572

NIHSS at admission, median (IQR) 18 (17–22) 16 (12–20) 0.091

GCS at admission, median (IQR) 13 (10–13) 13 (12–14) 0.167

Duration from onset to TCD, days, median

(IQR)

3 (2–5) 5 (3–6) 0.142

Intravenous thrombolysis, n (%) 3 (50.0) 39 (41.1) 0.691

Etiology, n (%) 0.149

Large-artery atherosclerosis 0 (0) 31 (32.6)

Cardioembolism 6 (100.0) 49 (51.6)

Others 0 (0) 8 (8.4)

Undetermined 0 (0) 7 (7.4)

Left hemisphere affected, n (%) 3 (50.0) 50 (52.6) >0.999

Occlusion site, n (%) 0.684

ICA 2 (33.3) 30 (31.6)

M1 2 (33.3) 46 (48.4)

M2 2 (33.3) 19 (20.0)

Postoperative mTICI, n (%) 0.097

<2b 1 (16.7) 2 (2.1)

2b 2 (33.3) 23 (24.2)

3 3 (50.0) 70 (73.7)

Systolic CBFV of affected MCA, cm/s,

median (IQR)

80.5

(52.0–102.8)

88.0

(62.0–117.0)

0.417

Diastolic CBFV of affected MCA, cm/s,

median (IQR)

30.0

(19.8–41.5)

32.0

(23.0–44.7)

0.610

Mean CBFV of affected MCA, cm/s,

median (IQR)

46.8

(30.5–61.9)

50.0

(35.7–68.3)

0.490

PI of affected MCA, median (IQR) 1.0 (1.0–1.1) 1.0 (0.9–1.2) 0.966

RI of affected MCA, median (IQR) 0.6 (0.6–0.6) 0.6 (0.6–0.7) 0.966

Systolic CBFV of contralateral MCA, cm/s,

median (IQR)

104.0

(61.3–136.3)

79.0

(68.0–96.0)

0.214

Diastolic CBFV of contralateral MCA,

cm/s, median (IQR)

44.5

(24.5–58.0)

31.0

(23.0–38.0)

0.117

Mean CBFV of contralateral MCA, cm/s,

median (IQR)

66.0

(36.3–81.6)

46.7

(37.7–56.3)

0.145

PI of contralateral MCA, median (IQR) 1.0 (0.8–1.2) 1.1 (0.9–1.2) 0.429

RI of contralateral MCA, median (IQR) 0.6 (0.5–0.7) 0.6 (0.6–0.7) 0.429

Systolic CBFV ratio, median (IQR) 0.8 (0.6–1.0) 1.1 (0.9–1.4) 0.049

Diastolic CBFV ratio, median (IQR) 0.7 (0.6–1.1) 1.2 (0.9–1.5) 0.056

Mean CBFV ratio, median (IQR) 0.8 (0.6–1.0) 1.1 (0.9–1.4) 0.041

PI ratio, median (IQR) 1.0 (0.9–1.3) 1.0 (0.8–1.1) 0.566

RI ratio, median (IQR) 1.0 (0.9–1.2) 1.0 (0.9–1.1) 0.481

All ratios indicate the proportion between affected/contralateral hemispheres.

P-values in bold indicate statistically significant.

CBFV, cerebral blood flow velocity; GCS, Glasgow Coma Scale; ICA, internal carotid

artery; IQR, interquartile range; M1, horizontal segment of middle cerebral artery; M2,

insular segment of middle cerebral artery; MBE, malignant brain edema; MCA, middle

cerebral artery; mTICI, modified Treatment in Cerebral Ischemia; NIHSS, National Institutes

of Health Stroke Scale; PI, pulsatility index; RI, resistance index; TCD, transcranial Doppler.

(24) assessed cerebral autoregulation using CBFV and arterial
blood pressure in 46 patients with MCA infarction and found
that impaired cerebral autoregulation was associated with brain
edema on admission and 24 h after admission. In contrast, in this
study, we assessed direct TCD parameters, which aremore widely
used in clinical practice than analysis of cerebral autoregulation.

In our study, a lower ratio of CBFV in the affected MCA
relative to the contralateral MCA was associated with a higher
risk of SBE. On the contrary, one study (25) included 185
patients with large vessel occlusion who received EVT, and
found that a pathologically high ratio of peak systolic velocity
(in the recanalized/contralateral MCA) was associated with 3-
month poor outcomes, although the incidence of brain edema
was not reported. Notably, the mean peak systolic velocity ratio
was highest immediately after EVT and decreased with time in
this study (25).

The detrimental effects of high CBFV could be explained by
secondary injury due to cerebral hyperperfusion syndrome (26),
while hypoperfusion itself is a strong risk factor for ischemia
damage (27). Consistent with this, a study on traumatic brain
injury showed that deviation of optimal cerebral perfusion
pressure in either direction was associated with poor outcomes
(28). Besides, contradictory results were observed when CBFV
was measured at different times after EVT, suggesting that
differences in when TCD was evaluated may be another reason
for the observed disparity among studies. In a study of 123
patients with AIS receiving early EVT (29), the elevation of
mean blood flow index (recanalized/contralateral MCA) within
24 h of EVT (mean time: 6.6 h) was associated with a higher
risk of hemorrhagic transformation and unfavorable outcomes.
While another study of 31 patients with AIS receiving EVT (30)
reported that acceleration of CBFV within seven days (mean:
3.4 days) of mechanical thrombectomy was not associated with
clinical deterioration.

Among TCD parameters, pulsatility index (PI) has been
correlated with intracranial pressure in patients with traumatic
brain injury (31). One study (32) investigated the association
between PI generated from the contralateral MCA and MLS
in patients with large MCA infarction. Researchers found that
baseline PI values and their increase correlated with MLS on
day 3, suggesting that higher PI was an indicator of increased
intracranial pressure in AIS (32). In our study, however, PI
values were similar between the SBE and non-SBE groups,
which indicated that the relative decrease of CBFV in the
affected hemisphere was not caused by the edema itself. We
speculate that ischemia and mechanical injury to the vascular
endothelium may cause dysfunction of cerebral autoregulation,
which further aggravates ischemic damage and leads to brain
edema (24, 33, 34).

Notably, although 33.7% of included patients in our study
had SBE, only six of them developed MBE, which has a
more profound influence on clinical outcomes (2). In our
previous systematic review, the median time for detection of
MBE in existing studies was 6 days (4). Here, the median
time from onset to MBE was 5 days (2.8–5.3 days) and
the median time from onset to TCD was 2.5 days (1.5–
4.8 days) for patients with MBE. In an early post-mortem
study (35), the extent of MLS reached its peak about 4 days
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after onset. A sonographic study detected a gradual increase
in MLS during the first 4 days after hemispheric infarction
(36). Therefore, CBFV measured by TCD early after EVT may
offer valuable information for predicting space-occupying brain
edema and subsequent MBE. However, this hypothesis could not
be confirmed in the current study due to the small number of
MBE cases.

Our study presents several limitations. First, the retrospective
design might cause a selection bias, which may mean that some
patients with severe edema did not undergo TCD because of
their unstable condition. Second, the timing of TCD evaluations
was not standardized. On the other hand, these two limitations
may mean that our results better reflect actual clinical practice.
Measuring CBFV immediately after EVT, and then, dynamically
thereafter could help illuminate the natural course of brain
edema following EVT and offer more information for clinical
decisions. Prospective, multi-center studies with larger samples
and quantitative analysis of brain edema are needed (37). A
nomogram or grading scale derived from multivariate models is
also needed to evaluate the reliability and strength of CBFV in
predicting brain edema.

CONCLUSION

A lower affected/contralateral ratio of CBFV in MCA within
seven days of EVT may be associated with an increased risk of
severe brain edema in patients with AIS. Post-procedure CBFV
measured by TCD may be a predictor of severe brain edema.
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Net water uptake, a
neuroimaging marker of early
brain edema, as a predictor of
symptomatic intracranial
hemorrhage after acute
ischemic stroke

Tianqi Xu1†, Jianhong Yang1†, Qing Han1†, Yuefei Wu1,

Xiang Gao2, Yao Xu1, Yi Huang2,3, Aiju Wang4,

Mark W. Parsons5,6* and Longting Lin1,5*

1Department of Neurology, Ningbo First Hospital, Ningbo Hospital of Zhejiang University, Ningbo,

China, 2Department of Neurosurgery, Ningbo First Hospital, Ningbo Hospital of Zhejiang University,

Ningbo, China, 3Key Laboratory of Precision Medicine for Atherosclerotic Diseases of Zhejiang

Province, Ningbo, China, 4Department of Neurology, Ningbo Fourth Hospital, Ningbo, China,
5Sydney Brain Center, University of New South Wales, Sydney, NSW, Australia, 6Department of

Neurology, Liverpool Hospital, Sydney, NSW, Australia

Objective: We hypothesized that quantitative net water uptake (NWU), a

novel neuroimaging marker of early brain edema, can predict symptomatic

intracranial hemorrhage (sICH) after acute ischemic stroke (AIS).

Methods: Weenrolled patients with AIS who completed admissionmultimodal

computed tomography (CT) within 24h after stroke onset. NWU within the

ischemic core and penumbra was calculated based on admission CT, namely

NWU-core and NWU-penumbra. sICH was defined as the presence of ICH

in the infarct area within 7 days after stroke onset, accompanied by clinical

deterioration. The predictive value of NWU-core and NWU-penumbra on

sICH was evaluated by logistic regression analyses and the receiver operating

characteristic (ROC) curve. A pure neuroimaging prediction model was built

considering imaging markers, which has the potential to be automatically

quantified with an artificial algorithm on image workstation.

Results: 154 patients were included, of which 93 underwent mechanical

thrombectomy (MT). The median time from symptom onset to admission

CT was 262min (interquartile range, 198–368). In patients with MT, NWU-

penumbra (OR =1.442; 95% CI = 1.177–1.766; P < 0.001) and NWU-core (OR

= 1.155; 95% CI = 1.027–1.299; P = 0.016) were independently associated

with sICH with adjustments for age, sex, time from symptom onset to CT,

hypertension, lesion volume, and admission National Institutes of Health

Stroke Scale (NIHSS) score. ROC curve showed that NWU-penumbra had

better predictive performance than NWU-core on sICH [area under the curve

(AUC): 0.773 vs. 0.673]. The diagnostic e�ciency of the predictive model was

improved with the containing of NWU-penumbra (AUC: 0.853 vs. 0.760). A

pure imaging model also presented stable predictive power (AUC = 0.812).

In patients without MT, however, only admission NIHSS score (OR = 1.440;

95% CI = 1.055–1.965; P = 0.022) showed significance in predicting sICH in

multivariate analyses.
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Conclusions: NWU-penumbra may have better predictive performance than

NWU-core on sICH after MT. A pure imaging model showed potential value to

automatically screen patients with sICH risk by image recognition, which may

optimize treatment strategy.

KEYWORDS

brain edema, multimodal CT, net water uptake, symptomatic intracranial hemorrhage

(sICH), acute ischemic stroke (AIS), mechanical thrombectomy (MT)

Introduction

Brain edema is an important pathophysiological process

after acute ischemic stroke (AIS). The pathophysiological

mechanisms are primarily cytotoxic edema, angiogenic edema,

and cerebrospinal fluid influx (1, 2). Progressive edema

will lead to irreversible tissue injury, secondary neurological

deterioration, and poor outcome (3). Current assessments of

brain edema degree are mainly based on follow-up non-contrast

computed tomography (NCCT), as brain edema peaks around

3 days after stroke onset (4). Imaging characteristics such

as shrunken sulci, low density around infarct core, midline

shift, and even brain hernia suggest brain edema indirectly

(5). However, there are few neuroimaging markers able to

detect brain edema early, directly, and quantitatively, and none

of these neuroimaging markers were available in CT until

recently (6).

Quantitative net water uptake (NWU) is a relatively

novel neuroimaging marker of early brain edema after AIS,

first described in 2016 based on admission multimodal CT

(7). Researchers subsequently reported that NWU within the

ischemic core can identify patients within the thrombolysis

time window and predict poor outcomes at 90 days, and those

with malignant edema (8–10). In the hyperacute stage of AIS,

cytotoxic edema will lead to endothelial cell swelling, further

blood-brain barrier (BBB) breakdown, increased permeability,

and ultimately may contribute to hemorrhagic transformation

(HT). Previous research reported that NWUwithin the ischemic

core was a predictor of HT in patients with successful

reperfusion (11). In this study, NWU within the ischemic

core and the ischemic penumbra were calculated separately.

The predictive values of NWU-core and NWU-penumbra on

symptomatic intracranial hemorrhages (sICH) after AIS were

further investigated.

Methods

Patients

This is a single-institute retrospective study. The clinical

and imaging data were obtained from an established database,

which contains data from all patients with AIS admitted to the

Emergency Department at Ningbo First Hospital (Advanced

Stroke Center) between July 2017 and September 2019.

Inclusion criteria: (1) acute anterior circulation infarction; (2)

admission multimodal CT including NCCT, CT angiography

(CTA), and CT perfusion (CTP) were completed within 24 h

after symptom onset. In patients with wake-up stroke, we

estimated the time of stroke onset by taking the midpoint

between sleep time and wake time (12); (3) follow-up CT

scans performed at 24 h and 1 week after stroke onset or

immediately in case of clinical deterioration; (4) the absence of

intracranial hemorrhage, brain tumor, or preexisting infarctions

in admission NCCT. The thrombolysis in cerebral infarction

(TICI) grading scale is used to define endpoints of successful

revascularization (13).

FIGURE 1

Quantification of NWU-core and NWU-penumbra in admission

CT. CBV and DT maps based on CTP were used to identify the

ischemic core and penumbra with the setting of di�erent

thresholds. The mean density of the ischemic core, ischemic

penumbra, and normal tissue derived from mirrored

contralateral were then calculated (Dre, Dpenra, and Dnra).

Frontiers inNeurology 02 frontiersin.org

85

https://doi.org/10.3389/fneur.2022.903263
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Xu et al. 10.3389/fneur.2022.903263

TABLE 1 Baseline characteristics of enrolled patients.

Non-sICH (n= 126) sICH* (n= 28) P-value

Demographics

Age, mean± SD 69± 13 70± 11 0.353

Sex, male (%) 74 (58.7) 13 (46.4) 0.293

Comorbidities

Hypertension, n (%) 73 (57.9) 22 (78.6) 0.053

Diabetes mellitus, n (%) 11 (8.7) 6 (21.4) 0.088

Atrial fibrillation, n (%) 75 (59.5) 19 (67.9) 0.522

Coronary heart disease, n (%) 15 (12.0) 4 (14.3) 0.753

Stroke etiology 0.711

Atherothrombotic, n (%) 27 (21.4) 4 (14.3)

Cardioembolic, n (%) 72 (57.1) 18 (64.3)

Others, n (%) 27 (21.4) 6 (21.4)

NIHSS score, median (IQR) 17 (12–21) 21 (15–28) 0.008

Time from symptom onset to CT, min, median (IQR) 253 (194–366) 310 (242–398) 0.100

Imaging biomarkers

Ischemic core volume, ml, median (IQR) 24 (9–45) 48 (32–62) <0.001

Ischemic penumbra volume, ml, median (IQR) 66 (33–102) 87 (57–136) 0.060

NWU-core, %, median (IQR) 5.3 (2.7–8.9) 8.2 (5.8–10.9) 0.015

NWU-penumbra, %, median (IQR) 0.9 (−1.5 to 3.5) 3.6 (2.1–5.1) <0.001

Treatment 0.069

Mechanical thrombectomy, n (%) 51 (40.5) 18 (64.3)

Intravenous thrombolysis, n (%) 44 (34.9) 4 (14.1)

Bridging therapy, n (%) 19 (15.1) 5 (17.9)

Antiplatelet agents, n (%) 12 (9.5) 1 (3.6)

sICH, symptomatic intracranial hemorrhage; NIHSS, National Institutes of Health Stroke Scale; NWU-core, net water uptake within ischemic core; NWU-penumbra, net water uptake

within ischemic penumbra.

For continuous variables that follow a normal distribution, data were expressed as mean± SD, the t-test was used for group comparison. For non-normal continuous variables, data were

presented in the form of the medians (interquartile ranges), and the Mann-WhitneyU-test was applied. Categorical variables were expressed as frequencies (percentages), using the χ
2 test

or Fisher’s test as appropriate.
*sICH was defined in reference to ECASSii criterion as hemorrhagic hyperintense in the infarction area scanned by CT within 1 week from symptom onset, accompanied by an increase of

at least 4 points in the NIHSS score from baseline. The bold values means p < 0.1.

Definition of sICH

According to the European Cooperative Acute Stroke

Study (ECASS) II criteria, hemorrhagic transformation (HT) of

infarcted brain tissue can be divided into four types, including

HI1 (scattered small petechiae, no mass effect), HI2 (confluent

petechiae, no mass effect), PH1 (hematoma within infarcted

tissue, occupying < 30%, no substantive mass effect), and PH2

(hematoma occupying 30% or more of the infarcted tissue,

with obvious mass effect). sICH was defined as the presence of

hemorrhagic hyperdensity in the infarction area on follow-up

CT scans within 7 days, accompanied by clinical deterioration

(an NIHSS score increase ≥ 4 from baseline) (14, 15) with no

explanation for the clinical deterioration other than secondary

intracerebral hemorrhage.

Imaging analysis

Admission multimodal CT was conducted by a 320-slice

scanner (Toshiba Aquilion ONE, Canon Medical Imaging,

Tokyo, Japan) with 320 axial sections and 0.5mm thickness.

All imaging data were processed by commercial software

(MIstar, Apollo Medical Imaging Technology, Melbourne, VIC,

Australia). CTP was used to identify the ischemic core and

ischemic penumbra. The threshold of ischemic core was delay

time (DT) > 3 s and cerebral blood flow (CBF) < 30%. The

threshold of ischemic penumbra was DT > 3 s and CBF >

30% (16). Regions of interest (ROIs) corresponding to the

ischemic core and penumbra according to these thresholds

were drawn manually, and mirrored contralateral ROIs were

generated automatically and defined as normal tissue. These
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FIGURE 2

Data distributions of NWU-core and NWU-penumbra in patients stratified by reperfusion therapies. (A) Scatter plot showed the relationship

between NWU-core and NWU-penumbra in patients with MT. (B) Group 1: NWU-core of sICH patients, group 2: NWU-core of non-sICH

patients, group 3: NWU-penumbra of sICH patients, group 4: NWU-penumbra of non-sICH patients. Box plot showed that in patients with MT,

sICH group had higher NWU-core [8.8 (6.0–10.9) vs. 5.0 (2.8–9.0), P = 0.013] and NWU-penumbra [2.6 (3.6–5.1) vs. 0.7 (−1.2 to 3.4), P < 0.001]

than those without sICH. (C) Scatter plot showed the relationship between NWU-core and NWU-penumbra in patients without MT. (D) Group 1:

NWU-core of sICH patients, group 2: NWU-core of non-sICH patients, group 3: NWU-penumbra of sICH patients, group 4: NWU-penumbra of

non-sICH patients. Box plot showed that in patients without MT, there was no statistical di�erence in NWU-core [6.8 (1.1–12.6) vs. 6.0 (2.3–8.0),

P = 0.885] and NWU-penumbra [2.0 (−0.4 to 7.2) vs. 1.5 (−2.8 to 4.1), P = 0.318] between sICH and non-sICH group. * p < 0.05; ** p < 0.01; ***

p < 0.001; **** p < 0.0001.

ROIs were then superimposed on NCCT to measure CT density

(Dre, Dpenra, and Dnra) with Hounsfield units (HU) between

20 and 80 (Figure 1). NWU-core was defined as an elevated

volume of water (∆ ater) per unit volume of ischemic core

(core). Similarly, NWU-penumbra was defined as ∆ ater per

unit volume of ischemic penumbra (penumbra), according to the

following equations (6, 7):

NWUcore =
Vwater

Vcore
=

(

1−
Dcore

Dnormal

)

× 100%

NWUpenumbra =
Vwater

Vpenumbra
=

(

1−
Dpenumbra

Dnormal

)

× 100%

Statistical methods

We performed the statistical analyses under the supervision

of professional statisticians. SPSS version 22.0 (SPSS Inc,

Chicago, IL, USA), MedCalc version 20.027 (MedCalc Software

Ltd, Ostend, Belgium), and GraphPad Prism version 8.0

(GraphPad Software, San Diego, CA, USA) were used in

these analyses. Baseline characteristics were compared between

patients with and without sICH. For continuous variables

that followed a normal distribution, data were expressed as

mean ± SD, and the t-test was used for group comparison.

For non-normal continuous variables, data were presented

in the form of the medians (interquartile ranges), and the

Mann–Whitney U test was applied. Categorical variables were

expressed as frequencies (%) using the χ
2 test or Fisher’s test as

appropriate. Univariate logistic regression analyses were used to

explore the associations between sICH, NWU-core, and NWU-

penumbra. Backward stepwise multivariate logistic regression

analyses were then performed. We used age, sex, admission

NIHSS score, time from symptom onset to CT, lesion volume,

and variables with P < 0.10 in the univariate analyses as

covariates. The variance inflation factor (VIF) was calculated

to examine multicollinearity among variables included in

regression models. Predictive models containing NWU-core

and NWU-penumbra were further built. The predictive

power of NWU-core, NWU-penumbra, and regression models

were measured by receiver operating characteristic (ROC)

curve analysis.
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TABLE 2 Univariate logistic regression analysis for risk of sICH in patients stratified by reperfusion therapies.

With MT (n= 93) Without MT (n= 61)

OR (95% CI) P-value OR (95% CI) P-value

Clinical characteristics

Age 1.020 (0.981–1.060) 0.322 0.996 (0.919–1.079) 0.926

Male 0.818 (0.318–2.100) 0.676 0.342 (0.053–2.227) 0.262

Hypertension 3.812 (1.274–11.406) 0.017 1.744 (0.181–16.778) 0.630

Diabetes mellitus 1.042 (0.388–2.797) 0.935 11.778 (1.394–99.511) 0.024

Atrial fibrillation 1.632 (0.442–6.021) 0.462 3.467 (0.364–33.001) 0.280

Coronary heart disease 1.605 (0.435–5.926) 0.478 NA 0.999

Stroke etiology 1.018 (0.634–1.636) 0.940 1.221 (0.523–2.850) 0.644

NIHSS score 1.054 (0.980–1.134) 0.157 1.237 (1.066–1.434) 0.005

Time from symptom onset to CT 1.001 (0.998–1.003) 0.657 1.003 (0.996–1.009) 0.412

Imaging biomarkers

Ischemic core volume 1.014 (1.001–1.027) 0.034 1.009 (0.996–1.022) 0.194

Ischemic penumbra volume 1.003 (0.994–1.011) 0.542 0.995 (0.974–1.016) 0.617

NWU-core 1.143 (1.024–1.277) 0.018 1.035 (0.858–1.250) 0.717

NWU-penumbra 1.431 (1.159–1.766) 0.001 1.131 (0.911–1.405) 0.265

sICH, symptomatic intracranial hemorrhage; MT, mechanical thrombectomy; NIHSS, National Institutes of Health Stroke Scale; NWU-core, net water uptake within ischemic core;

NWU-penumbra, net water uptake within ischemic penumbra. The bold values means p < 0.1.

Results

Baseline characteristics of enrolled
patients

A total of 154 patients with acute anterior circulation

ischemic stroke were included in the study. There were 58 cases

of HT (37.7%), including 8 cases of HI1 (5.2%), 24 cases of

HI2 (15.6%), 12 cases of PH1 (7.8%), and 14 cases of PH2

(9.1%). sICH occurred in 28 patients (18.2%). Table 1 shows

the baseline characteristics of patients. The median time from

symptom onset to multimodal CT was 262min (interquartile

range, 198–368). Compared with non-sICH patients, patients

with sICH have higher median admission NIHSS score [21 (15–

28) vs. 17 (12–21), P = 0.008], higher median ischemic core

volume [48 (32–62) vs. 24 (9–45), P < 0.001], higher median

NWU-core [8.2 (5.8–10.9) vs. 5.3 (2.7–7.9), P = 0.015] and

higher median NWU-penumbra [3.6 (2.1–5.1) vs. 0.9 (−1.5 to

3.5), P < 0.001].

Univariate logistic regression analysis for
risks of sICH in patients stratified by
reperfusion therapies

Among the 154 enrolled patients, 93 underwent MT,

of which 73 patients (78.5%) received successful reperfusion

according to the TICI grading scale. Of the 61 patients who

did not receive MT, 48 underwent intravenous thrombolysis

and 13 received antiplatelet agents only. Supplementary Table 1

shows patient’s demographics of group MT vs. non-MT and

indicates that 23 (82.1%) of the 28 patients with sICH underwent

MT. Figure 2 shows the data distributions of NWU-core and

NWU-penumbra. In the MT group, patients with sICH had

higher NWU-core [8.8 (6.0–10.9) vs. 5.0 (2.8–9.0), P = 0.013]

and higher NWU-penumbra [2.6 (3.6–5.1) vs. 0.7 (−1.2 to

3.4), P < 0.001]. Univariate analysis showed that hypertension

(OR = 3.812; 95% CI = 1.274–11.406; P = 0.017), ischemic

core volume (OR = 1.014; 95% CI = 1.001–1.027; P = 0.034),

NWU-core (OR = 1.143; 95% CI = 1.024–1.277; P = 0.018),

and NWU-penumbra (OR =1.431; 95% CI = 1.159–1.766; P

= 0.001) were associated with sICH after MT. However, in

patients without MT, none of the imaging biomarkers showed

significance, only admission NIHSS score (OR = 1.237; 95%

CI = 1.066–1.434; P = 0.005) and diabetes mellitus (OR =

11.778; 95% CI = 1.394–99.511; P = 0.024) were significantly

correlated with sICH (Table 2). The associations between NWU-

core and NWU-penumbra with different types of HT are shown

in Supplementary Table 2.

Multivariate logistic regression analysis
for predictive models of sICH in patients
stratified by reperfusion therapies

Table 3 shows four different predictive models of sICH

in patients with MT. Model 1 was built without NWU for
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TABLE 3 Multivariable logistic regression analysis for predictive

models of sICH in patients with MT.

OR (95% CI) P-value

Model 1: without NWU

Hypertension 3.663 (1.199–11.186) 0.023

Ischemic core volume 1.013 (0.999–1.026) 0.067

Model 2: containing NWU-core

NWU-core 1.155 (1.027–1.299) 0.016

Hypertension 4.338 (1.330–14.150) 0.015

Ischemic core volume 1.012 (0.998–1.026) 0.091

Model 3: containing NWU-penumbra

NWU-penumbra 1.442 (1.177–1.766) <0.001

Hypertension 5.209 (1.466–18.508) 0.011

Ischemic core volume 1.017 (1.000–1.034) 0.052

Model 4: pure imaging biomarkers

NWU-penumbra 1.412 (1.150–1.735) 0.001

Ischemic core volume 1.017 (1.001–1.033) 0.034

sICH, symptomatic intracranial hemorrhage; MT, mechanical thrombectomy; NWU-

core, net water uptake within ischemic core; NWU-penumbra, net water uptake within

ischemic penumbra.

Model 1 was built without NWU for subsequent comparison. Model 2 containing NWU-

core was adjusted by age, sex, baseline NIHSS score, time from symptom onset to CT.

Model 3 containing NWU-penumbra was adjusted by age, sex, baseline NIHSS score,

time from symptom onset to CT. Model 4 was a pure imaging predictive model without

the adjustment of clinical characteristics. The bold values means p < 0.1.

subsequent comparison. Models 2 and 3 included NWU-

core and NWU-penumbra separately as they were correlated

(Spearman correlation coefficient = 0.555; P < 0.001). Model

4 contained only imaging markers. We found that NWU-

penumbra (OR = 1.442; 95% CI = 1.177–1.766; P < 0.001) and

NWU-core (OR = 1.155; 95% CI = 1.027–1.299; P = 0.016)

were independently associated with sICH after adjustment for

age, sex, admission NIHSS score, time from symptom onset to

CT, lesion volume, and hypertension. The imaging-only model

contained ischemic core volume (OR= 1.017; 95% CI= 1.001–

1.033; P = 0.034) and NWU-penumbra (OR= 1.412; 95% CI=

1.150–1.735; P= 0.001). In patients without MT, only admission

NIHSS score (OR = 1.440; 95% CI = 1.055–1.965; P = 0.022)

was independently associated with sICH.

ROC curve analyses of sICH in patients
with MT

With multivariate regression analysis, we discovered

that NWU-penumbra and NWU-core were independently

associated with sICH in the MT group and built four different

predictive models. ROC curve analyses were conducted to

test the predictive power of individual variables for models

predicting sICH. Figure 3 shows that the area under the curve

(AUC) of NWU-penumbra was higher than that of NWU-core

(0.773 vs. 0.673). The diagnostic efficiency of the predictive

model was improved with the inclusion of NWU-penumbra

(AUC of model 3 vs. model 1 = 0.853 vs. 0.760). The pure

imaging predictive model also demonstrated a stable predictive

effect (AUC of model 4 = 0.812). It is also noteworthy that

NWU-penumbra demonstrated high sensitivity (91.30; 95% CI

= 72.0–98.9) in predicting sICH with an optimal cut point of

1.7%. Supplementary Figure 1 shows the illustrative cases for

high NWU with sICH vs. low NWU without sICH.

Discussion

In this research, quantitative NWU was used to assess the

degree of early post-stroke brain edema within the ischemic core

and penumbra separately. We found that NWU-penumbra may

have a better value than NWU-core for predicting sICH after

MT, and a pure imaging model containing NWU-penumbra and

ischemic core volume showed a potential value for predicting

sICH after MT independent of clinical variables.

Quantitative NWU, based on admission multimodal CT,

has been described as a novel neuroimaging marker of early

brain edema (6, 7). The NWU began immediately after AIS

with the extravasation of fluid into ischemic tissue through the

BBB, which may allow the detection of ionic edema earlier

and more sensitively than previous methods (17). Previous

studies reported that NWU within the ischemic core was

an independent predictor for patients with AIS developing

malignant edema (9, 18, 19) and poor neurological outcomes

(8, 10). The cerebral ischemic lesion consists of a central

irreversible necrotic zone and reversible peripheral ischemic

penumbra. One of the main findings in our study was that

NWU-penumbra demonstrates better predictive performance

than NWU-core on sICH after MT. Themost likely mechanisms

for this water uptake involve disruption of the BBB caused

by cytotoxic edema and angiogenic edema (20, 21). Although

speculative, the presence and elevation of early brain edema

within the penumbra may indicate a more serious tissue injury

and damage expansion. Timely reperfusion can salvage ischemic

penumbra but may also aggravate BBB destruction due to

reperfusion injury. Tissue edema may compress the small blood

vessels, leading to the impairment of microcirculation, which

may contribute to vascular endothelial injury and secondary

hemorrhage (22). Previous studies indicated that NWU-core

was associated with HTwithin 36 h after successful endovascular

treatment (11, 23). In this study, we focused on sICH within

7 days after stroke onset, which was defined as the presence

of HT accompanied by clinical deterioration (the NIHSS score

increased by more than 4 points from baseline). From a clinical

perspective, sICH is strongly related to patient outcomes and

often leads to longer hospital stays and more attention from

neurologists to optimize treatment strategies, such as reducing

intraoperative heparin dosage, avoiding dual antiplatelet, and
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FIGURE 3

ROC curves for prediction of sICH in patients with mechanical thrombectomy. (A) The ROC curves of NWU-penumbra vs. NWU-core (AUC:

0.773 vs. 0.673). (B) The ROC curves of model 1 vs. model 3 (AUC: 0.760 vs. 0.853). (C) The curves of model 3 vs. model 4 (AUC: 0.853 vs. 0.812).

(D) Table showed the data of ROC curve analysis.

appropriate blood pressure management. This study showed

that in patients with AIS without MT, the predictive value

of NWU on sICH might be overwhelmed by the admission

NIHSS score. This result may be explained by an insufficient

number of patients and a comparably low incidence of sICH

among patients without MT. Patients who received MT tended

to have larger vessel occlusions and had a higher recanalization

probability, which may result in more severe reperfusion injury

and BBB disruption. The surgery itself can also cause damage to

blood vessels.

In this study, we examined several different models for

predicting sICH after MT and found that the inclusion of

NWU-penumbra significantly improved the predictive power of

such models. Importantly, the pure imaging model containing

NWU-penumbra and ischemic core volume also showed a stable

predictive value for sICH after MT. In most hospitals, CT at

admission is the standard care for patients with AIS, with the

advantages of being widely and rapidly available and intrinsically

quantitative (24). Therefore, compared with other predictors

for sICH, such as serum occludin level, interleukin-33, and

platelet-to-lymphocyte ratio (25–27), imaging makers would be

comparatively simple and practical. A pure imaging model that

does not include clinical characteristics may have the potential

to be calculated automatically on the image workstation through

deep neural networks (28). In future studies, the imaging model

may be served as part of the computer-aided diagnosis systems

to screen patients at sICH risk before treatment.

Our study has some limitations. Foremost, is the fact that

it was a retrospective and single-center study. Further external

validation trials in larger cohorts are required before clinical

implementation. Secondly, the incidence of sICH was relatively

low in the non-MT group, which may result in insufficient

statistical power.

In conclusion, we found that NWU-penumbra had better

predictive performance than NWU-core on sICH after MT. The

pure imaging model based on admission CT may automatically

flag patients with elevated sICH risk. It helps further hypothesis

generation to better identify patients at risk of reperfusion

injury or parenchymal hemorrhagic transformation in patients

undergoing endovascular thrombectomy.
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SUPPLEMENTARY FIGURE 1

Illustrative cases for high NWU with sICH vs. low NWU without sICH.

Case 1 (A–C), (A) lesion map, green region represents ischemic

penumbra and red represents ischemic core. (B) NCCT with

hand-drawn ROI, NWU-core = 4.8%, NWU-penumbra = −0.5%. (C)

Follow-up CT didn’t indicate ICH. Case 2 (D–F), (D) lesion map, green

region represents ischemic penumbra and red represents ischemic core.

(E) NCCT with hand-drawn ROI, NWU-core = 11.3%, NWU-penumbra =

5.1%. (F) Follow-up CT indicates parenchymatous hematoma in the

basal ganglia.

SUPPLEMENTARY TABLE 1

Patient’s demographics of group MT vs. non-MT.

SUPPLEMENTARY TABLE 2

Univariate logistic regression analysis for risks of NWU-core and

NWU-penumbra on di�erent types of HT.
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Purpose: To explore the application value of a machine learning model based

onCT radiomics features in predicting the pressure amplitude correlation index

(RAP) in patients with severe traumatic brain injury (sTBI).

Methods: Retrospectively analyzed the clinical and imaging data in 36

patients with sTBI. All patients underwent surgical treatment, continuous ICP

monitoring, and invasive arterial pressure monitoring. The pressure amplitude

correlation index (RAP) was collected within 1h after surgery. Three volume

of interest (VOI) was selected from the craniocerebral CT images of patients

1 h after surgery, and a total of 93 radiomics features were extracted from

each VOI. Three models were established to be used to evaluate the patients’

RAP levels. The accuracy, precision, recall rate, F1 score, receiver operating

characteristic (ROC) curve, and area under the curve (AUC) were used to

evaluate the predictive performance of each model.

Results: The optimal number of features for three predicting models of

RAP was five, respectively. The accuracy of predicting the model of the

hippocampus was 77.78%, precision was 88.24%, recall rate was 60%, the F1

score was 0.6, and AUC was 0.88. The accuracy of predicting the model of the

brainstem was 63.64%, precision was 58.33%, the recall rate was 60%, the F1

score was 0.54, and AUC was 0.82. The accuracy of predicting the model of

the thalamus was 81.82%, precision was 88.89%, recall rate was 75%, the F1

score was 0.77, and AUC was 0.96.

Conclusions: CT radiomics can predict RAP levels in patients with sTBI, which

has the potential to establish a method of non-invasive intracranial pressure

(NI-ICP) monitoring.

KEYWORDS

traumatic brain injuries, intracranial pressure, computed tomography, non-invasive

evaluation, texture features
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Introduction

Traumatic brain injuries (TBI) are a type of trauma with

high morbidity, disability, and mortality rates (1). Currently, the

treatment of patients with TBI is based on surgery combined

with neurological intensive care (2, 3). Intensive care treatment

is a very important part of the patient’s treatment process,

in which intracranial pressure (ICP) monitoring is necessary

for neurocritical care treatment (3). In clinical work, ICP

monitoring alone does not provide comprehensive information

about the patient’s intracranial pressure, and its derived

parameters such as the relationship of amplitude and pressure

(RAP) can more comprehensively and objectively reflect the

patient’s ICP level (4, 5). The RAP can reflect the changes in

the ICP level of patients more comprehensively and objectively,

which can assist physicians to make decisions and adjustments

in patient treatment and to implement individualized medical

treatment precisely (6).

The implementation of ICPmonitoring relies on the surgical

placement of an intracranial pressure monitoring probe, which

is not yet in line with modern neurosurgery’s pursuit of speed,

accuracy, and efficiency. CT scanning is one of the most popular

imaging techniques used in neurosurgery, and is fast, non-

invasive, and efficient, thus playing a key role in neurosurgical

care. In the past, clinicians used CT images to interpret the

degree of displacement of intracranial structures to assess

the ICP level of patients, but this method lacks theoretical

support. The essence of this study is to obtain high-throughput,

quantitative imaging features fromCT images, filter the features,

and build a reasonable prediction model through machine

learning. The aim of this study is to explore the relationship

between CT imaging histological features and RAP in patients

with TBI, so as to reveal whether building a machine learning

model based on CT imaging histological features can objectively

and in real-time reflect ICP-related parameters of patients, and

to explore the clinical application value of this machine learning

model for realizing non-invasive ICP monitoring.

Materials and methods

Study design and setting

Clinical data of patients with sTBI admitted to the

Department of Neurosurgery, Shanghai General Hospital from

January 2019 to December 2020 were collected and analyzed.

Inclusion criteria were as follows: (1) emergency admission

due to closed craniocerebral injury with a clear history of

trauma; (2) older than 18 years of age, younger than 65

years of age, regardless of gender; (3) received invasive ICP

monitoring; (4) cranial CTwas reviewed within 1 h after surgery.

Exclusion criteria were as follows: (1) patients with a history

of traumatic brain injury, cerebral infarction, brain tumor, or

other neurological diseases or cranial surgical interventions

that might result in an abnormal anatomical structure; (2)

with previous coagulopathy and blood system related diseases.

The study protocol conformed to the ethical guidelines of

the Declaration of Helsinki, and this study was approved by

the Ethics Committee of Shanghai General Hospital, Shanghai

Jiao Tong University School of Medicine. Participants’ right

to know was fully guaranteed and indicated in the ethical

approval document.

Data sources and measurements

In addition to the baseline characteristics, we mainly

collected and analyzed the cranial CT after the surgery and the

RAP value recorded by a Neumatic data collector (a machine

that could analyze the waveform of intracranial pressure). The

CT-related features were acquired from the Digital Imaging

and Communications in Medicine (DICOM) file of the last

cranial CT before ICP monitoring using a 64-slice spiral CT

machine (General Electric Medical Systems, USA). As per the

routine protocol of a CT scan, the CT slices were parallel to

the orbitomeatal plane from the foramen magnum to the vertex.

The scanning slice thickness was 1mm. Patients were returned

to ICU after surgery. Radial artery puncture was performed

in all patients, the arterial indwelling needle was connected

to the baroreceptor, and the baroreceptor was connected to

the bedside monitor, for continuous invasive arterial pressure

monitoring. Finally, the Neumatic data collector was connected

to the bedside monitor through a network cable port to collect

real-time intracranial pressure-related parameters. All RAP data

collected within 1 h after the start of monitoring (monitoring

sampling frequency is 3 s, a total of 1,200 data in 1 h) were

recorded, and the mean value of RAP was calculated as the

analysis index.

After obtaining the patient’s CT scan within 1 h

postoperatively, three VOI with the size of 5 ∗ 5 ∗ 5mm

were extracted from the hippocampal gyrus, brainstem, and

thalamus of the injured side by pydicom module in the Python

3.8. At the same time, the radiomics module was used to extract

93 radiomics features in these three VOIs, respectively. Next,

we performed feature selection based on SHAP values. SHAP

value could be used to measure the contribution of each feature

in the model to the prediction results. By calculating SHAP,

the ranking of the importance of features in the model could

be obtained, and the top five important features are selected as

the analysis index. Finally, according to the features selected

for three VOI, three random forest models were established

to evaluate the RAP level of patients. According to previous

studies, RAP > 0.4 was considered to be an indicator of poor

prognosis. In this study, 0.4 was used as the threshold value,

and the dichotomous judgment was made with RAP. The whole

research process is shown in Figure 1.
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FIGURE 1

Case collection and data analysis process.

Statistical analysis

Python 3.8 was used for the statistical analysis of the

data. Numpy module and Pandas module were used for data

operation and sorting, SHAP module was used for feature

selection, RandomForestClassifier module of Sklearn was used

for the model establishment, and the Matplotlib module is

used for drawing. Continuous variables subject to normal

distribution were expressed as the mean (M) ± SD, continuous

variables not subject to normal distribution were expressed

as the median and interquartile range (IQR), and categorical

variables were expressed as the frequency and percentage.

Accuracy, precision, recall, and F1 score were used to evaluate

the performance of each model. The area under the receiver

operator characteristic (ROC) curve was used in all four models

to assess discrimination.

Results

From January 2019 to December 2020, a total of 36 patients

with sTBI were included in this study, among which 25 were

men (69.44%) and 11 were women (30.56%). Participants were

between 18 and 65 years old, and the median age was 47

(IQR: 29–54) years old. The median Glasgow Coma Score

(GCS) was 6 (IQR: 4–7) at the time of emergency admission;
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FIGURE 2

Feature importance based on SHAP value of hippocampal gyrus, brainstem, and thalamus.

TABLE 1 RAP and selected radiomics features.

Patients with sTBI (n = 36)

RAP 0.24 (−0.02–0.51)

>0.4 9 (25%)

Hippocampus (5 features)

Minimum 14 (12–16)

Root Mean Squared 35.5732 (34.0433–37.6606)

Skewness −0.0832 (−0.1991–0.0401)

Small dependence low gray level emphasis 0.0096 (0.0079–0.0117)

Short run emphasis 0.4424 (0.3950–0.4832)

Brainstem (5 features)

Median 31 (29–33)

Minimum 10 (8–12)

Maximum probability 0.7005 (0.5994–0.8129)

Gray level variance 0.1452 (0.0966–0.1861)

Gray level non-uniformity 125.6637 (118.9920–130.9465)

Thalamus (5 features)

Mean 34.4850 (32.8150–35.5325)

Robust mean absolute deviation 3.7269 (3.3536–3.9609)

Skewness −0.1189 (−0.2629–0.1033)

Size zone non-uniformity normalized 0.2234 (0.1878–0.2800)

Small area emphasis 0.3710 (0.2771–0.4710)

27 patients (75%) had an abnormal light reflex in one or

both pupils up-on arrival, among which postoperative pupil

shrinkage was observed in 14 patients (51.85%). The order

of feature importance based on the SHAP value is shown in

Figure 2. Selected features of three VOI and collected RAP data

was shown in Table 1.

TABLE 2 Performance of models based on textural features and

morphological features.

Hippocampus Brainstem Thalamus

Accuracy 77.78% 63.64% 81.82%

Precision 88.24% 58.33% 88.89%

Recall 60.00% 55.36% 75.00%

F1 Score 0.60 0.54 0.77

AUC 0.88 0.82 0.96

The optimal number of features for three predicting models

of RAP was 5, respectively. The accuracy of predicting the model

of the hippocampus was 77.78%, precision was 88.24%, the recall

rate was 60%, the F1 score was 0.6, and AUC was 0.88. The

accuracy of predicting the model of the brainstem was 63.64%,

precision was 58.33%, the recall rate was 60%, the F1 score

was.54, AUC was.82. The accuracy of predicting model of the

thalamus was 81.82%, precision was 88.89%, the recall rate was

75%, the F1 score was 0.77, AUC was 0.96. These three models

all had strong prediction ability and the model of the thalamus

has the strongest prediction ability in discriminating RAP. The

performance of three models in predicting RAP level is shown

in Table 2 and Figure 3.

Discussion

This study retrospectively analyzed the CT images of

patients with sTBI after operation treatment, conducted

texture analysis, established three models to predict the

RAP level according to the textural features obtained from

selected morphological structure, and compared them with
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FIGURE 3

Performance of models based on radiomics features in discriminating RAP level; the AUCs for these models were 0.88, 0.82, and 0.96,

respectively.

invasive ICP (I-ICP) monitoring. The results showed that

three models all had strong prediction ability for the RAP

level of patients with sTBI, the model of the thalamus has

the strongest prediction ability in discriminating RAP. All

of these results show CT radiomics has the potential to

establish a method of non-invasive intracranial pressure (NI-

ICP) monitoring.

Elevated ICP is the main pathophysiological change in

patients with sTBI and the main cause of irreversible damage

to brain function (7, 8). Early post-injury monitoring of sTBI

patients with ICP and aggressive interventions based on changes

are effective ways to reduce the mortality and disability rates (9,

10). Current ICPmonitoring techniques are invasive and require

the placement of ICP monitoring probes inside the patient’s

skull, which can lead to complications such as infection and

bleeding (11, 12). Sometimes the time window for implantation

of the ICP monitoring probe in the body does not meet the

treatment needs, and monitoring has to be terminated to avoid

the occurrence of infection, and the ICP monitoring needs

for subsequent treatment cannot be met (13, 14). But, there

is no established NI-ICP monitoring method that can serve

as an alternative to the gold standards of I-ICP monitoring.

To solve the above problems, Oliver et al. (15) evaluated a

new method of NI-ICP monitoring performed using algorithms

to determine ICP based on acoustic properties of the brain.

Bernhard et al. (16) attempted non-invasive assessment of ICP

by using cerebral blood flow velocity (CBFV) and arterial blood

pressure (ABP) based on a mathematical model. Andersen et al.

propose a method to assess ICP by using retinal arteriole and

venule diameter ratio (A/V-ratio), A/V-ratio can be measured

using fundus photography, they correlated changes in the

intracranial pressure with the diameter of vessels of the retina

(17). However, none of these programs have been widely

promoted in clinical practice. Although ICP monitoring is more

than half a century old and its application techniques have

changed considerably in the process, it still has a lot of space

for improvement in itself compared to the development of other

scientific advances.

With the increased awareness of the concept of non-

invasive, more and more protocols are being proposed, among

which the CT image-based ICP evaluation is the most superior

(18). CT is usually the front-line imaging approach in sTBI

(18, 19). In the past, the analysis of CT images was limited

to the interpretation of structural information, despite the

widespread use of CT, their diagnostic accuracy for detection

of elevated ICP and their correlation with ICP measurement
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are unknown. The analysis of CT texture features provides

a perspective for establishing relevant assessment criteria and

monitoring techniques (20). The morphological structural

information alone is interpreted with a serious subjective bias

(21). Texture features are quantifiable and can be analyzed

to make abstract ICP monitoring data concrete, and provide

a more objective basis for their interpretation. Here we

analyzed texture features and then statistically integrated them

to form a machine learning model to predict RAP in patients

with sTBI. This is a complement to traditional machine

learning models for predicting ICP and fills the gap in the

direction of ICP-related parameter prediction by machine

learning models.

The main damage after sTBI occurs is the destruction of

important intracranial structures and functions (22). On top

of these primary injuries, secondary injuries due to cerebral

edema and hematoma further aggravate the damage to brain

tissue and lead to deterioration of the condition. In our study,

three important intracranial structures were selected for VOI

extraction features to buildmodels, in an attempt to fully explore

the ability of CT imaging histology in machine learning to

predict RAP. Among the three models, the thalamic model has

the strongest predictive power, and we analyzed the reasons for

this: (1) the thalamic structure is located in the deep part of

the brain tissue, and its deformation and CT value changes are

less subject to pressure changes, (2) the structural morphology

of the thalamus is stable and is an ideal reservoir for texture

feature extraction, and (3) the dense blood supply and blood

flow in the thalamus are uniform. The above features are

more universal in feature extraction and can fully reflect the

internal changes of brain tissue. Building a machine learning

model based on texture analysis for RAP capability is fully

described in our study, while the feasibility of non-invasive

ICP monitoring options can continue to be explored in future

studies based on the above model. This provides potential

options for the successful implementation of non-invasive

ICP monitoring.

However, this study also had some limitations. Firstly,

the number of cases is low. Secondly, studies focus on a

single craniocerebral trauma type. Thirdly, retrospective patient

past history should be considered in the study. The above

issues will be addressed in subsequent studies, and further

work will focus on expanding the capacity of the database

and joint multicenter collaboration. The methods of CT

impact histology quantification should be improved and more

detailed and standardized criteria should be developed to

fully take into account the impact of inter-case variation on

the study, which should be assessed by a more sophisticated

learning model.

Conclusions

In summary, the machine learning model based on texture

feature analysis was constructed to be able to predict the RAP

of patients with sTBI. At the same time, the construction of

such analysis and prediction models has application value and

facilitation to achieving non-invasive ICP monitoring.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further inquiries

can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of Shanghai General Hospital.

The patients/participants provided their written informed

consent to participate in this study. The animal study was

reviewed and approved by Ethics Committee of Shanghai

General Hospital.

Author contributions

JL, YS, and GG conceived the study. GG supervised and

coordinated all aspects of the work and acquired the funding and

administrated the project. JL and YS collected and analyzed the

data and wrote the paper. All authors contributed to the article

and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Frontiers inNeurology 06 frontiersin.org

98

https://doi.org/10.3389/fneur.2022.905655
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Liu et al. 10.3389/fneur.2022.905655

References

1. Galgano M, Toshkezi G, Qiu X, Russell T, Chin L, Zhao LR. Traumatic brain
injury: current treatment strategies and future endeavors. Cell Transplant. (2017)
26:1118–30. doi: 10.1177/0963689717714102

2. Jiang JY, Gao GY, Feng JF, Mao Q, Chen LG, Yang XF, et
al. Traumatic brain injury in China. Lancet Neurol. (2019) 18:286–
95. doi: 10.1016/S1474-4422(18)30469-1

3. Rakhit S, Nordness MF, Lombardo SR, Cook M, Smith L, Patel MB.
Management and challenges of severe traumatic brain injury. Semin Respir Crit
Care Med. (2021) 42:127–44. doi: 10.1055/s-0040-1716493

4. Pan Y, Xue Y, Zhao P, Ding J, Ren Z, Xu J. Significance of ICP-related
parameters for the treatment and outcome of severe traumatic brain injury. J Int
Med Res. (2020) 48:300060520941291. doi: 10.1177/0300060520941291

5. Jin SC, Choi BS, Kim JS. The RAP Index during intracranial pressure
monitoring as a clinical guiding for surgically treated aneurysmal subarachnoid
hemorrhage: consecutive series of single surgeon. Acute Crit Care. (2019) 34:71–
8. doi: 10.4266/acc.2019.00437

6. Hall A, O’Kane R. The best marker for guiding the clinical
management of patients with raised intracranial pressure-the RAP
index or the mean pulse amplitude? Acta Neurochir. (2016) 158:1997–
2009. doi: 10.1007/s00701-016-2932-z

7. Schaller B. Craniocerebral trauma–new pathophysiological and therapeutic
viewpoints. 1: Management of the acute phase. Swiss Surg. (2002) 8:123–
37. doi: 10.1024/1023-9332.8.4.145

8. Potapov AA, Zakharova NE, Pronin IN, Kornienko VN, Gavrilov AG,
Kravchuk AD, et al. Prognostic value of ICP, CPP and regional blood flow
monitoring in diffuse and focal traumatic cerebral lesions. Zh Vopr Neirokhir Im
N N Burdenko. (2011) 75:3–16.

9. Alarcon JD, Rubiano AM, Okonkwo DO, Alarcon J, Martinez-Zapata MJ,
Urrutia G, et al. Elevation of the head during intensive care management in
people with severe traumatic brain injury. Cochrane Database Syst Rev. (2017)
12:CD009986. doi: 10.1002/14651858.CD009986.pub2

10. Pedersen SH, Lilja-Cyron A, Astrand R, Juhler M. Monitoring and
measurement of intracranial pressure in pediatric head trauma. Front Neurol.
(2019) 10:1376. doi: 10.3389/fneur.2019.01376

11. Tariq A, Aguilar-Salinas P, Hanel RA, Naval N, Chmayssani M.
The role of ICP monitoring in meningitis. Neurosurg Focus. (2017)
43:E7. doi: 10.3171/2017.8.FOCUS17419

12. Zhang X, Medow JE, Iskandar BJ, Wang F, Shokoueinejad M, Koueik J, et
al. Invasive and noninvasive means of measuring intracranial pressure: a review.
Physiol Meas. (2017) 38:R143–R82. doi: 10.1088/1361-6579/aa7256

13. Hawryluk GWJ, Aguilera S, Buki A, Bulger E, Citerio G, Cooper DJ, et al.
A management algorithm for patients with intracranial pressure monitoring: the
Seattle international severe traumatic brain injury consensus conference (SIBICC).
Intensive Care Med. (2019) 45:1783–94. doi: 10.1007/s00134-019-05805-9

14. Chesnut R, Aguilera S, Buki A, Bulger E, Citerio G, Cooper DJ, et al. A
management algorithm for adult patients with both brain oxygen and intracranial
pressure monitoring: the Seattle INTERNATIONAL SEVERE TRAUMATIC
BRAIN INJURY CONSENSUS CONFERENCE (SIBICC). Intensive Care Med.
(2020) 46:919–29. doi: 10.1007/s00134-019-05900-x

15. Ganslandt O, Mourtzoukos S, Stadlbauer A, Sommer B, Rammensee R.
Evaluation of a novel noninvasive ICP monitoring device in patients undergoing
invasive ICP monitoring: preliminary results. J Neurosurg. (2018) 128:1653–
60. doi: 10.3171/2016.11.JNS152268

16. Schmidt B, Klingelhofer J, Perkes I, Czosnyka M. Cerebral autoregulatory
response depends on the direction of change in perfusion pressure. J Neurotrauma.
(2009) 26:651–6. doi: 10.1089/neu.2008.0784

17. Andersen MS, Pedersen CB, Poulsen FR, A. new novel method for assessing
intracranial pressure using non-invasive fundus images: a pilot study. Sci Rep.
(2020) 10:13062. doi: 10.1038/s41598-020-70084-0

18. Brossard C, Lemasson B, Attye A, de Busschere JA, Payen JF, Barbier EL,
et al. Contribution of CT-scan analysis by artificial intelligence to the clinical
care of TBI patients. Front Neurol. (2021) 12:666875. doi: 10.3389/fneur.20
21.666875

19. Mutch CA, Talbott JF, Gean A. Imaging evaluation of acute traumatic
brain injury. Neurosurg Clin N Am. (2016) 27:409–39. doi: 10.1016/j.nec.201
6.05.011

20. Dhar R, Sandler RH, Manwaring K, Kostick N, Mansy HA. Noninvasive
detection of elevated ICP using spontaneous tympanic membrane pulsation. Sci
Rep. (2021) 11:21957. doi: 10.1038/s41598-021-01079-8

21. Chen W, Belle A, Cockrell C, Ward KR, Najarian K. Automated midline
shift and intracranial pressure estimation based on brain CT images. J Vis Exp.
(2013). doi: 10.3791/3871

22. Mira RG, Lira M, Cerpa W. Traumatic brain injury: mechanisms of glial
response. Front Physiol. (2021) 12:740939. doi: 10.3389/fphys.2021.740939

Frontiers inNeurology 07 frontiersin.org

99

https://doi.org/10.3389/fneur.2022.905655
https://doi.org/10.1177/0963689717714102
https://doi.org/10.1016/S1474-4422(18)30469-1
https://doi.org/10.1055/s-0040-1716493
https://doi.org/10.1177/0300060520941291
https://doi.org/10.4266/acc.2019.00437
https://doi.org/10.1007/s00701-016-2932-z
https://doi.org/10.1024/1023-9332.8.4.145
https://doi.org/10.1002/14651858.CD009986.pub2
https://doi.org/10.3389/fneur.2019.01376
https://doi.org/10.3171/2017.8.FOCUS17419
https://doi.org/10.1088/1361-6579/aa7256
https://doi.org/10.1007/s00134-019-05805-9
https://doi.org/10.1007/s00134-019-05900-x
https://doi.org/10.3171/2016.11.JNS152268
https://doi.org/10.1089/neu.2008.0784
https://doi.org/10.1038/s41598-020-70084-0
https://doi.org/10.3389/fneur.2021.666875
https://doi.org/10.1016/j.nec.2016.05.011
https://doi.org/10.1038/s41598-021-01079-8
https://doi.org/10.3791/3871
https://doi.org/10.3389/fphys.2021.740939
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Original Research

PUBLISHED 05 October 2022

DOI 10.3389/fneur.2022.977608

OPEN ACCESS

EDITED BY

Chengcheng Zhu,

University of Washington,

United States

REVIEWED BY

Alvin S. Das,

Massachusetts General Hospital and

Harvard Medical School, United States

Laura Llull,

Hospital Clinic of Barcelona, Spain

*CORRESPONDENCE

Praneeta Konduri

p.r.konduri@amsterdamumc.nl

SPECIALTY SECTION

This article was submitted to

Stroke,

a section of the journal

Frontiers in Neurology

RECEIVED 24 June 2022

ACCEPTED 01 September 2022

PUBLISHED 05 October 2022

CITATION

Konduri P, Bucker A, Boers A, Dutra B,

Samuels N, Treurniet K, Berkhemer O,

Yoo A, van Zwam W, van

Oostenbrugge R, van der Lugt A,

Dippel D, Roos Y, Bot J, Majoie C,

Marquering H and the MR CLEAN Trial

Investigators (Multicenter Randomized

Clinical Trial of Endovascular

Treatment for Acute Ischemic Stroke in

the Netherlands) (2022) Risk factors of

late lesion growth after acute ischemic

stroke treatment.

Front. Neurol. 13:977608.

doi: 10.3389/fneur.2022.977608

COPYRIGHT

© 2022 Konduri, Bucker, Boers, Dutra,

Samuels, Treurniet, Berkhemer, Yoo,

van Zwam, van Oostenbrugge, van der

Lugt, Dippel, Roos, Bot, Majoie,

Marquering and the MR CLEAN Trial

Investigators (Multicenter Randomized

Clinical Trial of Endovascular

Treatment for Acute Ischemic Stroke in

the Netherlands). This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Risk factors of late lesion growth
after acute ischemic stroke
treatment

Praneeta Konduri1,2*, Amber Bucker3, Anna Boers1,4,

Bruna Dutra1,2, Noor Samuels5,6,7, Kilian Treurniet2,8,

Olvert Berkhemer2,5,6, Albert Yoo9, Wim van Zwam10,

Robert van Oostenbrugge11, Aad van der Lugt5,

Diederik Dippel6, Yvo Roos12, Joost Bot13, Charles Majoie2,

Henk Marquering1,2 and the MR CLEAN Trial Investigators

(Multicenter Randomized Clinical Trial of Endovascular

Treatment for Acute Ischemic Stroke in the Netherlands)

1Department of Biomedical Engineering and Physics, Amsterdam UMC, Location AMC, Amsterdam,

Netherlands, 2Department of Radiology and Nuclear Medicine, Amsterdam UMC, Location AMC,

Amsterdam, Netherlands, 3Department of Radiology, University Medical Center Groningen,

Groningen, Netherlands, 4Nico-Lab, Amsterdam, Netherlands, 5Department of Radiology and

Nuclear Medicine, Erasmus MC, University Medical Center, Rotterdam, Netherlands, 6Department of

Neurology, Erasmus MC University Medical Center, Rotterdam, Netherlands, 7Department of Public

Health, Erasmus MC, University Medical Center, Rotterdam, Netherlands, 8Department of Radiology,

Haaglanden Medisch Centrum, The Hague, Netherlands, 9Department of Radiology, Texas Stroke

Institute, Dallas-Fort Worth, Dallas, TX, United States, 10Department of Radiology and Nuclear

Medicine, Maastricht University Medical Center and Cardiovascular Research Institute Maastricht

(CARIM), Maastricht, Netherlands, 11Department of Neurology, Maastricht University Medical Center
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Background: Even days after treatment of acute ischemic stroke due to a

large vessel occlusion, the infarct lesion continues to grow. This late, subacute

growth is associated with unfavorable functional outcome. In this study, we

aim to identify patient characteristics that are risk factors of late, subacute

lesion growth.

Methods: Patients from the MR CLEAN trial cohort with good quality 24h

and 1-week follow up non-contrast CT scans were included. Late Lesion

growth was defined as the di�erence between the ischemic lesion volume

assessed after 1-week and 24-h. To identify risk factors, patient characteristics

associated with lesion growth (categorized in quartiles) in univariable ordinal

analysis (p < 0.1) were included in a multivariable ordinal regression model.

Results: In the 226 patients that were included, the median lesion

growth was 22 (IQR 10–45) ml. In the multivariable model, lower collateral

capacity [aOR: 0.62 (95% CI: 0.44–0.87); p = 0.01], longer time to

treatment [aOR: 1.04 (1–1.08); p = 0.04], unsuccessful recanalization [aOR:

0.57 (95% CI: 0.34–0.97); p = 0.04], and larger midline shift [aOR: 1.18

(95% CI: 1.02–1.36); p = 0.02] were associated with late lesion growth.
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Conclusion: Late, subacute, lesion growth occurring between 1 day and 1

week after ischemic stroke treatment is influenced by lower collateral capacity,

longer time to treatment, unsuccessful recanalization, and larger midline shift.

Notably, these risk factors are similar to the risk factors of acute lesion growth,

suggesting that understanding and minimizing the e�ects of the predictors for

late lesion growth could be beneficial to mitigate the e�ects of ischemia.

KEYWORDS

risk factors, predictors, post-treatment, subacute, lesion evolution, infarct growth,

acute ischemic stroke

Introduction

Treatment of acute ischemic stroke (AIS) is strongly

focused on the acute phase. However, even after treatment,

both successful and unsuccessful, the volumetric increase

of infarct related lesions, occurs between 24 h and 1 week

after treatment. Although commonly unrecognized, this

late lesion growth in the subacute period (i.e., after 24 h

of stroke onset) is associated with unfavorable functional

outcome (1–6). This suggests that secondary treatment even

24 h after stroke onset can be beneficial to alleviate the

effects of ischemia. Infarct-related lesion growth is caused

by a combination of edema formation and true infarct

progression. Lesion growth is a dynamic and often an

irreversible process (7, 8). Both ischemia and post-ischemic

reperfusion lead to a cascade of pathophysiological processes,

which results in poor prognosis (9). Although several risk

factors for early, acute lesion growth between pre and post

treatment time-points have been identified in literature

(10–13). risk factors for late lesion growth after treatment

are understudied.

The aim of this study is to perform an exploratory

analysis of associations between baseline, imaging, and (post-)

treatment characteristics and late lesion growth after treatment

in patients with acute ischemic stroke due to a large

vessel occlusion.

Abbreviations: aOR, adjusted odds ratio; ASPECTS, Alberta Stroke

Program Early Computed Tomography Score; CT, computed

tomography; CI, confidence interval; EVT, endovascular treatment;

IQR, inter quartile range; mAOL, modified Arterial Occlusion Lesion;

mRS, modified Rankin Scale; MR CLEAN, Multicenter Randomized

Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the

Netherlands; NIHSS, NIS Stroke Scale; NCCT, non-contrast CT; OR, odds

ratio.

Methods

Patient population

For this study, we included data from patients included

in the Multicenter Randomized Clinical Trial of Endovascular

Treatment for Acute Ischemic Stroke in the Netherlands (MR

CLEAN). A comprehensive description of the methodology of

the MR CLEAN trial has been reported previously (14). In the

MR CLEAN trial, patients with AIS due to a proximal arterial

occlusion in the anterior circulation, aged 18 years or older

with the possibility to treat with endovascular thrombectomy

(EVT) within 6 h of symptom onset were randomized between

standard with intravenous treatment (IVT) or standard care

with IVT followed by EVT. Patients (allocated to intervention

or control group) with Non-Contrast Computed Tomography

(NCCT) scans between 24 h and 7 days after stroke onset were

included. Patients whose scans had movement artifacts, partial

volume effects and other technical errors were excluded. Further

details of the inclusion and exclusion criterion of this study

are provided in the online Supplemental Material Figure 1 (1).

The study protocol was approved by a central medical ethics

committee and the research board of each participating center.

All included patients or their legal representatives provided

written informed consent.

Image analysis

In this study, lesion was defined as recent (i.e., early

subacute) ischemic tissue as visualized on NCCT. Lesion was

delineated to include infarcted tissue, hemorrhage and edema as

described in a previous study (1). In short, the segmentations on

24-h NCCT scan were manually delineated using ITK-SNAP by

two trained observers (A.B and P.K) (15). To prevent disparities

while assessing the lesion, a fixed window-level setting with

a window width 30 HU and center level 35 HU was used.

Hyper-densities next to or within the hypodense areas including

edema extending into the contra-lateral hemisphere or causing
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ventricular and/or sulcal effacement were considered to be

part of the lesion. The observers were informed about the

affected hemisphere. Old ipsilateral lesions, which were more

hypodense with distinct borders and/or with no mass effect

were not included in the segmentation. Lesion volume after 1

week (5–7 days) of stroke onset was automatically identified

on NCCT scans using a previously validated software (16). The

segmentations were verified and adjusted if necessary by one

of two experienced neuro-radiologists (C.B.L.M. and J.C.J.B.)

who were blinded to baseline and outcome characteristics.

The lesions are more discernible on the 1-week NCCT scans

compared to the 24-h NCCT scans and our software performed

better in segmenting the lesions on the 1-week. Hence, we used

the software for identifying lesions on the 1-week scans and

manually delineated the 24-h lesions, often presented as subtle

changes on the 24-h scans.

The lesion volume was calculated bymultiplying the number

of voxels in the segmentation with the image voxel size. Late

lesion growth was the difference between lesions volumes

calculated after 1 week and 24 h.

Midline shift, known as the gold standard to assess the extent

of edema, was defined as the horizontal displacement (in mm)

of midline structures and was measured by a neuroradiologist

at the level of the septum pellucidum as described in a previous

study (17). A central blinded core lab scored other radiological

parameters like the Alberta Stroke Program Early Computed

Tomography Score (ASPECTS) (18), Collateral Score (CS) (19),

and modified Arterial Occlusion Lesion (mAOL) score (20). In

this study, successful recanalization was assessed on the 24-h

follow up CT Angiography scan and was defined as mAOL score

of 3 points.

Statistical analysis

Visual inspection of the histogram of late lesion growth

before and after log transformation and the Shapiro

Wilk test indicated that it was not normally distributed

(Supplemental material Figure II). Given the proof-of-concept

and exploratory nature of this study, we modeled the late

lesion growth by dividing the variable into quartiles instead

of modeling it as a continuous variable for comprehensibility.

Baseline, imaging and (post) treatment characteristics of the

study population are tabulated according to quartiles of late

lesion growth. Continuous variables are expressed as or medians

(interquartile ranges, IQR), where applicable. Categorical

variables are expressed as numbers of patients and percentages.

To identify risk factors for late lesion growth, we performed

ordinal logistic regression, which is also known as shift

analysis. The resulting common odds ratios represent a shift

toward the higher quartile of late lesion growth after assuming

proportional odds between different quartiles. To understand

the effect of different variables we first performed univariable

ordinal regression with baseline, image, and (post-) treatment

characteristics with late lesion growth (as a categorial variable).

A multivariable ordinal regression was performed including all

variables that were associated with late lesion growth in the

univariable analysis with a p-value of < 0.10. To visualize the

association of the risk factors with late lesion growth identified

in the multivariable ordinal regression, this relation was plotted

while setting the other variables in the multivariable model to

their mean values (21).

Patients with missing information were excluded from the

analysis. Statistical analyses were performed using SPSS (IBM

SPSS Statistics, version 26, 2019) and R [Version 4.0.2 (2020-

06-22)] using RStudio (Version 1.2.5033–© 2009-2019 RStudio,

Inc.). A p-value ≤ 0.05 was considered statistically significant.

Results

Patient characteristics

A total of 226 patients met the inclusion criterion for

this study (Supplemental material Figure I). The median age

of the population was 67 (IQR: 57–76) years and 132 (58%)

were male. Nineteen (8.4%) patients suffered from a previous

ischemic stroke, and 67 (30%) patients were using statins.

Baseline median NIHSS was 17 (IQR: 13–21) and 63 (28%)

patients had a proximal occlusion in the Intracranial Carotid

Artery (ICA) or the ICA-terminus, while 163 patients had a

distal occlusion in the middle cerebral artery [M1 segment: 144

(64%), M2 segment: 18 (8%)] and anterior cerebral artery (A2

segment: 1). Two-hundred-four (90%) patients received intra-

venous thrombolysis, 106 (47%) were allocated to endovascular

treatment, and 110 (54%) patients in our study population

achieved successful recanalization. Furthermore, of the patients

allocated to EVT, 60 patients (57%) achieved a modified

thrombolysis in cerebral infarction score of 2b-3 as assessed on

the procedural digital subtraction angiography scans. Patient

characteristics of the population are provided in Table 1 and

patient characteristics categorized in quartiles of late infarct

growth are provided in the (Supplementary Material Table I).

Lesion characteristics

Figure 1 shows an example of the delineation of the

lesions on the 24-h and 1-week NCCT scans. The median

lesion volume after 24 h was 43 (IQR: 21–99) ml and after

1 week was 79 (IQR: 33–140) ml. Median midline shift

measured on the 24-h NCCT scans was 0 (IQR: 0–2.8) mm

and 140 (62%) patients had no midline shift. The median

late lesion growth was 22 (IQR: 10–45) ml. Patients were

categorized into minimal growth (up to 10ml), low growth

(10–22ml), moderate growth (22–45ml), and large growth
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TABLE 1 Baseline, radiological and treatment characteristics of the study population and univariable ordinal regression of these characteristics with

subacute lesion evolution.

Variable Population Common odds ratio (95% CI) p-value

Age 67 (57–76) 1.00 (0.98–1.02) 0.96

Sex 132 (58%) 0.94 (0.59–1.51) 0.81

Previous medical history

Previous ischemic stroke 19 (8.4%) 1.3 (0.53–3.20) 0.57

Myocardial infarction 27 (12%) 0.71 (0.35–1.42) 0.33

Diabetes mellitus 25 (11%) 1.50 (0.71–3.20) 0.29

Hypertension 113 (50%) 0.96 (0.60–1.53) 0.86

Atrial fibrillation 64 (28%) 1.23 (0.73–2.07) 0.43

Hypercholesterolemia 54 (24%) 0.93 (0.54–1.59) 0.78

Current smoking 66 (29%) 0.76 (0.46–1.27) 0.30

Previous medication

Antiplatelet drugs 63 (28%) 0.77 (0.46–1.29) 0.32

Coumarins 15 (6.6%) 1.18 (0.47–2.98) 0.72

Statins 67 (30%) 0.92 (0.56–1.52) 0.74

Anti-hypertensive drugs 114 (50%) 1.06 (0.66–1.69) 0.81

Clinical parameters

Pre-stroke modified Rankin Scale (0–2) 216 (96%) 1.00 (0.31–3.25) 1.00

Systolic blood pressure (mmHg) 140 (130–160) 1.01 (1.00–1.02) 0.04*

Clinical hemisphere side left 123 (54%) 0.93 (0.58–1.49) 0.77

Baseline NIHSS 17 (13–21) 1.07 (1.03–1.12) <0.01**

Radiological parameters

ASPECT score 9 (8–10); 2 (0.88%) 0.81 (0.70–0.94) 0.01**

Proximal occlusion (ICA or ICA-T) 63 (28%) 1.76 (1.03–3.00) 0.04*

Collateral score 2 (1–3); 2 (0.88%) 0.61 (0.46–0.82) <0.01**

Treatment characteristics

Received iv Thrombolysis 204 (90%) 0.92 (0.41–2.07) 0.84

Allocated to endovascular treatment 106 (47%) 0.77 (0.48–1.24) 0.28

Time to randomization 200 (150–260) 1.04 (1.01–1.08) 0.01**

24-h follow up characteristics

Successful recanalization 110 (54%); 23 (10%) 0.59 (0.36–0.97) 0.04*

Lesion volume (ml) 43 (21–99) 1.01 (1.01–1.02) <0.01**

Midline shift (mm) 0 (0–2.8) 1.27 (1.12–1.44) <0.01**

All data in the “Population” column are displayed as median (interquartile range) or number (percentage of population). When required number of missing patients (percentage of

population) is also provided in the “Population” column. All variables significant at the level of p< 0.10 have been selected in the multivariable regression model. ASPECTS, Alberta Stroke

Program Early Computed Tomography Score; ICA, Intracranial carotid artery; ICA-T, Intracranial carotid artery-T junction; NIHSS, NIH Stroke Scale/Score. **p≤ 0.01 *p ≤ 0.05.

(>45ml). The median lesion growth for the categories were:

minimal 1.6 (IQR −2.9 to 6.3) ml; low 16 (IQR: 14–19) ml;

moderate 32 (IQR: 26–36) ml; and large 73 (IQR: 60–95)

ml, respectively.

Regression analysis

Results of the univariable ordinal regression analysis are

provided in Table 1. In summary, pre-treatment characteristics

such as higher systolic blood pressure (p = 0.04), higher

NIHSS (p < 0.01), lower ASPECTS (p = 0.01), lower collateral

score (p < 0.01), longer time to randomization (p = 0.01)

were associated with lesion growth in the univariable analyses.

Furthermore, unsuccessful recanalization (p = 0.04), larger

24-h lesion volume (p < 0.01) and 24-h midline shift (p <

0.01) were associated with late lesion growth. Administering

intravenous thrombolysis (p = 0.84) and allocation to

endovascular treatment (p = 0.28) were not associated with late

lesion growth.

In multivariable ordinal regression analysis, lower collateral

score [aOR: 0.62 (0.44–0.87); p = 0.01], longer time to

treatment [aOR: 1.04 (1.00–1.08); p = 0.04], unsuccessful

recanalization [aOR: 0.57 (0.34–0.97); p = 0.01] and larger

Frontiers inNeurology 04 frontiersin.org

103

https://doi.org/10.3389/fneur.2022.977608
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Konduri et al. 10.3389/fneur.2022.977608

FIGURE 1

Example of ischemic lesion segmentation (represented in red).

Non-contrast CT scans and segmentation of ischemic lesion

obtained after 24h (A,B), and 1 week (C,D) of stroke onset.

TABLE 2 Multivariable ordinal regression of subacute lesion evolution

modeled in quartiles with baseline, imaging, and post-treatment

characteristics.

Variable Adjusted common

odds ratio (95% CI)

p-value

Systolic blood pressure (mmHg) 1.00 (0.99–1.01) 0.57

Baseline NIHSS 1.05 (1.00–1.10) 0.06†

ASPECT score 1.00 (0.83–1.20) 0.99

Proximal occlusion (ICA or ICA-T) 1.70 (0.94–3.1) 0.08†

Baseline collateral score 0.62 (0.44–0.87) 0.01*

Time to randomization (per 10min) 1.04 (1.00–1.08) 0.04*

Successful recanalization 0.57 (0.34–0.97) 0.04*

Midline shift (mm) 1.18 (1.02–1.36) 0.02*

ASPECTS, Alberta Stroke Program Early Computed Tomography Score; ICA,

Intracranial carotid artery; ICA-T, Intracranial carotid artery-T junction; NIHSS, NIH

Stroke Scale/Score. *p≤0.05 †p<0.1.

24-h midline shift [aOR: 1.18 (1.02–1.36); p = 0.02] were

independently associated with late lesion growth. Higher

NIHSS on hospital admission [aOR: 1.05 (1.00–1.10);

p = 0.06] and presence of a proximal occlusion [aOR:

1.70 (0.94–3.1); p = 0.08] showed a non-significant trend

to be associated with late lesion growth (Table 2). The

association of these variables on the predicted probability

of the late lesion growth category is visualized in the

(Supplementary Material Figure III).

Discussion

In this exploratory study, we identified lower collateral

score, longer time between onset and treatment, unsuccessful

recanalization, and larger midline shift to be risk factors of

subacute late lesion growth after treatment.

In literature, risk factors have been identified for lesion

growth expansion between baseline and follow up at acute (6–

24 h) (10, 12, 22), subacute (24 h to 7 days) (11, 23–29), or

chronic (more than 7 days) (13) time points. In these studies,

lesion growth was assessed on different modalities using various

thresholds. Nevertheless, it is interesting to note that in line with

our findings, unsuccessful reperfusion was associated with lesion

growth between baseline and follow-up at acute (10, 12, 22) and

subacute (11, 26) time points by several other studies, except

by Haussen et al. (29). Our finding of lack of reperfusion to

be a risk factor for late lesion growth in the subacute period

is consistent with the results of previous studies that assessed

lesion growth in the subacute period on MRI (4). It is well

acknowledged that successful restoration of blood flow salvages

the at-risk tissue in the down-stream territory and limits post-

treatment lesion expansion in the acute situation. But, lesion

progression continues possibly due to thrombus fragmentation

to new or to the downstream territories, formation of micro-

emboli or damage to the capillaries and smaller vasculature

that could result from incomplete reperfusion, especially in

cases with unsuccessful recanalization (12, 29). In contrast,

Sah et al. did not find similar influence of reperfusion on

lesion growth between 5 and 24 h after treatment, probably

owing to their small sample size (5). In our study, successful

recanalization is assessed in patients that were and in the

patients that were not allocated to receive EVT. Since the

recanalization rates are higher in the patients allocated to

receive EVT (74%) compared to those that did not receive

EVT (27%), it is possible that our observations may be biased

to the control arm of the trial. Nevertheless, unsuccessful

recanalization, irrespective of treatment arm, is associated with

late lesion growth and treatment allocation was not. In this

exploratory study we aimed to identify potential risk factors

of late lesion growth and not to build an optimal association

or prediction model. We, therefore, did not account for

possible collinearities between the independent variables in the

multivariable analysis.

In our study, we found that lower baseline collateral capacity

is a risk factor for late lesion growth. Man et al. also identified

low collateral supply to be associated with lesion growth between

baseline and follow-up at a sub-acute time point (11). However,

in a subpopulation of the DEFUSE3 patients that received

an unscheduled MRI or CT scan after 5 days, Tate et al.
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found a statistically insignificant trend between good collateral

circulation and larger lesion growth in the subacute period

(30). Consistent with Campbell et al., they suggest that a better

baseline collateral supply leads to a smaller lesion in the early

time window, which can expand if the collaterals fail in the

later time window, especially in patients with unsuccessful

reperfusion (23). This discrepancy in findings could be because

Tate et al. compared lesions measured mainly on MRI after

24 h and NCCT after 5 days, unlike in our study where we

used NCCT at both time points. This could also explain

the lower median lesion growth compared to that observed

in our study. Moreover, in the MR CLEAN trial, obtaining

NCCT after 24 h and 1 week was standard practice unlike

the DEFUSE 3 trial, which performed an unscheduled scan at

5 days only in the patients with a worse outcome. Studying

collateral circulation in the subacute period would help to better

understand the influence of collaterals on late lesion growth

(14, 30).

Some of the (plausible) risk factors of the late lesion growth

identified in this study, like longer time to randomization,

poorer collaterals, higher baseline NIHSS, presence of a

proximal occlusion are known to also be associated with larger

lesion growth between baseline and acute time points, leading

to larger 24-h lesion volumes (10). Furthermore, recanalization

status was assessed on the follow-up CT Angiography scans,

which is generally acquired after 24 h. Including time to

randomization (as a proxy for time to treatment) instead

of time to recanalization as an independent variable in the

regression models captures the variability of time to treatment

and its influence on late lesion growth better in our population.

It is likely that influence of the risk factors on late lesion

growth is due to the associated 24-h ischemic lesion volumes

and the ensuing deterioration. But, incorporating the 24-

h lesion volume in the multivariable model could obscure

the influence of the other risk factors on the late lesion

growth, especially because of the correlation (collinearity)

between these risk factors and the 24-h lesion volume. Simard

et al. have found that ischemia leads to the deterioration

of the blood brain barrier, loss of capillary integrity and

development of edema which leads to swelling of tissue. Swelling

increases tissue pressure and exerts further mechanical force

on the adjacent tissues, thereby reducing capillary flow. This

further foster infarct growth and development of edema. The

effect of edema is most pronounced between 24 and 72 h

after an ischemic event (9). Presence and extent of midline

shift is an indicator for mass effect. In our study, we use

midline shift as a proxy for the 24-h lesion volume in the

multivariable model to identify risk factors of late lesion growth.

Midline shift is a surrogate marker for edema, especially for

lesions large enough to cause a displacement in the midline

structures (17). Our observation that increased midline shift

is associated with late lesion growth is most likely due to

the prominent effect of a large 24-h lesion volume and the

subsequent deterioration of the blood brain barrier and loss

of capillary integrity, which also promotes the formation of

vasogenic edema.

Our study has some limitations. In our study, we use

NCCT imaging to assess the affected tissue 24 h and 1 week

after stroke. It is important to note that lesions identified on

NCCT scans include infarcted tissue, edema (cytotoxic and/or

vasogenic) and even hemorrhagic regions. Furthermore, they

are rather subtle on the 24-h scans further complicating the

delineation of the lesions. Nevertheless, a recent study showed

that the lesion is discernible in 89% of the patients on the 24-

h NCCT scan (31). Still, NCCT was used in the trial since

NCCT is a more commonly available imaging modality in

most hospitals, especially when multiple scans are acquired

at different timepoints. Furthermore, use of MRI imaging can

lead to loss of inclusions because of contraindications to MRI

and patients’ uncooperativeness (possibly due to claustrophobia)

to undergo an MRI. Since the effect of edema is maximal

in the subacute period after an ischemic event (1), future

studies focused on identifying risk factors for progression of

the lesion after distinguishing edema and lesion are necessary

to gain a better insight into the pathophysiology of lesion

progression. DWI andMR FLAIR are better imaging techniques

for assessing lesion status and its constituents especially in the

early subacute window (after 24 h) compared to CT. Hence,

we advocate that studying late lesion growth assessed on MRI

would also aid in better understanding this phenomenon. The

1-week follow-up NCCT scan was obtained 3–9 days after

stroke onset, which further necessitates the identification of

edema and true infarcted regions within the lesions (14).

It is known that reperfusion is a more commonly used

marker for treatment success compared to recanalization.

Since reperfusion is generally assessed on digital subtraction

angiography images that are only available for patients in

the intervention arm, in this study, treatment success was

determined on the 24-h follow up CT angiography scan. Further

studies distinguishing lesion progression into downstream and

new territories after considering the influence of reperfusion are

also required.

Conclusion

Lesion growth in patients treated for an AIS is not

restricted to the acute phase between stroke onset and

(successful) reperfusion. We identified lower collateral

capacity, longer time between stroke onset and treatment,

unsuccessful recanalization, and larger midline shift as

risk factors for late, subacute lesion growth. Furthermore,

higher baseline NIHSS and presence of a proximal occlusion

showed a trend to be associated with more subacute lesion
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evolution. Further research should be directed toward

understanding and minimizing the effects of the predictors for

late lesion growth.
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Bloody fluids located between
the temporal muscle and
targeted cerebral cortex a�ect
the establishment of indirect
collaterals in Moyamoya disease
with surgical bypass: A
case-control study

Yin Li1,2†, Jun-wen Hu1,2†, Xu-chao He1,2, Yang Cao1,2,

Xiao-bo Yu1,2, Xiong-jie Fu1,2, Hang Zhou1,2, Li-bin Hu1,2,

Liang Xu1,2, Chao-ran Xu1,2, Yong-jie Wang1,2 and Lin Wang1,2*

1Department of Neurosurgery, Second A�liated Hospital, School of Medicine, Zhejiang University,

Hangzhou, China, 2Clinical Research Center for Neurological Diseases of Zhejiang Province,

Hangzhou, China

Objective: Bypass yields favorable outcomes in the treatment of Moyamoya

disease (MMD). Bloody fluids accumulate between the targeted cortex and the

temporal muscle after surgical bypass. These fluids are handled empirically

via subcutaneous tubes or conservative treatments. However, substances

located in certain positions may adversely a�ect the establishment of indirect

collaterals (ICs) from muscular grafts.

Methods: Patients in our hospital from January 2014 to December 2019 were

eligible for inclusion. Digital subtraction angiography (DSA) and radiological

examinations were used during the perioperative and follow-up periods.

Bloody fluid volumes were calculated using computed tomography- (CT-)

based 3D Slicer software. The characteristics of bloody fluids, patient

demographics, and clinical data were retrospectively analyzed.

Results: In total, 110 patients underwent indirect or combined bypass with

follow-up DSA. The mean age of the enrolled patients was 42.4 ± 11.8

years. Previous ischemia (p = 0.001), previous hemorrhage (p = 0.013),

bloody fluid volume (p = 0.049), and the time of imaging (p = 0.081) were

associated with indirect outcomes. Ordinal regression analysis confirmed that

good indirect outcomes were associated with previous ischemia (p < 0.001)

and a large bloody fluid volume (p = 0.013). Further subgroups based on

fluid volume were significantly correlated with IC establishment (p = 0.030).
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Conclusions: A large bloody fluid volume and previous ischemic history were

associated with good indirect outcomes. The presence of bloody fluids may

reflect impaired degrees ofmuscular donors due to bipolar electrocoagulation,

thus highlighting the importance of appropriate application of bipolar forceps.

KEYWORDS

Moyamoya disease, angiogenesis, bloody fluids, temporal muscle, digital subtraction

angiography (DSA)

Introduction

Moyamoya disease (MMD) is a chronic cerebrovascular

disease characterized by progressive steno-occlusive changes

in bilateral intracranial carotid arteries and their proximal

branches (1). Surgery can effectively improve cerebral

hemodynamic status (2). Indirect bypass remains a high

priority for pediatric patients because of its simplicity and

patients’ satisfactory improvements (3). Indirect bypass is

also performed separately or as part of a combined bypass for

treating adult patients with MMD (4). A recent study found

that dual collateral establishment of direct and indirect parts

occurred in only 47% of adult patients, and good indirect

partial collaterals were likely to occur in patients at Suzuki

stage IV or greater (5). Although strong angiogenic effects help

indirect collaterals (ICs) develop toward favorable outcomes

in younger patients (6), the temporal muscle takes a long time

to establish valid connections with targeted brain regions.

Therefore, incipient relationships must be established between

the donor muscle and recipient cortices before the period

when the deep temporal artery communicates further with the

pial vasculature.

The initial contact between muscular grafts and brain

surfaces occurs from errhysis of temporal muscles on the first

post-operative day. Studies on the post-surgical accumulation

of bloody fluids are lacking in evidence-based medicine. In

most cases, subcutaneous tubes are empirically placed to

drain residual bloody fluids. A previous study revealed that

decreased levels of serum caveolin-1 and high concentrations of

angiopoietin correlated with neovascularization in adults with

MMD (7). Within various angiogenic factors, these fluids may

affect the angiogenic interaction between the donor muscle

and the arachnoid membrane. Here, we describe the role

of bloody fluids in establishing ICs from the deep temporal

artery and discuss the appropriate perioperative management

of MMD.

Abbreviations: CT, computed tomography; DSA, digital subtraction

angiography; EDMS, encephalo-duro-myo-synangiosis; ICs, indirect

collaterals; MCA, middle cerebral artery; MMD, Moyamoya disease; STA,

superficial temporal artery; VEGF, vascular endothelial growth factor.

Materials and methods

Study participants

After excluding 220 patients, 110 patients with MMD who

underwent combined or indirect bypass were consecutively

enrolled between January 2014 and December 2019

(Supplementary Figure 1). MMD was diagnosed as per the

guidelines for MMD diagnosis and treatment published by

the Research Committee on the Pathology and Treatment of

Spontaneous Occlusion of the Circle of Willis (8).

Inclusion criteria were as follows: (1) MMD was definitively

diagnosed via digital subtraction angiography (DSA). (2)

Patients underwent either indirect bypass of the encephalo-

duro-myo-synangiosis (EDMS) or combined bypass, of which

the indirect part was EDMS. (3) Patients underwent either

computed tomography (CT) or CT angiography (CTA) within

3 days post-surgery. (4) Follow-up DSA was conducted at ≥6

months post-surgery.

Exclusion criteria were as follows: (1) Neither CT nor

CTA was performed within 3 days post-surgery. (2) No DSA

was performed during the follow-up period. (3) Intracranial

hemorrhage occurred in the acute post-operative stage.

Surgical revascularization modalities

Surgical revascularization procedures performed in the

enrolled patients were categorized as indirect or combined

bypass. Criteria for surgery included the presence of transient

ischemic attack or infarct, subarachnoid or intracranial

hemorrhage, epilepsy, and dizziness. Indirect bypass was

referred to as EDMS. Combined bypass has been described

previously and consists of the superficial temporal artery

(STA) to middle cerebral artery (MCA) bypass and EDMS

(9). Graft patency was confirmed by intraoperative emission

of indocyanine green. The temporal muscle covered the brain

surface without manual splitting.

Bloody fluid evaluation and divisions

Bloody fluid volume was calculated using 3D Slicer

software (https://www.slicer.org/) after performing CT or
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FIGURE 1

A procedure for typical bloody fluids around the operative area. (A) Original presentation of bloody fluids on post-operative computed

tomography (CT) examinations. Black arrows indicate the separated temporal muscle. The graph shows di�erent CT values with adjacent

bloody fluids. (B) Bloody fluids are marked in red and the temporal muscle is marked in green using the 3D Slicer software. (C) The location of

bloody fluids and the temporal muscle via 3D rebuilding.

TABLE 1 The interrater reliability in the calculation involved with

bloody fluids.

Surgeon 1 Surgeon 2 P-valuey ICC (95%

CI)

Volume of

bloody fluids,

ml

7.0± 4.1 7.0± 4.4 <0.001 0.936 (0.908,

0.956)

Surface area,

cm2

25.5± 33.1 26.4± 37.2 <0.001 0.973 (0.961,

0.982)

yp < 0.05 are bolded.

ICC, interclass correlation coefficient.

CTA within 3 days post-surgery (Figure 1). This software

enables the measurement of intracranial hemorrhage more

accurately than the conventional Tada formula (10). The

calculated threshold range was set as the signal range of

hematomas [i.e., 50–100 Hounsfield units (HU)]. The working

process went as described previously (10). The separated

temporal muscle showed slight high-density signal changes

on CT in the acute post-operative stage, but the signal

values of the muscles did not meet the abovementioned

threshold range.

Enrolled patients were grouped by bloody fluid volume as

a minimum: ≤4ml; small: >4–≤8ml; medium: >8–≤2ml; or

large: <12 ml.

The interrater reliability of the bloody fluid volume

calculation by two independent surgeons was determined

and revealed that the volume and surface area of these

fluids reached a near perfect agreement [interclass

correlation coefficient (ICC) = 0.936 and =0.973,

respectively, Table 1].

Outcome measures

The evaluation of collateral networks was graded using

the angiographic Matsushima score (11) as follows: 0: no

collaterals in the target revascularization; 1: collaterals in ≤1/3

of the MCA territory; 2: collaterals in 1/3–2/3 of the MCA

territory; and 3: collaterals in >2/3 of the MCA territory (9).

Identification of collaterals provides an overall evaluation of the

compensatory area derived from either direct bypass or EDMS

(Supplementary Figure 2).

This cohort was then categorized into groups based on

the indirect Matsushima score as follows: (1) poor IC group:

indirect Matsushima score = 0; (2) minimal IC group: indirect

Matsushima score = 1; and (3) good IC group: indirect

Matsushima score= 2 or 3.

Data analysis

SPSS 24.0 (SPSS, Inc., Chicago, IL, USA) was used for

statistical analysis. Differences in data between ordinal groups

were compared using the Kruskal–Wallis H-test or Spearman’s

correlation as appropriate. Logistic regression analysis was

conducted on factors achieving p < 0.10 in the univariate

analysis. A p < 0.05 was considered statistically significant, and

all tests were two-tailed.

Results

Demographics and clinical presentation

Of 330 consecutive patients with MMD who underwent

surgery from January 2014 to December 2019, 110
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TABLE 2 Baseline and clinical characteristics in patients with MMD

who achieved surgical revascularization.

Patients (n = 110)

Age, yrsy 42.4± 11.8 (11, 65)

Female, % 76 (69.1)

Smoking, % 20 (18.2)

Alcohol drinking, % 17 (15.4)

Hypertension, % 34 (30.9)

Diabetes, % 9 (8.2)

Moyamoya involved

Bilateral 87 (79.1)

Left 12 (10.9)

Right 11 (10.0)

Type of onset

Ischemia 59 (53.6)

TIA 20 (18.2)

Infarction 39 (35.5)

Hemorrhage 39 (35.5)

SAH 5 (4.5)

IVH 22 (20.0)

ICH 12 (10.9)

Epilepsy 2 (1.8)

Others 10 (9.1)

Angiographic suzuki stage

I 15 (13.6)

II 14 (12.7)

III 54 (49.1)

IV 23 (20.9)

V 3 (2.7)

VI 1 (0.9)

yValues presented as mean± standard deviation (SD) (minimum, maximum).

MMD, Moyamoya disease; TIA, transient ischemic attack; SAH, subarachnoid

hemorrhage; IVH, intraventricular hemorrhage; ICH, intracranial hemorrhage.

were identified as meeting the inclusion criteria. Eight

patients with acute intracranial hemorrhage were excluded

(Supplementary Figure 1). The mean patient age was 42.4

± 11.8 years (range 11–65 years), and 76 enrolled patients

were women. Of these patients, 80.6% presented with bilateral

involvement. In total, 60 patients (54.5%) experienced ischemic

onset. Table 2 summarizes the other clinical characteristics.

Surgical procedures and follow-up
features

The median pre-operative disease course was 5

months (Table 3). Approximately half of the patients

underwent surgery on the left side. Approximately 11 of

110 patients (10.0%) underwent indirect bypass, and 99

TABLE 3 Surgical and follow-up features in patients with surgical

revascularization.

Patients (n = 110)

Pre-op disease period (IQR), mos 5.0 (10.0)

Surgical type, %

Indirect revascularization 11 (10.0)

Combined revascularization 99 (90.0)

Surgery on the left, % 56 (50.9)

Post-operative complications, % 28 (25.5)

Transient neurologic deficits

Aphasia 22 (20.0)

Weakness 4 (3.6)

Cerebral infarction 2 (1.8)

Epilepsy 4 (3.6)

Length of stay (IQR), days 15.0 (5.0)

Follow-Up period (IQR), mos 11.5 (4.5)

Indirect matsushima score, %

0 42 (38.2)

1 50 (45.5)

2 17 (15.5)

3 1 (0.9)

Direct matsushima score, %

0 0 (0.0)

1 34 (34.3)

2 35 (45.5)

3 20 (20.2)

Pre-op, pre-operative; IQR, interquartile range.

(90.0%) underwent combined bypass. One-fourth of the

enrolled patients experienced post-operative complications,

of which the most common was transient aphasia

(20.0%). Four patients had post-operative seizures. Eight

excluded patients underwent acute intracranial hemorrhage

(Supplementary Figure 1).

The radiographic follow-up period was 11.5 months.

Angiographic angiogenesis was assessed for both indirect and

direct parts, of which 18 of 110 (16.4%) patients had indirect

scores ≥2, and 65.7% (55/99) had direct scores ≥2 on the

Matsushima angiogenesis classification. Direct scores were

more likely to grade favorably than indirect scores for all

enrolled patients.

Factors related to establishing ICs

Patients were further categorized into poor, minimal,

and good IC groups, as described in Section Outcome

measures. Demographic characteristics were consistent and

did not statistically differ among the groups (Table 4). In

the good IC group, 88.9% experienced previous ischemic

onset, which was positively correlated with indirect outcomes
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TABLE 4 Factors related to the generation of indirect collaterals in MMDs after bypass.

Univariate analysis Ordinal regression analysis

Poor ICs (n = 42) Minimal ICs (n = 50) Good ICs (n = 18) P-valuey OR 95% CI P-valuey

Age, yrs 41.7± 13.6 42.6± 11.7 43.1± 6.9 0.679z

Female (%) 33 (78.6) 30 (60.0) 13 (72.2) 0.153§

Smoking (%) 5 (11.9) 12 (24.0) 3 (16.7) 0.323§

Bilateral involved 33 (78.6) 39 (78.0) 15 (83.3) 0.888§

Previous ischemia 15 (35.7) 28 (56.0) 16 (88.9) 0.001§ 4.724 2.161–10.327 <0.001

Previous hemorrhage 21 (50.0) 16 (32.0) 2 (11.1) 0.013§ 0.870

Initial suzuki stage (%) 0.157z

I 9 (21.4) 6 (12.0) 0 (0.0)

II 5 (11.9) 8 (16.0) 1 (7.1)

III 19 (45.2) 22 (44.0) 13 (72.2)

IV 6 (14.3) 13 (26.0) 4 (22.2)

V 3 (7.1) 0 (0.0) 0 (0.0)

VI 0 (0.0) 1 (2.0) 0 (0.0)

Surgery on the left (%) 26 (61.9) 23 (46.0) 7 (38.9) 0.172§

Features of post-op blood fluids

Volume, ml 5.9± 3.4 7.6± 4.5 7.9± 4.4 0.049z 1.122 1.025–1.228 0.013

Surface area, cm2 27.5± 38.1 19.3± 25.6 40.9± 45.6 0.333z

Time of imaging, days 1.9± 1.0 2.0± 1.0 2.4± 1.0 0.081z 0.159

Post-operative complications, % 10 (23.8) 10 (20.0) 8 (44.4) 0.121§

Follow-up period, mos 12.0± 5.9 14.3± 13.1 13.5± 5.7 0.221z

yp < 0.05 are bolded.
zSpearman’s correlation.
§Kruskal–Wallis H-test.

ICs, indirect collaterals; Ref, reference category; Post-op, post-operative.

(p = 0.001). Conversely, initial hemorrhage was more common

in the poor IC group than in the other two groups (p =

0.013). Surgery on the left side was less common in the

good IC group than in the poor and minimal IC groups

(38.9 vs. 61.9 and 46.0%, respectively, p = 0.172). Bloody

fluid volume was significantly correlated with good indirect

outcomes (p = 0.049). The average time points for post-

operative imaging were similar, occurring ∼2 days post-

surgery. The mean follow-up periods for all groups exceeded

12 months.

All possible factors were included in the ordinal regression

analysis, in which the parallel line test met the standard

(Supplementary Table 1). Previous ischemia and bloody fluid

volume were independent factors, which were related to indirect

outcomes (Table 4). Imaging time was a potential confounding

factor in the regression analysis, and no statistically significant

differences were observed (p = 0.159). Increases in bloody fluid

volume were correlated with good ICs [odds ratio (OR): 1.122,

95% confidence interval (CI): 1.025–1.228, p = 0.013, Table 4,

Figure 2A]. Patients with previous ischemic histories were prone

to favorable IC outcomes during a follow-up (OR: 4.724, 95%

CI: 2.161–10.327, p < 0.001). Patients with hemorrhage at onset

weremore likely to have poor IC outcomes (p= 0.130); however,

the ordinal regression analysis showed no statistical differences

(p= 0.870).

Bloody fluid features

We further explored clinical and follow-up differences

among patients divided by bloody fluid volume grading

(Section 2.3). In total, 28 patients had a minimal bloody

fluid volume, 44 had a small volume, 23 had a medium

volume, and 15 had a large volume. Table 5 compares the

patient demographics, clinical features, surgeries, and follow-

up characteristics. Only the IC grades differed significantly.

The following subgroup analysis of initial onset was conducted

in MMD based on the classification of post-operative bloody

fluids (Supplementary Table 2). In the subgroup of ischemia,

surgery on the left presented significant differences (p =

0.018). In contrast, post-operative bloody fluid volume showed

statistical significance in the subgroup of hemorrhage (p =

0.009). Good IC grades were correlated with a large bloody

fluid volume (p = 0.030; Figure 2B). Conversely, the direct

Matsushima score was not associated with post-operative
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FIGURE 2

Relationship between bloody fluid volume and indirect outcomes. (A) Di�erences in bloody fluid volumes among the groups categorized by

indirect collaterals (ICs). (B) Di�erences in ICs among post-operative bloody fluid volumes. Minimal bloody fluid volume: <4ml; small fluid

volume: 4–8ml; medium fluid volume: 8–12ml; and large fluid volume >12ml.

bloody fluid volume and did not significantly differ among

groups (p = 0.550). Postoperative imaging times did not

significantly differ among the bloody fluid volume levels (p

= 0.376).

Discussion

Single and combined bypass are used to treat MMD,

and both yield satisfactory outcomes. Studies have explored

the long-term patency of anastomotic sites or factors related

to direct partial outcomes (12–14). Previous studies have

confirmed the association between younger age and indirect

partial outcomes (6). However, when establishing collateral

networks among patients with MMD, the combination of

STA-MCA bypass and EDMS may have opposite outcomes

and yield opposite results. Furthermore, collateral cerebral

development of single EDMS varies among patients.

Here, we found that a large post-operative bloody fluid

volume and previous ischemia were associated with good

indirect outcomes.

Initial type of onset

The proportions of patients with previous ischemia

increased from the poor to the good IC subgroups, with a

decreasing trend in the initial hemorrhage (Table 4). After

entering the ordinal regression, previous ischemia was a

potential factor for good indirect outcomes. A multicenter

study revealed that intracranial hemorrhage was an independent

predictor of poor neovascularization for patients with MMD

undergoing indirect bypass (15). Subgroup analysis showed that

bloody fluid volume was related to ICs in the hemorrhagic

group (Supplementary Table 2). In contrast to those with

hemorrhagic MMD, patients with ischemic onset exhibited

favorable indirect outcomes. The hemodynamic status in

ischemic MMD remained stable, and the pial vasculature

in these patients did not suffer any hemorrhagic strikes.

This may lay a foundation for a preliminary connection

between the temporal muscle and the recipient vessels through

the pial vasculature, further forming ICs from the deep

temporal artery.

Post-operative bloody fluid volume

Postoperative bloody fluid volume was significantly

correlated with indirect partial outcomes, which was supported

by subsequent subgroup analysis (Table 4, Figure 2B). Unlike

STA-MCA bypass, which reverses the impaired cerebral

hemodynamic status immediately after surgery, it takes a

long period for the temporal muscle to effectively associate

with cortical regions via the leptomeningeal vessels (16).

Hence, breaking down the barriers between the donor grafts

and recipient arteries will help to further develop ICs. The

specific location of bloody fluids greatly affects the contact

between the separated temporal muscle and the pial vasculature

(Figure 3).

Large volumes between the two layers may contain

more angiogenesis-related cytokines, in contrast to the small

volumes of bloody fluids. The specific allele of vascular
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TABLE 5 Comparison of clinical features, surgical and follow-up characteristics in MMDs based on the classification of post-operative bloody fluids.

Little (n = 28) Small (n = 44) Median (n = 23) Large (n = 15) P-valuey

Age, yrs 41.4± 13.8 42.9± 11.4 40.1± 11.5 45.9± 8.9 0.864z

Female (%) 20 (71.4) 33 (75.0) 15 (65.2) 8 (53.3) 0.445§

Smoking (%) 3 (10.7) 8 (18.2) 5 (21.7) 4 (26.7) 0.582§

Bilateral involved 23 (82.1) 35 (79.5) 17 (73.9) 12 (80.0) 0.910§

Type of onset 0.536§

Ischemia 16 (57.1) 23 (52.3) 13 (56.5) 1 (6.7)

Hemorrhage 8 (28.6) 17 (38.6) 7 (30.4) 7 (46.7)

Others 4 (14.3) 4 (9.1) 3 (13.0) 7 (46.7)

Initial suzuki stage (%) 0.204z

I 6 (21.4) 7 (15.9) 2 (8.7) 0 (0.0)

II 2 (7.1) 5 (11.4) 5 (21.7) 2 (13.3)

III 14 (50.0) 23 (52.3) 10 (43.5) 7 (46.7)

IV 4 (14.3) 8 (18.2) 5 (21.7) 6 (40.0)

V 2 (7.1) 0 (0.0) 1 (4.3) 0 (0.0)

VI 0 (0.0) 1 (2.3) 0 (0.0) 0 (0.0)

Surgery on the left (%) 14 (50.0) 22 (50.0) 10 (43.5) 10 (66.7) 0.572§

Surface area, cm2

Time of post-op imaging, days 2.0± 1.0 2.0± 1.1 2.± 1.0 2.270± 0.884 0.376z

Post-operative complications, % 6 (21.4) 8 (18.2) 9 (39.1) 5 (33.3) 0.244§

Follow-up period, mos 11.2± 3.9 15.5± 14.1 13.1± 6.4 11.1± 3.8 0.838z

ICs grades, % 0.030§

Poor 14 (50.0) 18 (40.9) 7 (30.4) 3 (20.0)

Minimal 11 (39.3) 19 (43.2) 12 (52.2) 8 (53.3)

Good 3 (10.7) 7 (15.9) 4 (17.4) 4 (26.7)

Direct matsushima score, % 0.550z

1 8 (30.8) 11 (28.2) 10 (47.6) 5 (38.5)

2 13 (50.0) 20 (51.3) 8 (38.1) 4 (30.8)

3 5 (19.2) 8 (20.5) 3 (14.3) 4 (30.8)

yp < 0.05 are highlighted in bold.
zSpearman’s correlation.
§Kruskal–Wallis H-test.

Post-op, post-operative; ICs, indirect collaterals.

endothelial growth factor (VEGF) is associated with the

poor collateral formation in MMD (17). Previous studies

confirmed that the VEGF levels were nearly identical to those

in healthy cohorts, confirming an active neovascularization

state in patients with MMD (7) despite decreased serum

caveolin-1 concentrations associated with negative arterial

remodeling (18). Increased serum angiopoietin-2 levels

have been described (19), and angiopoietins contained in

these fluids may facilitate vascular responses that regulate

angiogenesis via an autocrine release in patients with MMD

(20). Additionally, surgical bypass can elevate VEGF-A165

a/b ratios in MMD and intracranial atherosclerotic disease

(21). These factors associated with neovascularization

may be involved in initially establishing ICs, which

contain these fluids between donor grafts and recipient

encephalic regions.

Another hypothesis that may better account for this

is that bloody fluid volume may be the epitome of donor

muscular status. Bloody fluids inevitably accumulate after

surgery, mostly because of errhysis of muscular grafts or

from the outflow from anastomotic sites. During indirect

or combined bypass, the temporal muscle is stripped from

the skull and handled carefully via electrocoagulation, which

may cause microvascular occlusion of the inner muscular

side (22). Excessive application of bipolar forceps to the

inner face of the separated muscle reduced the errhysis

to a small volume in the first few hours after surgery.

Conversely, a large volume of bloody fluids served as a

possible indicator of well-preserved muscular grafts escaping

immoderate electrocoagulation and implied a beneficial

microvascular environment for collaterals through pia

meningeal vessels in recipient encephalic regions. These

Frontiers inNeurology 07 frontiersin.org

114

https://doi.org/10.3389/fneur.2022.960199
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al. 10.3389/fneur.2022.960199

FIGURE 3

Illustration of bloody fluids between the separated temporal

muscle and targeted cortex. The red mass indicates

post-operative bloody fluids and their specific positions. (A)

Sagittal view. (B) Coronal view.

fluid volumes may reflect the impaired damage caused by

electrocoagulation, suggesting that proper use of bipolar forceps

is important when dealing with temporal muscles without

severe arterial bleeding.

The large distance associated with large bloody fluid volumes

may have blocked interactions between this donor muscle

and recipient regions. Unfortunately, these results were not

consistent with this trend. Medium and large volume of bloody

fluids had similar results in the proportions of indirect outcomes

(30.4 vs. 20.0, 52.2 vs. 53.3, and 17.4 vs. 26.7%; Table 5,

Figure 2B). The largest volume was 23.4ml from a patient in

the minimal IC group. This may indicate that the inflection is

reversed from positive to negative effects in ICs. The smallest

size calculated by our software was 0.8ml. The threshold

range calculated by the software neglected the diluted portion

mixed with subdural fluids, giving the illusion of minimal

bloody fluids.

This study had several limitations. First, the threshold

range calculated by the software may have neglected the

dilute portion that is mixed with the subdural fluids,

giving the illusion of minimal bloody fluids because the

smallest size obtained was 0.761ml. Second, operational

factors, such as bipolar electrocoagulation frequency in the

temporal muscle and integrity of the separated muscular

grafts, could not be analyzed and might have resulted in a

lack of evaluation criteria and data. Finally, there may be

a selection bias between enrolled and excluded patients at

baseline characteristics. Some cytokines possibly associated with

collateral improvements in patients should also be confirmed.

The conclusion requires further prospective studies with a larger

MMD cohort to determine the critical point and mechanisms

of MMD.

Conclusions

Bloody fluids between the temporal muscle and targeted

brain regions are familiar manifestations in patients with MMD

after surgery. In this study, the large volume of these fluids and

previous ischemic history were associated with good indirect

outcomes. The presence of bloody fluids reliably reflects muscle

donor impairment due to bipolar electrocoagulation, which may

indicate the active status of the temporal muscle, and highlights

the need for appropriate application of the bipolar forceps.

These findings also suggest that inadequate drainage may be

acceptable, as this has occurred in patients undergoing EDMS

and combined bypass. In summary, bloody fluids may have

positive effects on long-term indirect outcomes.
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Objective: We developed and validated a clinical-radiomics nomogram to

predict the prognosis of basal ganglia hemorrhage patients.

Methods: Retrospective analyses were conducted in 197 patients with

basal ganglia hemorrhage (training cohort: n = 136, test cohort: n = 61)

who were admitted to The First A�liated Hospital of Shandong First

Medical University (Shandong Provincial Qianfoshan Hospital) and underwent

computed tomography (CT) scan. According to di�erent prognoses, patients

with basal ganglia hemorrhage were divided into two groups. Independent

clinical risk factors were derived with univariate and multivariate regression

analysis. Radiomics signatures were obtained using least absolute shrinkage

and selection operator. A radiomics score (Rad-score) was generated by 12

radiomics signatures of perihematomal edema (PHE) from CT images that

were correlated with the prognosis of basal ganglia hemorrhage patients.

A clinical-radiomics nomogram was conducted by combing the Rad-score

and clinical risk factors using logistic regression analysis. The prediction

performance of the nomogram was tested in the training cohort and verified

in the test cohort.

Results: The clinical model conducted by four clinical risk factors

and 12 radiomcis features were used to establish the Rad-score. The

clinical-radiomics nomogram outperformed the clinical model in the training

cohort [area under the curve (AUC), 0.92 vs. 0.85] and the test cohort

(AUC, 0.91 vs 0.85). The clinical-radiomics nomogram showed good

calibration and clinical benefit in both the training and test cohorts.
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Conclusion: Radiomics features of PHE in patients with basal

ganglia hemorrhage could contribute to the outcome prediction. The

clinical-radiomics nomogram may help first-line clinicians to make individual

clinical treatment decisions for patients with basal ganglia hemorrhage.
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Introduction

Spontaneous intracerebral hemorrhage (ICH) accounts

for 10% of all strokes and has a high mortality rate of

∼40% (1). The basal ganglia are the most common site

of ICH. Globally, ICH leads to 2.8 million deaths per

year (2, 3), and only 12–39% of ICH patients could live

independently without disabilities (4). Because ICH usually

leads to death, morbidity, and disability, early and accurate

prediction of clinical prognosis is important to guide the

development of clinical treatment plans and observe the effect

of treatment.

Perihematomal edema (PHE) is caused by damage to the

blood-brain barrier (BBB) and neuronal ion channel disruption

and is an important secondary injury following ICH (5, 6).

It is the primary cause of increased intracranial pressure,

brain hernia, and death in ICH patients and contributes

to poor clinical prognosis (7, 8). Many studies have shown

that increased PHE volume around the hematoma after ICH

was an independent risk factor in ICH patients for poor

prognosis (9–12). Computed tomography (CT) is the most

common examination method for diagnosing PHE. During

the early stage, the characteristics of PHE are not typical in

CT images, and accurate interpretations rely on radiologists’

experience (13–15). It is difficult for clinicians to quantify

early cerebral edema following ICH. Therefore, developing

a more objective and convenient method for volume and

severity assessment of the PHE in CT scans will significantly

benefit prognosis predictions and could contribute to clinical

intervention decision-making.

Radiomics is a rapidly developing method based on

computer-aided detection or diagnosis and combines

quantitative image analysis and machine learning algorithms

(16–19). Radiomics overcomes the limitation of image

interpretation, which usually relies on the experience of

doctors (20, 21). At present, radiomics is used primarily

for screening and quantitative analysis of the most valuable

imaging features, which are used to develop machine learning

models for either diagnosis or prognosis prediction (22–24).

Although previous studies have suggested that PHE is a

predictor of functional outcomes in ICH patients, the impact

of PHE on the prognosis of ICH is controversial (25–28).

Currently, the association between the radiomics features

of PHE in CT scans and the outcome of ICH patients

remains unclear.

In this study, we aimed to establish and validate a combined

nomogram for predicting the prognosis of basal ganglia

hemorrhage patients using the radiomics features of PHE and

clinical characteristics.

Materials and methods

Collection and selection of patient data

This single-center retrospective study was approved by the

Medical Ethics Committee of The First Affiliated Hospital

of Shandong First Medical University (Shandong Provincial

Qianfoshan Hospital), and the informed consent was waived.

352 ICH patients were recruited between January 2016 and

March 2022. For this study, the inclusion criteria were as follows:

(1) patients aged over 18 years with a spontaneous ICH in

the basal ganglia; (2) CT examination performed within 72 h

of disease onset; (3) admission assessment using the National

Institute of Health Stroke Scale (NIHSS). Patients with the

following conditions were excluded: (1) patients with a tumor,

vascular malformation, aneurysm, or trauma, and those who

had undergone thrombolytic therapy or cerebral arteriovenous

thrombosis; (2) patients pretreated with anticoagulants or those

with coagulopathy; (3) pregnant women; (4) patients with

multiple organ failure. Finally, a total of 197 patients were

enrolled. This patient database was divided into a training

cohort (n = 136) and a test cohort (n = 61) at a 7:3

ratio, with the random seed of 186 (Figure 1). The Glasgow

Outcome Scale (GOS) was used for assessing the clinical

outcome of patients when they were discharged from the

hospital, which was usually 7–10 days after admission. A

GOS score of 4–5 represented a good prognosis, while a

score of 1–3 was regarded as a poor prognosis (Figure 1).
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FIGURE 1

The flow chart of patients’ selection.

Images acquisition and region of interest
segmentation

The first CT scans of patients after ICH onset were

acquired on two types of CT scanners (Discovery CT750

HD and Optima CT660, General Electric Company, USA)

using standardized scanning protocols: tube voltage and

current of 120 kV and 350mA, the field of view of

32 cm, matrix size of 512 × 512, and slice thickness of

5mm. The scanning range was from the skull base to

the cranium.

The region of interest (ROI) segmentation of the PHE

and hematoma were performed by a neuroradiologist with

10 years of experience using Radcloud (Huiying Medical

Technology Co., Ltd., China). The validation of segmentation

results was conducted by a senior neuroradiologist with

20 years of experience in 19 randomly selected patients.

All radiologists were blind to the clinical information of

the patients.

Feature extraction and selection

Using the Radcloud platform, we extracted 1,409

quantitative imaging features of PHE from the CT images.

These features contained first-order statistics and texture, shape,

and size features. The feature extraction was conducted using

a “pyradiomics” package (https://pyradiomics.readthedocs.

io/en/latest/). We first conducted the intraclass correlation

coefficient test in 19 patients, and 1,225 features with a p >

0.75 were screened for the subsequent analysis. The variance

threshold method reduced the number of features to 1,178,

of which 131 were retained after applying the SelectKBest

method. Finally, using the least absolute shrinkage and selection

operator (LASSO) regression model, 12 radiomics signatures

were selected for machine model building (Figure 2). The

features of hematoma were extracted in the same way as

for PHE and were combined with the features of PHE for

selection. The combined feature selection was conducted

using the variance threshold (variance threshold = 0.8),

SelectKBest (p < 0.05), and the LASSO, and 12 combined

features were obtained (Supplementary materials). PHE

volume and hematoma volume were calculated using the

Radcloud platform.

Machine learning model building

Clinical characteristics were screened using univariate and

multivariate logistic regression analyses. Factors with a p < 0.05

were considered single risk factors for prognosis in basal ganglia

hemorrhage patients by univariate logistic regression analyses

in the training cohort. These single factors were then analyzed

by multivariate logistic regression analyses, and factors with a p

< 0.1 were considered independent risk factors for prognosis.

Using these factors, we built a clinical model using logistic

regression in the training cohort and verified in the test cohort.

PHE volume-clinical model was conducted with the PHE

volume and the four independent clinical features by logistic

regression in the training cohort and verified in the test cohort.

The radiomics score (Rad-score) was calculated for each

patient by a formula using the selected 12 radiomics signatures.

The rad-score formula was obtained as follows: Rad-score

= α +

i
∑

1
βiXi, and α is the intercept (α = 0.647), βi

is the value of radiomics feature; Xi is the corresponding

coefficient (Supplementary materials).

Based on the selected features of PHE, we constructed

radiomics models with three classifiers, including Logistic

Regression (LR), Decision tree (DT), and Support Vector

Machine (SVM). The effectiveness of the model was improved

using the validation method.

The clinical-radiomics nomogram was derived using the

rad-score and the independent clinical risk factors in the

training cohort and verified in the test cohort using logistic

regression analysis.

The PHE-hematoma-clinical model was conducted with

four independent clinical risk factors and the 12 selected

combined radiomics features using LR analysis in the training

cohort and verified in the test cohort (Supplementary materials).
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FIGURE 2

The workflow of the radiomics analysis.

Model evaluation

The receiver operating characteristic (ROC) curve was used

to assess the predictive efficacy of machine learning models in

the training and test cohort. Delong test was used to evaluate

the differences of the area under curves (AUCs). The nomogram

was evaluated by calibration curves and Hosmer-Lemeshow test

in the training and test cohorts. Decision curve analysis (DCA)

was conducted to determine the clinical benefit of the machine

learning models by calculating the net benefits at different

threshold probabilities.

Statistical analysis

Statistical analyses were conducted with R software

(version 3.4.4) and the SPSS software (version 22.0). Clinical

characteristics are described as medians (interquartile ranges)

or means ± standard deviations according to the results of the

Shapiro-Wilk test. Categorical data, such as sex, are expressed

as percentages. The chi-squared test, Fisher’s exact test, and

Mann-Whitney U test were used for univariate analysis. A p <

0.05 was considered statistically significant.

Results

Characteristics of basal ganglia
hemorrhage patients

There were no significant differences in clinical

characteristics between the training and test cohorts

(Table 1). Univariate analysis indicated that maximum

diameter, hematoma/intracranial diameter (H/I), Glasgow

Coma Scale (GCS) score, Mg (magnesium), hematoma

volume, D-dimer (DD2), NIHSS score, and muscle

strength on the affected side were potential risk factors

for prognosis in basal ganglia hemorrhage (Table 2, p

< 0.05). These eight clinical features were subsequently

analyzed using multivariate logistic regression and obtained

four independent predictors of prognosis: GCS score

(p = 0.013), muscle strength on the affected side (p

< 0.001), hematoma volume (p = 0.092), and DD2 (p

= 0.047).

Clinical and radiomics models for
prognosis prediction in patients with
basal ganglia hemorrhage

The clinical model comprising four independent

risk factors had an AUC of 0.85 [95% confidence

interval (CI), 0.79–0.92] in the training cohort, and the

AUC was 0.85 (95% CI, 0.74–0.95) in the test cohort

(Figure 3).

The radiomics model comprised three different

classifiers using the 12 radiomics features. As shown in

Supplementary Figure 2, in the training cohort, the AUC of

the SVM model was 0.79 (95% CI, 0.71–0.87), the AUC of the

LR model was 0.79 (95% CI, 0.71–0.87), and the AUC of the

DT model was 0.74 (95% CI, 0.67–0.81). In the test cohort,

the AUC of the SVM model was 0.70 (95% CI, 0.56–0.85), the

AUC of the LR model was 0.71 (95% CI, 0.57–0.86), and the
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TABLE 1 Patients’ characteristics in the training and test cohorts.

Variables Training cohort (n = 136) Test cohort (n = 61) P

Age, years 60± 11.8 59.5± 12.9 0.372

Sex (male), n (%) 78 (57) 44 (72) 0.057

Muscle strength on the affected side 3 (1,4) 2 (1,4) 0.484

Minimum diameter, mm 16.81 (14.51, 20.98) 18.52 (13.05, 21.65) 0.088

Maximum diameter, mm 31.36± 10.77 29.93± 8.5 0.718

Roundness, mm 12.2 (6.45, 19.5) 11.4 (5.7, 18.9) 0.337

Intracranial diameter, mm 127.31± 7.28 128.6± 7.5 0.485

Hematoma diameter, mm 19.94 (15.65, 24.29) 21.65 (14.67, 26.76) 0.275

H/I 0.16± 0.05 0.17± 0.05 0.189

GCS score 11(9,13) 10 (9,13) 0.879

Alkaline phosphatase 75 (64, 90.15) 71.6 (62.6, 88) 0.751

K, mmol/L 3.88 (3.52, 4.07) 3.91 (3.57, 4.3) 0.413

Na, mmol/L 141.06 (137, 143) 141.1 (138, 143) 0.307

Ca, mmol/L 2.23 (2.11, 2.33) 2.21 (2.16, 2.29) 0.799

Mg, mmol/L 0.88 (0.84, 0.91) 0.89 (0.85, 0.92) 0.095

Blood glucose at admission, mmol/L 5.97 (4.94, 6.91) 5.9 (5.06, 7.3) 0.710

WBC, 109/L 7.66 (6.38, 9.49) 8.09 (6.06, 9.58) 0.884

Neutrophils,109/L 6.03 (4.44, 7.68) 5.77 (4.38, 7.96) 0.613

Lymphocyte,109/L 1.16 (0.77, 1.55) 1.3 (0.78, 1.73) 0.448

NLR 5.08 (3.14, 9.63) 4.54 (2.77, 7.36) 0.471

Hb, g/L 137.2± 15.46 137.98± 14.57 0.842

HCT 0.41± 0.04 0.42± 0.04 0.497

RDW–CV 12.5 (12,13) 12.7 (12.1, 13.2) 0.346

PLT, 109/L 218 (185, 251.75) 213 (171, 265) 0.299

PDW, fL 12 (10.47, 13.43) 11.9 (10.7, 12.9) 0.569

PT, sec 11.2 (10.7, 11.6) 11.3 (10.6, 11.7) 0.914

INR 0.96 (0.91, 1.01) 0.97 (0.90, 1.03) 0.689

APTT, sec 25.4 (23.45, 27.13) 25.6 (21.73, 29.43) 0.456

TT, sec 17.05 (16.38, 17.8) 17.1 (16.5, 17.9) 0.621

DD2, mg/L 0.35 (0.2, 0.69) 0.35 (0.22, 0.75) 0.657

Systolic pressure at hospital admission 164± 27.4 162.3± 23.6 0.745

Diastolic pressure at hospital admission 95.4± 15.8 93± 13.0 0.054

Hematoma volume, mL 16.64 (9.9, 27.83) 15.23 (6.47, 23.38) 0.149

NIHSS score 7 (4,11) 6 (4,11) 0.429

First CT (hour) 19 (12,30) 20 (12,33) 0.672

H/I, hematoma/intracranial diameter; GCS, Glasgow Coma Scale; NIHSS, National Institute of Health stroke scale. Data are shown as median (interquartile ranges) or mean ±

standard deviations.

AUC of the DT model was 0.67 (95% CI, 0.50–0.76). The LR

model got better performance than the SVM and DT models

(Supplementary Table 1). The results of Delong test showed

that although the clinical model had higher AUCs than the LR

radiomics model, no significant difference was found between

these models in the training cohort (p = 0.152) and the test

cohort (p= 0.159).

To verify whether the PHE volume contributes to

the enhanced prediction of prognosis, we combined

the four independent clinical risk factors and the PHE

volume to build a model to predict the prognosis of

basal ganglia hemorrhage patients. Results showed

that PHE volume-clinical model had an AUC of 0.91

(95% CI, 0.87–0.96) in the training cohort and an

AUC of 0.84 (95% CI, 0.74–0.95) in the test cohort

(Supplementary Figure 3). This PHE volume-clinical model

did not show a better performance than the clinical model in

prognosis prediction.
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TABLE 2 Univariate analyses of predictors of prognosis in training cohorts.

Variables Good prognosis

(n = 88)

Poor prognosis

(n = 48)

P

Age, years 62.5± 13.1 59.1± 10.1 0.203

Sex (male), n (%) 52 (59) 26 (54) 0.709

Muscle strength on the affected side 4 (2-4) 0 (0–2) <0.001

Minimum diameter, mm 16.63 (13.84, 18.79) 17.66 (15.13, 22.37) 0.060

Maximum diameter, mm 29.81± 9.93 34.22± 11.74 0.021

Roundness, mm 10.3 (6.31, 17.44) 13.48 (6.9, 21.93) 0.116

Intracranial diameter, mm 127.74± 7.71 126.53± 6.41 0.355

Hematoma diameter, mm 8.16 (14.9, 23.37) 21.04 (17.14, 25.64) 0.067

H/I, median 0.15± 0.06 0.17± 0.05 0.048

GCS score 12 (10,13) 9 (7.75, 10) <0.001

Alkaline phosphatase 75.55 (64.38, 90.15) 72.3 (63.25, 88.75) 0.609

K, mmol/L 3.84 (3.54, 4.05) 3.9 (3.49, 4.11) 0.460

Na, mmol/L 141.18± 3.95 140.86± 3.95 0.651

Ca, mmol/L 2.22± 0.1 2.25± 0.11 0.104

Mg, mmol/L 0.91± 0.1 0.86± 0.1 0.009

Blood glucose at admission, mmol/L 6.26 (5.46–7.15) 5.36 (4.79–6.02) 0.163

WBC, 109/L 7.5 (6.32, 8.95) 8.16 (6.49, 9.72) 0.084

Neutrophils,109/L 5.74 (4.42, 7.6) 6.22 (4.62, 8.29) 0.084

Lymphocyte,109/L 1.17 (0.8, 1.54) 1.09 (0.75, 1.61) 0.432

NLR 5 (3.04, 8.47) 5.6 (3.49, 10.89) 0.344

Hb, g/L 138.35± 14.76 135.08± 16.62 0.240

HCT 0.41± 0.04 0.4± 0.05 0.108

RDW–CV 12.9 (12.0–13.4) 12.2 (11.9–13.0) 0.331

PLT, 109/L 219.5 (188.5, 256.5) 215.5 (167.25, 248) 0.595

PDW, fL 11.75 (10.47, 13.53) 12.2 (10.45, 13.25) 0.917

PT, sec 11.1 (10.7, 11.43) 11.2 (10.67, 11.7) 0.080

INR 0.96 (0.92, 1) 0.96 (0.9, 1.02) 0.149

APTT, sec 25.4 (23.7, 26.85) 25.25 (23.03, 27.45) 0.069

TT, sec 17.2 (16.6, 17.83) 16.8 (16.17, 17.4) 0.872

DD2, mg/L 0.29 (0.18, 0.54) 0.5 (0.24, 0.88) 0.027

Systolic pressure at hospital admission 165.6± 27.5 161.3± 27.1 0.727

Diastolic pressure at hospital admission 96.3± 16.4 93.8± 14.8 0.934

Hematoma volume, mL 13.97 (8.18, 24.98) 26.82 (16.23, 35.1) <0.001

NIHSS score 5 (3,8) 10 (7,14) <0.001

First CT (hour) 20 (12, 29.25) 19 (12, 31.25) 0.655

H/I, hematoma/intracranial diameter; GCS, Glasgow Coma Scale; NIHSS, National Institute of Health stroke scale. Data are shown as median (interquartile ranges) or mean ±

standard deviations.

Development of the clinical-radiomics
nomogram

Using the four clinical independent risk factors and the Rad-

score, a clinical-radiomics combined model was built using a

logistic regression classifier. As shown in Figure 3, the AUC

of the combined model was 0.92 (95% CI, 0.88–0.96) in the

training cohort and 0.91 (95% CI, 0.84–0.99) in the test cohort.

The clinical-radiomics model showed a better performance in

prognosis prediction than the clinical (p = 0.006, Delong test)

and radiomics models (p < 0.001, Delong test) in the training

cohort. In the test cohort, although the clinical-radiomics model

did not perform significantly differently from the clinical (p =

0.203), but had a better performance in prognosis prediction

than the radiomics model (p= 0.002).

The clinical-radiomics nomogram for determining the

prognosis of basal ganglia hemorrhage patients was shown

in Figure 4. The calibration curves indicated the prediction
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FIGURE 3

Receiver operating characteristic (ROC) curves of the clinical, radiomics, and combined models for predicting the prognosis of basal ganglia

hemorrhage patients in the training (A) and test cohorts (B).

probabilities of the nomogram were well-aligned with the

actual outcome in both the training (p = 0.154) and test

cohorts (p= 0.860).

We also developed a PHE-hematoma-clinical model using

12 combined radiomics features of PHE and hematoma and

the four independent clinical features for prognosis prediction.

The PHE-hematoma-clinical model showed AUCs of 0.91 and

0.90 in the training and test cohort (Supplementary Figure 4).

This PHE-hematoma-clinical model did not show a better

performance in prognosis prediction than the clinical-radiomics

model (Supplementary Table 2).

Finally, we used DCA analysis to compare the clinical

benefits of different predictionmodels. As shown in Figure 5, the

decision curves graphically displayed that the clinical-radiomics

model had a better benefit than the clinical and radiomics

models, indicating the superiority of the combined model.

Discussion

In this research, we confirmed that radiomics features of

PHE from CT images combined with clinical features are

valuable for prognosis prediction of patients with basal ganglia

hemorrhage. Compared with the clinical model, the clinical-

radiomics model showed a better performance for prognosis

prediction. The nomogram derived from this clinical-radiomics

model will enable first-line clinicians to evaluate ICH patients

and develop individual treatment strategies without relying on

substantial experience in diagnostic imaging.

At present, most clinicians predict the prognosis of

ICH patients using clinical characteristics. Therefore, we first

analyzed the clinical data of patients. Statistical results showed

that DD2, GCS score, hematoma volume, and muscle strength

on the affected side were independent predictors of prognosis

in basal ganglia hemorrhage patients. The GCS has been widely

used in clinical research to assess and calculate the level of

consciousness of patients (29–31). In line with our results,

the GCS score has been shown to be strongly associated

with the outcome of basal ganglia hemorrhage patients and

is an independent predictor of critical care (32, 33). Similar

to the previous studies, plasma DD2 could predict poor

outcome and mortality in ICH patients (34–36). We used

these four risk factors to build a clinical model using logistic

regression and yielded in the test cohort (AUC: 0.85), which

indicated that the clinical model does not provide sufficient

accuracy for predicting prognosis in basal ganglia hemorrhage

patients. Combining these clinical features with other variables

would likely improve the predictive ability of this machine

learning model.

PHE is associated with secondary injury in ICH (5, 36).

Volbers et al. (37) showed that the volume of PHE is an

independent predictive factor for ICH patients at 90 days post-

onset. However, it has controversy for the connection between

PHE and the ICH patients’ outcome (38). Loan et al. (39)

reported the volume of PHE was not independently associated

with death or dependence 1 year after ICH, as well as the total

volume of ICH and PHE are independent risk factors. As shown

in this research, the AUC of PHE volume-clinical model was
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FIGURE 4

Nomogram for prognosis prediction and the calibration of the nomogram in the patients with basal ganglia hemorrhage. (A) The

clinical-radiomics nomogram for the prediction of prognosis of basal ganglia hemorrhage patients. Calibration curves of the radiomics

nomogram in the training (B) and test cohorts (C).

0.84 in the test cohort, suggesting that PHE volume could not

improve the prediction ability of the clinical model. Radiomics

features of PHEmay have a better-discriminating efficacy for the

prognosis of basal ganglia hemorrhage patients.

Although radiomics features enable the quantification of

medical imaging characteristics, they are difficult to reproduce

and validate according to published studies because of the lack of

standardized definitions. The Image Biomarker Standardization

Initiative formed in 2016 allows the validation of different

radiomics software (40). This finding contributed to the

repeatability of medical imaging research. We standardized

image processing and feature extraction according to this

standard. The Rad-score in our study was derived from

12 radiomics features of PHE in CT images associated

with prognoses and included eight texture features (three

GLRLM and five GLSZM), three shape features, and one first-

order feature.

In our study, the clinical model showed an AUC

of 0.85 and radiomics model showed an AUC of 0.71,

which indicated the use of only one of these modalities

would not offer sufficient accuracy. Thus, we combined

these two models, which yielded a much higher AUC
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FIGURE 5

Decision curves of the clinical, radiomics, and combined models in the training (A) and test cohorts (B). The X-axis indicates the threshold

probability and Y-axis indicates the net benefit. The gray line indicates the net benefit of all patients would have a good prognosis; the black line

indicates the net benefit of no patients would have a good prognosis, namely, all patients would have a poor prognosis. The red, blue and yellow

lines represent the net benefit of the clinical-radiomics nomogram, clinical model, and radiomics model, respectively.

(0.91) in the test cohort, which suggested radiomics

could improve prognosis prediction in basal ganglia

hemorrhage patients.

Since hematoma is a critical factor related to the

prognosis of ICH, we added the radiomics features of

hematoma for analysis. Results showed an AUC of 0.90

of the PHE-hematoma-clinical model in the test cohort,

which did not have a better performance in prognosis

prediction compared with the clinical-radiomics model.

These results suggested that the clinical-radiomics model

contained features of PHE combined with independent

clinical features (including hematoma volume) already

had a good performance in prognosis prediction of

basal ganglia hemorrhage patients. There was no

need to add the radiomics features of hematoma for

model building.

There are some limitations in our research. First, the

data of the patients were obtained from a single center with

relatively small sample size. We plan to conduct a multi-

center study with a larger patient sample size in the future.

Second, we used GOS scores to evaluate the prognosis of

basal ganglia hemorrhage patients when they were discharged

from the hospital (∼7–10 days following ICH onset). We

plan to include additional time points, including long-term

prognoses, in future studies. Third, the results of DeLong test

suggested that the clinical-radiomics model had a higher AUC

than the clinical and radiomics models in the test cohort;

however, the difference was not significant. We considered

the relatively small sample size and segmentation errors might

be responsible for this result. Finally, this was a retrospective

study, and diagnostic, detection, and evaluation criteria were

not standardized. Therefore, several variables could not be

analyzed, which may have impacted the predictive ability of the

radiomics model.

Conclusion

We built a clinical-radiomics nomogram (model)

comprising clinical independent risk factors and radiomics

features of PHE derived from CT images, and this nomogram

showed good accuracy for prognosis prediction in basal

ganglia hemorrhage patients. Our findings suggested the

radiomics features of PHE could contribute to the outcomes

prediction of patients with basal ganglia hemorrhage. The

clinical-radiomics nomogram may help first-line clinicians

in clinical treatment decision-making for basal ganglia

hemorrhage patients.
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study

Ivy So Yeon Kim1,2,3†, Oluwafemi O. Balogun1,2,3†,

Brenton R. Prescott1,2,3, Hanife Saglam3,4, DaiWai M. Olson 5,

Kinley Speir5, Sonja E. Stutzman 5, Nathan Schneider 5,

Veronica Aguilera 5, Bethany L. Lussier5,

Stelios M. Smirnakis3,6, Josée Dupuis7,8, Asim Mian1,2,

David M. Greer1,2 and Charlene J. Ong 1,2,3,4*

1Boston University School of Medicine, Boston, MA, United States, 2Boston Medical Center, Boston,

MA, United States, 3Mass General Brigham, Boston, MA, United States, 4Harvard Medical School,

Boston, MA, United States, 5University of Texas Southwestern Medical Center, Dallas, TX,

United States, 6Jamaica Plain Veterans Administration Medical Center, Boston, MA, United States,
7Boston University School of Public Health, Boston, MA, United States, 8Department of

Epidemiology, Biostatistics and Occupational Health, McGill University, Montreal, QC, Canada

Background: Asymmetric pupil reactivity or size can be early clinical

indicators of midbrain compression due to supratentorial ischemic stroke

or primary intraparenchymal hemorrhage (IPH). Radiographic midline shift

is associated with worse functional outcomes and life-saving interventions.

Better understanding of quantitative pupil characteristics would be a non–

invasive, safe, and cost-e�ective way to improve identification of life-

threatening mass e�ect and resource utilization of emergent radiographic

imaging.We aimed to better characterize the association betweenmidline shift

at various anatomic levels and quantitative pupil characteristics.

Methods:We conducted a multicenter retrospective study of brain CT images

within 75min of a quantitative pupil observation from patients admitted to

Neuro-ICUs between 2016 and 2020 with large (>1/3 of the middle cerebral

artery territory) acute supratentorial ischemic stroke or primary IPH > 30

mm3. For each image, we measured midline shift at the septum pellucidum

(MLS-SP), pineal gland shift (PGS), the ratio of the ipsilateral to contralateral

midbrain width (IMW/CMW), and other exploratory markers of radiographic

shift/compression. Pupil reactivity was measured using an automated infrared

pupillometer (NeurOptics®, Inc.), specifically the proprietary algorithm for

Neurological Pupil Index® (NPi). We used rank-normalization and linear

mixed-e�ects models, stratified by diagnosis and hemorrhagic conversion,

to test associations of radiographic markers of shift and asymmetric pupil

reactivity (Di� NPi), adjusting for age, lesion volume, Glasgow Coma Scale, and

osmotic medications.

Results: Of 53 patients with 74 CT images, 26 (49.1%) were female, and

median age was 67 years. MLS-SP and PGS were greater in patients with

IPH, compared to patients with ischemic stroke (6.2 v. 4.0mm, 5.6 v. 3.4mm,
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respectively). We found no significant associations between pupil reactivity and

the radiographicmarkers of shift when adjusting for confounders. However, we

found potentially relevant relationships betweenMLS-SP andDi�NPi in our IPH

cohort (β = 0.11, SE 0.04, P= 0.01), and PGS and Di� NPi in the ischemic stroke

cohort (β = 0.16, SE 0.09, P = 0.07).

Conclusion: We found the relationship between midline shift and asymmetric

pupil reactivity may di�er between IPH and ischemic stroke. Our study may

serve as necessary preliminary data to guide further prospective investigation

into how clinical manifestations of radiographicmidline shift di�er by diagnosis

and proximity to the midbrain.

KEYWORDS

pupillometry, neurocritical care, herniation, radiology, midline shift

Introduction

One of themost feared early complications of acute ischemic

stroke and intraparenchymal hemorrhage (IPH) is anatomic

shift of midline structures (1). Mass effect on midline structures

can cause secondary and life-threatening injury (1) and is

therefore closely monitored clinically and radiographically.

In critically ill patients with acute intracranial injury, mass

effect is best visualized through serial radiographic imaging,

particularly head Computed Tomography (CT) due to its

speed and accessibility. Midline shift, often measured at the

septum pellucidum, is a quantitative marker used to assess

severity and track mass effect trajectory over time. However,

even with CTs serial imaging is logistically limited by scanner

and transport availability, timing, and radiation concerns (2,

3). Other modalities, including ultrasound, are dependent on

adequate temporal windows, which are not present in a large

percentage of patients.

Therefore, current clinical pathways rely on recognition of

non-specific clinical signs of deterioration such as decreased

arousal, which is also associated with fever, medications,

or metabolic abnormalities (4, 5). More objective signs of

impending herniation occur late, including ipsilateral or

contralateral motor impairment, or subjective recognition of

pronounced absence of pupil reactivity and large pupil diameter

(size), traditionally referred to as “a fixed and dilated pupil”.

While pupil size and reactivity has historically been

assessed qualitatively, the increasing use of automated infrared

Abbreviations: CT, Computed Tomography; Di� Npi, Di�erence in Npi;

GCS, Glasgow Coma Scale; IA, Interpeduncular Angle; IMW/CMW, Ratio

of The Ipsilateral Midbrain Width/Contralateral Midbrain Width; IPH,

Intraparenchymal Hemorrhage; IPS, Interpeduncular Shift; MCA, Middle

Cerebral Artery; MLS-SP, Midline Shift at The Septum Pellucidum;MW/ML,

Ratio ofMidbrainWidth toMidbrain Length; NPi, Neurological Pupil Index;

PGS, Pineal Gland Shift.

pupillometers in neurocritical care offers the opportunity

to study the association of both evolving brain injury

and evolving quantitative pupil characteristics, including

constriction velocity, dilation velocity, latency, pupil size, and

pupil reactivity via the Neurological Pupil Index R© (NPi) (6).

While the use of the device is growing, few studies have

rigorously examined the presence and effect sizes of quantitative

pupil asymmetry or difference in NPi (Diff NPi) and multiple

radiographic markers of midline shift or compression.

Understanding the relationship between asymmetric pupil

changes and radiographic midline shift has potential high

clinical utility. Pupil checks are frequent, non–invasive, and

safe. If certain characteristics can identify the presence, relative

location, and degree of mass effect, clinicians can more

expeditiously and specifically order confirmational radiographic

imaging to inform management and prognosis.

To address the need for non-invasive and reproducible

bedside indicators of evolving intracranial injury, a better

understanding of the relation between quantitative pupil

characteristics and radiographic markers of midline shift

and compression are needed. Other studies and case series

suggest that there is an association between pupil reactivity

and midline shift at the level of the septum pellucidum

(7) and pineal gland (8). Because pupillary pathways

traverse the midbrain, we hypothesized that differences

in pupil reactivity would be significantly associated with

compression of midline structures, including midline shift

at the septum pellucidum (MLS-SP), pineal gland shift

(PGS), and unilateral midbrain compression, defined as the

ratio of the ipsilateral midbrain width to the contralateral

midbrain width (IMW/CMW). A more comprehensive

understanding of the relation between midline structure

displacement and pupil characteristics could provide clinicians

with non-invasive and accessible information to assist in

localizing injury and guiding treatment decisions for evolving

intracranial pathology.
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Materials and methods

We conducted a four-center retrospective cohort study

of patients with large acute supratentorial ischemic stroke or

primary IPH from the Brigham and Women’s Hospital (BWH),

Massachusetts General Hospital (MGH), BostonMedical Center

(BMC), and University of Texas Southwestern Medical Center

(UTSW) Neurointensive Care Units admitted between 2016

and 2020. Study participants were selected as a convenience

sample of adult patients with radiographic evidence of stroke

larger than one third of the Middle Cerebral Artery (MCA) or

IPH volume >30 mm3 on head CT performed within 75min

of quantitative pupillometry. Seventy-five min was chosen

because it provided the best opportunity to obtain quantitatively

collected pupil measurements at a close time-period to either

emergent or scheduled imaging. CT images are typically

obtained by treating clinicians at their discretion. Typical

reasons include neurologic decline (including anisocoria), or

surveillance imaging in the absence of neurologic decline. At

these institutions quantitative pupillometry is standard practice

at 2-h (MGB), and at the time of any neurological checks which

includes every one, two, or 4 h depending on the frequency of

neuro checks ordered (BMC and UTSW). Images were excluded

from the analysis if they had significant acute contralateral

or posterior fossa injury (> 1/3 any vascular territory), had

incomplete pupil measurements (missing right or left pupil

observations), or were performed after surgical decompression,

external ventricular drain placement, or had greater than trace

intraventricular hemorrhage.

Data collection

We collected demographic, procedural, GlasgowComa Scale

(GCS) (9), and osmotic medications [including mannitol or

hypertonic saline (23.4 or 3%)] from the electronic medical

record at home institutions. Quantitative pupillometry data

were recorded and collected using the NeurOptics NPi-

200 (NeurOptics Inc.,) pupillometer. Trained nursing staff

conducted quantitative pupillometry as standard of care every

1–2 h in participating neurocritical care units. In addition to

recording pupil size and constriction velocity, the pupillometer

calculates the Neurological Pupil index (NPi), an algorithm

that uses resting and constricted pupil size, percent change,

constriction and dilation velocity, and latency (10, 11). NPi

values range between 0 and 5. Values <3 are considered

“abnormal” and values ≥3 normal based on studies of normal

populations. Its relation to constriction velocity has been

externally examined in prior studies (11). There is no standard

practice for administering osmotic medication or image

collection following abnormal NPis alone at these institutions.

Digital Imaging and Communications in Medicine

(DICOM) head CT images were obtained from each of the

four collaborating centers and were stored in a centralized

database (Figure 1). A trained M.D. (FB) standardized head CT

images from eligible study participants using semi-automatic

registration on AnalyzePro14.0 using the sagittal view as

the reference image (Supplementary Figure 1). MLS-SP was

measured at the level of the Septum Pellucidum at its maximal

deviation from the midline (12). PGS was measured at the level

where the pineal gland at its point of maximal deviation as it

had the best inter-rater reliability for measurement purposes.

Moreover, authors felt that any bias introduced by measuring

at the maximal deviation would most likely err toward the

null, as some pineal calcifications are significantly larger at

baseline than others and less likely result in a spurious positive

association. To measure IMW, a straight line was drawn

connecting the ipsilateral side of the cerebral peduncle (nearest

to the associated temporal lobe) to the midbrain midline defined

as the perpendicular line connecting the interpeduncular

cistern with the quadrigeminal cistern. CMW was measured by

connecting the midbrain midline to the contralateral cerebral

peduncle, and the ratio between the two (IMW/CMW) was

subsequently calculated. Information on other radiographic

markers of midline shift and compression are included in the

Supplementary Methods. A two-way intraclass correlation

coefficient (ICC) was used to measure the reliability of ratings

of radiographic markers that were measured by assigned

investigators (IK, OB, and BP). Reliability was interpreted based

on the 95% confident interval of the ICC values: <0.5 (poor),

0.5–0.75 (moderate), 0.75–0.9 (good), and >0.9 (excellent).

The study was approved by our local Institutional Review

Boards (H-37699, 2016P002718). The study was exempt from

requiring consent because pupillometry assessment remains

standard of care and no intervention was introduced to

research participants. We prepared this report according

to Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) reporting guidelines.

Variables

Our primary outcome was the continuous absolute

difference in pupil reactivity between left and right eye (Diff

NPi). A description and abbreviations of all quantitative

pupil metrics collected and analyzed are included in

Supplementary Table 1. Our three primary exposures included

MLS-SP, PGS, and IMW/CMW. MLS-SP and PGS were

chosen as these markers are frequently quantified and have

prior evidence suggesting they are associated with pupillary

changes. We selected IMW/CMW as our marker of intrinsic

midbrain involvement as we postulated that a marker of

midbrain compression would most affect asymmetric pupil

reactivity and be less subject to natural variations in baseline

configurations of the midbrain than midbrain shift. For our

multivariable models, we selected hypothesized confounders
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FIGURE 1

Head computed tomography of intraparenchymal hemorrhage patients (01–29) and ischemic stroke patients (30–74) from four di�erent sites

from 2016 to 2020.

that affect both pupil reactivity/size and midline shift based

on the literature including age (13), lesion volume, arousal via

the GCS score (14), and osmotic medications (15). Because

other pupil influencing medications are not necessarily causally

related to radiographic midline shift, these were not included

as covariates. However, we have included a list of potentially

pupil-influencing medications (Supplementary Table 2) prior to

pupil observation in Supplementary Table 3.

Exploratory markers of midline shift and compression

included Interpeduncular Shift (IPS)-measured on the axial

slice in which the interpeduncular cistern was most visible, as

a perpendicular line from the midline connecting the Crista

Galli and the Posterior occipital protuberance), the ratio of

Midbrain width to midbrain length (MW/ML—defined by the

ratio of the width of the midbrain from cerebral peduncles

over the length of the midbrain from the interpeduncular

to intercollicular cistern), and the interpeduncular angle

(IA—defined as the minimum measured angle between the

cerebral peduncles). More information on our protocols are

included in Supplementary Methods.

Statistical analysis

Baseline characteristics are reported in Table 1, with median

or proportions and interquartile range (IQR) as appropriate.

We transformed our pupil variables using rank normalization

to satisfy the normality assumption (16). To test the association
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TABLE 1 Baseline patient and observation characteristics.

Patient characteristics Total Ischemic stroke IPH

N = 53 (100%) N = 34 (64.2%) N = 19 (35.8%)

Demographics and outcomes

Age 67.0 (62.0–77.0) 66.5 (62.0–79.0) 67.0 (63.0–71.0)

Female 26 (49.1%) 17 (50.0%) 9 (47.4%)

Race

White 23 (43.4%) 14 (41.2%) 9 (47.4%)

Black 9 (17.0%) 6 (17.7%) 3 (15.8%)

Asian 5 (9.43%) 4 (11.8%) 1 (5.3%)

Unknown* 16 (30.2%) 10 (29.3%) 6 (31.6%)

Ethnicity

Hispanic 9 (17.0%) 7 (20.6%) 2 (10.5%)

Non-hispanic 42 (79.3%) 26 (76.5%) 16 (84.2%)

Unknown 2 (3.7%) 1 (2.9%) 1 (5.3%)

Medical Institution

Massachusetts General 23 (43.4%) 12 (35.3%) 11 (57.9%)

BrighamWomen’s 8 (15.1%) 4 (11.8%) 4 (21.1%)

Boston Medical Center 14 (26.4%) 12 (35.3%) 2 (10.5%)

University of Texas Southwestern 8 (15.1%) 6 (17.6%) 2 (10.5%)

Death at discharge 35 (47.3%) 23 (51.1%) 12 (41.4%)

Observation characteristics Total Ischemic stroke IPH

M = 74 (100%) M = 45 (60.8%) M = 29 (39.2%)

Medical institutions

Massachusetts General Hospital 38 (40.5%) 20 (44.4%) 18 (62.1%)

BrighamWomen’s Hospital 14 (18.9%) 7 (15.6%) 7 (24.1%)

Boston Medical Center 14 (18.9%) 12 (26.7%) 2 (7.0%)

University of Texas Southwestern 8 (10.8%) 6 (13.3%) 2 (7.0%)

Imaging characteristics

Lesion volume** (mm3) 91.8 (53.1–183.0) 115.0 (60.6–248.8) 66.5 (47.0–135.0)

MLS-SP (mm) 4.9 (2.4–8.7) 4.0 (2.2–6.9) 6.2 (3.4–12.1)

PGS (mm) 4.1 (2.7–6.0) 3.4 (2.5–5.1) 5.6 (2.5–6.5)

Quantitative pupil characteristics

Pupil Obs to head CT (min) 29.0 (21.0–47.8) 30.0 (22.0–50.0) 28.0 (21.0–45.0)

R/L NPi difference 0.2 (0.1–0.5) 0.2 (0.1–0.6) 0.2 (0.1–0.3)

R/L resting diff size (mm) 0.5 (0.2–0.7) 0.5 (0.3–0.7) 0.3 (0.2–0.5)

Average NPi 4.4 (3.7-4.8) 4.5 (3.4–4.8) 4.4 (3.9–4.8)

Covariate characteristics

GCS within 60 minI 10.0 (7.7–12.0) 10.0 (7.0–13.0) 9.0 (8.0–12.0)

Osmotic Med within 60min 13 (17.6%) 7 (15.6%) 6 (20.7%)

Medians (Q1-Q3) or N (%).

IPH, Intraparenchymal Hemorrhage; M, Number of head Computed Tomography images; N, Number of patients; NPi, Neurological Pupil Index; Obs, Observations; R/L, Right/Left.
*Unknown, Native American, or Hawaiian Pacific Islander.
**Average lesion volume was used if there were more than one Head CT for a given patient.
IFor patients with multiple head CTs, we reported the average of Glasgow Coma Scale closest to imaging.

between our primary outcome, the continuous difference in

pupil reactivity (Diff NPi) and radiographic exposures, we first

conducted univariate linear mixed effects models accounting

for correlations between patients with multiple scans using a

random effect. To assess collinearity between our radiographic

markers of interest, we tested correlation based on the Spearman
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FIGURE 2

Inclusion and exclusion flow chart. M, Number of head CTs; N, Number of patients. *Some patients meet more than one exclusion criteria.

TABLE 2 Univariate models accounting for inter-patient correlation.

MLS-SP PGSMax IMW/CMW

Beta (SE) P Beta (SE) P Beta (SE) P

Full patient cohort (N = 53,M = 74)

Diff NPi 0.04 (0.03) 0.11 0.09 (0.05) 0.05 0.41 (0.30) 0.18

Diff size 0.04 (0.03) 0.16 0.02 (0.05) 0.62 0.30 (0.33) 0.37

Min NPi −0.04 (0.03) 0.15 −0.07 (0.05) 0.12 −0.19 (0.31) 0.55

Ischemic stroke cohort (N = 34,M = 45)

Diff NPi 0.00 (0.04) 0.93 0.13 (0.06) 0.06 0.65 (0.44) 0.14

Diff size 0.00 (0.04) 0.92 0.06 (0.06) 0.37 0.69 (0.40) 0.09

Min NPi −0.01 (0.04) 0.75 −0.09 (0.07) 0.16 0.07 (0.45) 0.88

Intraparenchymal hemorrhage cohort (N = 19,M = 29)

Diff NPi 0.09 (0.03) <0.01 0.11 (0.06) 0.11 0.19 (0.40) 0.63

Diff size 0.10 (0.04) 0.01 0.08 (0.08) 0.32 −0.07 (0.55) 0.90

Min NPi −0.08 (0.03) <0.01 −0.09 (0.06) 0.14 −0.62 (0.42) 0.15

Diff NPi, Absolute difference in left and right Neurologic Pupil Index; Diff Size, Absolute difference in left and right resting pupil size; M, Number of head Computed Tomography

images; Min NPi, Minimum NPi of the left and right eye; MLS, Midline Shift at septum pellucidum; N, Number of patients; NPi, Neurological Pupil index; PGS, Pineal Gland Shift; SE,

Standard Error.

β coefficients are reported as an increase in one unit of transformed pupil outcome.

coefficient (17). We constructed a multivariable model testing

the association of MLS-SP, PGS, and IMW/CMW adjusting

for potential confounders. We used two-sided tests and a

Benjamini-Hochberg correction with a False Detection Rate of

0.10 to assess significance for our hypotheses that markers of

midline shift and compression including MLS-SP, PGS, and

IMW/CMW are significantly associated with Diff NPi in our

total cohort and ischemic and IPH subgroups (18).

We also conducted exploratory analyses of the

association of quantitative pupil characteristics and a

comprehensive list of potential radiographic markers

of midline shift using similar univariate linear mixed

effects models. We used RStudio Version 1.3.959 [(19).

RStudio: Integrated Development for R. RStudio, PBC]

for statistical analyses. Further details are available in

Supplementary Methods.
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TABLE 3 Multivariable model assessing Di� NPi and radiographic

markers of midline shift.

Beta (SE) P

Full patient cohort (N = 53,M = 74)

MLS-SP 0.01 (0.04) 0.69

PGS 0.07 (0.04) 0.24

IMW/CMW 0.65 (0.37) 0.08

Age 0.01 (0.01) 0.46

Lesion volume 0.00 (0.00) 0.04

GCS −0.00 (0.05) 0.98

Osmotic medications 0.22 (0.31) 0.48

Ischemic stroke cohort (N = 34,M = 45)

MLS-SP −0.05 (0.06) 0.40

PGS 0.17 (0.09) 0.07

IMW/CMW 0.84 (0.52) 0.12

Age −0.00 (0.02) 0.96

Lesion volume 0.00 (0.00) 0.15

GCS −0.00 (0.06) 0.99

Osmotic medications 0.20 (0.45) 0.66

Intraparenchymal hemorrhage cohort (N = 19,M = 29)

MLS-SP 0.11 (0.04) 0.01

PGS −0.11 (0.08) 0.20

IMW/CMW 0.16 (0.47) 0.74

Age 0.03 (0.02) 0.10

Lesion volume 0.01 (0.00) 0.04

GCS 0.08 (0.07) 0.29

Osmotic medications 0.16 (0.36) 0.67

GCS, Glasgow Coma Scale; IMW/CMW, Ipsilateral Midbrain Width/Contralateral

Midbrain Width; MLS-SP, Midline Shift at Septum Pellucidum; PGS, Pineal Gland Shift.

Results

Fifty-three patients with 74 CT scans met our final eligibility

criteria. Nineteen patients with 25 scans were excluded for

<1/3 MCA territory or <30 cc IPH (N = 6), significant

contralateral or posterior fossa brain injury (N = 3), substantive

intraventricular hemorrhage (N = 3), external ventricular drains

(N = 2), prior surgical decompression (N = 3), or missing left

or right pupil measurements (N = 2; Figure 2). The final cohort

consisted of patients with a median age of 67 (IQR: 62–77)

years. Twenty-six (49.1%) patients were female, 8 were admitted

to BWH, 23 to MGH, 14 to BMC, and 8 to UTSW. Nineteen

patients (35.8%) had IPH and 34 patients (64.2%) had ischemic

stroke (Table 1). Ten patients had 2 CTs, four had 3 CTs, and one

had 4 CTs used for data analysis.

Of 74 CT scans, the median MLS-SP was 4.9 (2.4–

8.7) mm, PGS was 4.1 (1.6–3.4) mm, and IMW/CMW

was 0.93 (0.75–1.12). In our cohort, patients with IPH had

larger shift and/or compression in midline structures as

evidenced by MLS-SP (6.2 v. 4.0mm), PGS (5.6 v. 3.4mm),

and IMW/CMW (0.92 v. 0.93). There was moderate correlation

between the three primary radiographic outcomes (Spearman

coefficient 0.11 for MLS-SP and IMW/CMW, 0.37 for PGS

and IMW/CMW, and 0.58 for MLS-SP and PGS, respectively).

The intercorrelation coefficients showed good reliability for

MLS-SP (0.78; IQR: 0.58–0.88) and IMW/CMW (0.72; IQR:

0.33–0.94), and excellent reliability for PGS (0.90; IQR: 0.81–

0.95).

Median Diff NPi among our 74 observations was 0.2 (IQR:

0.1–0.48), median Diff Size was 0.45 (IQR: 0.25, 0.65) mm, and

median Min NPi was 4.3 (IQR: 3.4, 4.7). The ischemic stroke

group had a median Diff NPi of 0.2, (IQR: 0.1, 0.6), median

Diff Size of 0.65mm (IQR: 0.3–0.74), and median Min NPi

of 4.3 (IQR: 3.1–4.7), while the IPH group had a median Diff

NPi of 0.2 (IQR: 0.1–0.3), median Diff Size of 0.5mm (IQR:

0.18–0.5), and median Min NPi of 4.3 (IQR: 3.7–4.7). Median

time between pupil observation and imaging was 29min (IQR:

21–47.8; Table 1, Supplementary Table 3).

In our linear mixed effect univariate model accounting for

intra-patient correlation, we found that PGS was associated with

Diff NPi (P = 0.05) in the full patient cohort, and MLS-SP

was associated with Diff NPi, Diff Size, and min NPi in the

IPH Cohort (p < 0.01) (Table 2). A comprehensive list of our

univarates associations is included in Supplementary Tables 4–

7. After adjusting for confounders in our multivariable model,

associations between Diff NPi and radiographic markers of

midline shift did not meet the threshold for significance

(Table 3) However, we found an intriguing relationship between

Diff NPi and MLS-SP in our IPH subgroup, after adjusting

for other markers of midline shift and midbrain compression

(β = 0.11 increase in rank-normalized Diff NPi for every 1mm

increase in MLS-SP, SE 0.04, P = 0.01). Similarly, Diff Size was

also significantly associated with MLS-SP in our IPH subgroup

(β = 0.18 increase in rank-normalized Diff Size for every 1mm

increase in MLS-SP, SE 0.05, P < 0.01) (Supplementary Table 4).

In our ischemic stroke cohort, PGS appeared to have the

strongest relation with Diff NPi compared to other radiographic

markers (β = 0.17 increase in rank-normalized Diff NPi for

every 1mm increase in PGS, SE 0.09, P = 0.07; Table 3). In

a further subgroup analysis including only ischemic stroke

scans with no hemorrhagic conversion, we also found a strong

association between PGS and Diff NPi (β = 0.30, SE 0.12,

P = 0.02; Supplementary Table 8).

In our exploratory analyses, we assessed potential

relationships between quantitative pupil values and radiographic

markers of MLS (Supplementary Table 9). On further analysis

of the association of NPi and MLS-SP in the IPH subgroup, we

found that MLS-SP and contralateral NPi appeared to be related

(β = −0.08, SE 0.03, P = 0.02). We also observed that in our

full cohort, our ratio of IMW/CMW appeared to be significantly

and negatively associated with contralateral resting pupil size

(β = −0.88, SE 0.3, P < 0.01) and contralateral constriction

velocity (β = −0.80, SE 0.29, P = 0.01) suggesting that as the
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ipsilateral width decreases in comparison to contralateral width,

can affect the opposite pupil (Supplementary Tables 4–7).

Discussion

Among the constellation of symptoms associated with

herniation, asymmetric pupil reactivity and size are perhaps the

most classic. Plum and Posner (20) expressed the view that in

certain cases the diencephalon would not be the first structure

compressed but that pupil signs might be an earlier feature than

others in uncal herniation. Ropper and Shafran (21) found that

the first indication of oculomotor (third) nerve compression is

usually a sluggish or absent light reaction on the side of the

mass, which may persist for hours or longer before the pupil

actually enlarges.

Building on this background, modern studies have sought

to confirm the relationship between quantitative measurement

of pupil reactivity/size and evidence of mass effect. Mass effect

is commonly clinically quantified by radiographic midline shift,

and increased midline shift at various levels including the

septum pellucidum and pineal gland have been associated with

drowsiness, stupor, and pupil changes in seminal case series

(8). In modern investigations, Osman et al. found significant

associations in their study of 134 patients with MLS-SP and NPi

(7). However, midline shift was associated with the ipsilateral

pupil only in the rightward but not leftward direction.

In our study, we present preliminary data seeking

further clarification of the relationship between radiographic

shift/compression prior to herniation and asymmetric

pupil reactivity, or the difference in NPi. Characterizing

this relationship can help clinicians better interpret non-

invasively measured physiologic characteristics that signify early

neurological worsening in acutely ill patients. We hypothesized

that like Osman, et al. there is a significant relationship between

MLS-SP and difference in NPi. Further, we also hypothesized

that there would be a significant association with PGS, as others

have found that the pineal gland is more closely associated with

diminished arousal. Finally, we explored whether there was a

reliable relationship between other radiographic markers of

midbrain compression and asymmetric pupil reactivity.

Unlike Osman, et al. (7) we did not find a significant

association between markers of radiographic shift and Diff NPi

when adjusting for other confounders including age, lesion

volume, GCS, and osmotic medications. However, MLS-SP

appeared to have a stronger association with asymmetric pupil

reactivity in IPH patients than in ischemic stroke patients. We

also found that PGS, while also not meeting our predetermined

threshold for statistical significance, appeared more strongly

associated with Diff NPi in our ischemic stroke cohort than

in patients with IPH. PGS continued to appear more strongly

associated with Diff NPi in patients with no hemorrhagic

transformation. Our findings raise the question of whether

the clinical significance and manifestations of radiographic

midline shift at different anatomic levels varies by diagnosis and

intracerebral hemorrhage.

One possible hypothesis for why MLS-SP might have

a stronger association with IPH may be because of more

substantial disruption of cortical pathways responsible for

attention that modulate pupil reactivity and size. A recent study

showed that pupillary responses and differences in size can be

elicited when no differential light is presented nor expected,

when participants were asked to recall dark or bright objects,

suggesting that attention can play a role in pupil modulation

independent of external visual sources (22). While there is no

literature that we are aware of studying IPH location and pupil

dysfunction, Peinkhofer, et al. (23) evaluated the pupillary light

reflex in 25 ischemic stroke patients with insular cortex or

prefrontal eye field involvement and compared them to controls.

They failed to find a correlation between the pupillary light

reflex in the prefrontal eye field or insula (23). If patients with

ischemic stroke have less disruption of cortical pupil-modulating

pathways compared to patients with IPH when controlling for

size, it may be a reason why we observed that MLS-SP is

less strongly associated with asymmetric pupil reactivity in the

ischemic stroke group.

PGS on the other hand, has been shown in qualitative

case series to be strongly associated with decreased level

of consciousness, which often but not always accompanies

asymmetric change in pupil reactivity (8). However, similar

to the discrepancy between the strength of the association of

asymmetric pupil reactivity and MLS at the septum pellucidum,

we also found that the extent of the association between PGS

and Diff NPi also differed between ischemic stroke and IPH

cohorts. One possibility for our observation may be related to

the dynamic nature of pupillary change.

In our prior work on anisocoria, we found that up to

63% of patients experienced new onset anisocoria (pupil size

difference of ≥1mm) at least once during their hospitalization,

and that it occurred up to 10% of all pupillary measurements

(24). However, after new onset anisocoria occurred, it was

often transient. Of the 45 MGH and BMC patients, 28 of

the 29 patients who had a Diff NPi of >0.7 (considered

abnormal by themanufacturer), normalized within an average of

2.7 h. Whether these values normalized in response to targeted

therapy was out of scope for the present study, but these

observations demonstrate that pupil characteristics can fluctuate

between abnormal and normal values. Others posited that

fluctuations in pupil size and shape may be a transtentorial sign

before frank pupillary enlargement, and also transient features

during recovery of light reaction may represent incomplete

stages of compression of the pupilloconstrictor fibers of the

third nerve (25). One possible reason for why PGS and Diff

NPi did not appear to strongly correlate in the IPH cohort

compared to the ischemic stroke cohort may be because Diff

NPi may be optimally detected at the time of the more rostral
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increase in MLS-SP (which typically occurs prior to PGS) and

potentially normalized by the time PGS occurred. While the

clinical significance of fluctuating pupil abnormalities is still

unclear, foundational work including our methodological and

preliminary examination of the relation between radiographic

shift and pupil observations close in time is a necessary step

toward a better understanding of how to interpret quantitative

pupil characteristics.

We did not find meaningful associations between

radiographic markers of midbrain compression and pupil

reactivity. One reason for why we may not have observed

significant associations for some of our markers of midbrain

compression include variation in the size and configuration of

tentorial openings. Because of wide ranges in the width of the

incisura (2–4 cm), and from the edge of the midbrain to the

tentorial margin (0–6.6mm) (26), age-related atrophy may play

a role in changing the outline of the opening between patients

(27, 28), and almost certainly plays a role in how mass effect

shifts rather than compresses neuronal pathways.

Our primary marker, IMW/CMW, appears to have an

inverse relationship with both contralateral NPi and constriction

velocity (Supplementary Table 3). While it has been reported

that initial pupil involvement contralateral to the injury has

been seen in up to 10% of pupillary changes due to subdural

hematoma (29), there has been no unifying theory to adequately

explain its occurrence. Some suggest that contralateral pupil

impairment may be due to uncal herniation on the opposite

side, while others believe this is almost impossible once the

midbrain has shifted over and perimesencephalic cisterns are

closed off (25). An alternative mechanism is that the posterior

cerebral artery on the side of the mass may be higher than

its opposite (resulting in less stretching of the ipsilateral third

nerve in comparison to the contralateral side). Ultimately, we

agree that different configurations are likely responsible for pupil

enlargement (ipsilateral or contralateral) in individual cases due

to difference in the shape and size of tentorial openings and

in the course of the third nerves (25). Our findings suggest

that as the ipsilateral midbrain width decreases in comparison

to the contralateral midbrain width, subtle contralateral pupil

changes may occur. Whether our observations are simply a

product of multiple tests of association, or hints at irritation

of the contralaterally running tract of the afferent pupillary

light reflex pathway at the level of the midbrain is unclear.

Further work would be needed to clarify the association

between quantitative contralateral pupil response to acute

injury locations.

Limitations and strengths

We acknowledge several limitations to our study. Our

sample size is small, limiting how definitively we could

assess potentially significant associations. Moreover, in

the measurement of our radiographic markers of interest,

differences in imaging angle could impact how data was

collected within one axial plane. We also did not have a

baseline scan on each patient to use as a comparison. We

attempted to mitigate these limitations by a comprehensive

protocol for normalization and measurement and included

patients who had multiple scans that met criteria adjusting

for correlation using linear mixed effects regression. However,

though interrater reliability of MLS-SP and PGS was good to

excellent, we acknowledge that inter-rater reliability, especially

of IMW/CMW, may have limited our ability to accurately

observe some relationships. We conducted multiple tests of

association, increasing the potential for false positive findings.

We attempted to allay the limitation by selecting three primary

hypotheses and an appropriate statistical correction. The

remainder of our analyses are hypothesis-generating for

more definitive studies. Given the transformations that were

required to normalize our data, we caution any interpretations

concerning effect size. Because our study was observational

and retrospective, we cannot exclude residual confounding

or establish causal relations. We did not have information

on cognitive load, pain, or ambient light levels, which have

been reported to affect pupil characteristics (14). We were

unable to adjust for all potential residual confounders including

potential pupil influencing medications (15, 30), which can

affect pupil size and reactivity. However, we have included data

that occurred prior to pupil measurments and prior to imaging

in Supplementary Table 3.

Despite limitations, our study has the following strengths.

We conducted a four-center study with pupil observations

conducted within 75min of a radiographic image to assess the

relation between quantitative pupil markers and radiographic

markers of midline shift. Other work in this area has previously

used larger time windows (6 h) (7), which limits the study of the

associations between immediate pupillary reaction in response

to mass effect. We comprehensively measured both established

and novel markers of shift and compression. We adjusted

for patient- and pupil-level covariates including radiographic

markers of MLS and compression at various anatomic levels,

demographics, osmotic medications, and arousal state. We

believe that our results can provide important information for

further prospective studies.

Conclusion

Our work describes the methodology and potential

associations between radiographic markers of midline shift and

quantitative pupil characteristics. The results suggest that the

relation between midline shift at various levels and asymmetric

pupil reactivity may differ for different diagnoses. Our study

may serve as necessary preliminary data to guide further

prospective investigation into how clinical manifestations of
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radiographic midline shift differ by diagnosis and proximity to

the mid.
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Background: Brain edema is a severe complication in patients with large vessel

occlusion (LVO) that can reduce the e�ectiveness of endovascular therapy

(EVT). This study aimed to investigate the association of the perfusion profile at

baseline computed tomography (CT) perfusion with rapidly progressing brain

edema (RPBE) after EVT in patients with acute anterior LVO.

Methods: We retrospectively reviewed consecutive data collected from 149

patients with anterior LVO who underwent EVT at our center. Brain edema

was measured by the swelling score (0–6 score), and RPBE was defined as

the swelling score increased by more than 2 scores within 24h after EVT.

We investigated the e�ect of RPBE on poor outcomes [National Institute of

Health Stroke Scale (NIHSS) score and modified Rankin scale (mRS) score

at discharge, the occurrence of hemorrhagic transformation, and mortality

rate in the hospital] using the Mann–Whitney U-test and chi-square test.

A multivariate logistic regression model was used to assess the relationship

between perfusion imaging parameters and RPBE occurrence.

Results: Overall, 39 patients (26.2%) experienced RPBE after EVT. At discharge,

RPBE was associated with higher NIHSS scores (Z = 3.52, 95% CI 2.0–12.0, P <

0.001) and higher mRS scores (Z = 3.67, 95% CI 0.0–1.0, P < 0.001) including

the more frequent occurrence of hemorrhagic transformation (χ2
= 22.17,

95% CI 0.29–0.59, P < 0.001) and higher mortality rates in hospital (χ2
= 9.54,

95% CI 0.06–0.36, P = 0.002). Univariate analysis showed that intravenous

thrombolysis, baseline ischemic core volume, and baseline mismatch ratio

correlated with RPBE (all P < 0.05). After dividing the mismatch ratio into

quartiles and performing a chi-square test between quartiles, we found that the

occurrence of RPBE in Q4 (mismatch ratio > 11.3) was significantly lower than

that in Q1 (mismatch ratio ≤ 3.0) (P < 0.05). The result of multivariate logistic
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regression analysis showed that compared with baseline mismatch ratio <5.1,

baseline mismatch ratio between 5.1 and 11.3 (OR:3.85, 95% CI 1.06–14.29, P

= 0.040), and mismatch ratio >11.3 (OR:5.26, 95% CI 1.28–20.00, P = 0.021)

were independent protective factors for RPBE.

Conclusion: In patients with anterior circulation LVO stroke undergoing

successful EVT, a large mismatch ratio at baseline is a protective factor for

RPBE, which is associated with poor outcomes.

KEYWORDS

brain edema, acute ischemic stroke, endovascular thrombectomy, CT-perfusion,

ischemic core, penumbra, mismatch ratio

1. Introduction

Brain edema is a devastating complication of acute ischemic

stroke, especially with large vessel occlusion (LVO); despite

conservative intensive care, the mortality rate of malignant

brain edema is still as high as 80% (1). Although endovascular

thrombectomy (EVT) based on imaging screening has been

shown to be effective and safe in patients with anterior

circulation LVO stroke (2–6), approximately 45% of patients

still experience poor functional outcomes after EVT (4), among

whom recurrent edema is prevalent and might reduce the

benefit of EVT (7, 8). Despite the limited treatments for cerebral

edema, early decompressive hemicraniectomy can help reduce

mortality and increase the possibility of a good functional

outcome (9). Therefore, it is important to identify the risk

factors for brain edema after stroke to determine the correct

perioperative management.

The interaction between reperfusion and cerebral edema

remains inconclusive. Experimental and clinical studies yield

conflicting results. Cerebral edema deteriorates after reperfusion

treatment in animal models (10–12). Nevertheless, in clinical

studies, brain edema has been alleviated after recanalization

(7, 8, 13). These contradictory results may indicate a complex

interaction between reperfusion and edema.

A recent clinical study focused on patients with large

hemispheric infarction (core volume 80–300ml) demonstrated

that when the ischemic core volume was <130ml, reperfusion

did not affect midline shift (MLS). Conversely, when the

ischemic core volume exceeded 130ml, recanalization treatment

was associated with the prevalent occurrence of MLS because

of the intracranial mass effect of cerebral edema (14). Another

study showed that when perfusion profiles displayed a large

penumbra volume, recanalization treatment was associated with

reduced brain edema, but this effect was not detected in patients

with a smaller penumbra volume. Whether reperfusion therapy

may reduce brain edema when the perfusion profiles showed

that the ischemic core volume was minimal to moderate,

depends on the penumbral volume (15). These results indicate

that there seems to be a complicated correlation between

perfusion status and cerebral edema, which may be influenced

by a combination of factors.

There is currently limited evidence regarding the

relationship between the mismatch ratio (penumbra

volume/core volume) and cerebral edema in small to moderate

ischemic core volume subpopulations. This study aimed

to investigate the impact of the mismatch ratio at baseline

computed tomography (CT) perfusion on rapidly progressing

brain edema (RPBE) within 24 h after successful reperfusion in

patients with anterior circulation LVO stroke.

2. Materials and methods

2.1. Patient population

In this study, we retrospectively recruited patients with

anterior circulation LVO stroke who underwent successful EVT

at a single comprehensive stroke center (Zhejiang Provincial

People’s Hospital) between January 2020 and December 2021.

FIGURE 1

Flowchart describing the inclusion and exclusion criterion of this

study. NIHSS, National Institute of Health Stroke Scale; ACA,

anterior cerebral artery; OTP, Time from onset to puncture; CTP,

CT-perfusion.
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FIGURE 2

Swelling Score (0 score illustrates no swelling; a score of 1 indicates the disappearance of cortical sulci; a score of 2 implies minor e�acement of

the ipsilateral lateral ventricle; a score of 3 indicates the complete disappearance of the ipsilateral lateral ventricle; a score of 4 indicates the

disappearance of the third ventricle; a score of 5 illustrates the shift away of the midline; and a score of 6 indicates the disappearance of basal

cisterns) (20).

Patients who met the following inclusion criteria were recruited:

(a) age ≥ 18 years old; (b) time from stroke onset to puncture

(OTP) ≤ 16 h (stroke onset is defined as the time the patient

was last known to be at their neurologic baseline); (c) National

Institute of Health Stroke Scale (NIHSS) score at baseline ≥

6 and modified Rankin Scale score (mRS) before stroke <

2; (d) baseline CT angiography confirming the occlusion of

the internal carotid artery (ICA) and/or proximal segment

(M1 or M2) of the middle cerebral artery (MCA); and (e)

for patients with OTP ≥ 6 h, baseline CT perfusion (CTP)

confirming an ischemic core volume < 70ml, and a mismatch

ratio (penumbra volume/core volume) >1.8. Patients with

pre-existing cerebral structural pathology, bilateral infarcts,

incomplete images, known allergy to iodine, pregnancy, severe

sustained hypertension (defined as systolic blood pressure >185

mmHg or diastolic blood pressure> 110mmHg), platelet count

<50 × 10 ∧ 9/L, known hereditary or acquired hemorrhagic

diathesis, coagulation factor deficiency, baseline blood glucose

of <2.78 mmol/L or > 22.20 mmol, modified treatment in

cerebral infarction (mTICI) score < 2b, and patients who

underwent neurosurgical treatments before a 24-h CT or MR

scan during the follow-up period were excluded. Figure 1 shows

the inclusion and exclusion criteria used in this study.

This study was reviewed and approved by the Ethical

Committee of Zhejiang Provincial People’s Hospital. All patients

or their legal representatives (of patients suffering from severe

stroke or who were unable to speak or sign) who were

suitable for reperfusion therapy were informed about the study

and asked to consent for enrollment at the same time that

the informed consent for treatment was provided before the

reperfusion treatment. The physician informed the patients or

their legal representatives that the patient’s clinical and image

data would be recorded for analysis and research, but no

identifying information would be disclosed and no additional

intervening measures would be conducted. All patients or their

legal representatives signed the consent without dropping out.

All the procedures were conducted in accordance with the

principles of the Declaration of Helsinki. Patient data were

stored confidentially in Zhejiang Provincial People’s Hospital.

2.2. Image analysis

At baseline, whole-brain dynamic CT angiography and

perfusion imaging were performed on a Toshiba Aquilion 320-

slice CT scanner (Toshiba Medical Systems, Tokyo, Japan),

including a non-contrast CT (NCCT) head scan (120 kV,

320mA, contiguous 5mm axial slices) and volume perfusion CT

(VPCT) (100mm in the z-axis, 4 s delay after start of contrast

medium injection, 74.5 s total imaging duration, 80 kV, 120mA,

effective dose = 3.68 mSv, slice thickness 10mm, collimation

32 × 1.2mm). A total of 19 consecutive spiral acquisitions

were performed. Approximately, 45ml of iohexol (MEDRAD

Stellant D SCT-212; Bayer HealthCare, Berlin, Germany) was

injected at a flow rate of 5 ml/s, followed by 30ml of saline at

4 ml/s.

We used automated commercial software (MIStar; Apollo

Medical Imaging Technology, Australia) to reconstruct images

and obtain ischemic core volumes, penumbra volumes,

and Tmax maps. Ischemic core volume was defined as

baseline relative cerebral blood flow (rCBF) < 30% (18).

The penumbra volume was defined as Tmax > 6 s. The

mismatch ratio was calculated by dividing the penumbra

volume by the core volume. The collateral index was

calculated by dividing the volume of delay time > 6 s by

the volume of delay time > 2 s (16). The mTICI score

classified the degree of reperfusion (17), and a score of

2b−3 after the EVT procedure was considered a successful

recanalization (19).

According to Wardlaw and Sellar (20), brain edema was

assessed on a 7-point swelling scale and 0–6 points based
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TABLE 1 Baseline characteristics of the study population compared between participants with and without RPBE.

Characteristics Patients without
RPBE (n = 110)

Patients with RPBE
(n = 39)

P-value

Age, ys 68 (56, 79) 70 (60, 84) 0.168

Male 65 (59.1) 22 (56.4) 0.770

Admission NIHSS 16 (12, 20) 15 (13, 19) 0.907

Admission mRS 4 (4, 5) 5 (4, 5) 0.247

SBP, mmHg 155.8± 28.1 154.3± 22.2 0.768

DBP, mmHg 90.4± 18.3 89.3± 15.4 0.732

Baseline glucose, mmol/L 7.0 (6.1, 8.7) 7.3 (6.5, 9.9) 0.380

Prothrombin time, s 11.9 (11.5, 12.8) 12.0 (11.4, 12.8) 0.841

Platelet count, 109/L 177.5 (147.5, 213.0) 175.0 (117.0, 203.0) 0.260

Hemoglobin, g/L 139.0± 20.6 136.0± 14.7 0.403

Received thrombolysis 36 (32.7) 20 (51.3) 0.029∗

Time from onset to recanalization, min 554.5 (358.0, 870.5) 393.0 (286.8, 585.8) 0.031∗

Hypertension 49 (44.5) 20 (51.3) 0.468

Diabetes mellitus 22 (20) 8 (20.5) 0.945

History of stroke 11 (10) 4 (10.3) 0.964

Atrial fibrillation 42 (38.2) 21 (53.8) 0.097

Anticoagulant drugs 30 (27.3) 12 (30.8) 0.677

Antiplatelet drugs 13 (11.8) 8 (20.5) 0.180

TOAST classification CE 47 (42.7) 20 (51.3) 0.290

LAA 47 (42.7) 14 (35.9)

Others (mainly dissection) 10 (9.1) 1 (2.6)

Unknown 6 (5.5) 4 (10.3)

Baseline brain edema scale 0 41 (37.3) 23 (59.0) 0.051

1 45 (40.9) 9 (23.1)

2 24 (21.8) 7 (17.9)

ASPECTS 8.0 (6.0, 9.0) 7.0 (6.0, 9.0) 0.219

CTP penumbra volume, ml 102.5 (68.8, 154.3) 116.0 (75.0, 186.0) 0.394

CTP core volume, ml 14.0 (6.0, 31.25) 31.0 (12.0, 65.0) 0.003∗

CTP core volume Q1 33 (30) 5 (12.8) 0.029∗

CTP core volume Q2 29 (26.4) 9 (23.1)

CTP core volume Q3 27 (24.5) 9 (23.1)

CTP core volume Q4 21 (19.1) 16 (41)

DT+ 2 s, ml 161.0 (107.8, 222.0) 167.0 (106.0, 254.0) 0.699

DT+ 6 s, ml 27.5 (5.0, 59.0) 38.0 (9.0, 90.0) 0.284

Collateral index 17.5 (4.0, 31.1) 21.7 (7.8, 37.6) 0.300

Collateral index Q1 30 (27.3) 8 (20.5) 0.246

Collateral index Q2 27 (24.5) 10 (25.6)

(Continued)
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TABLE 1 (Continued)

Characteristics Patients without
RPBE (n = 110)

Patients with RPBE
(n = 39)

P-value

Collateral index Q3 30 (27.3) 7 (17.9)

Collateral index Q4 23 (20.9) 14 (35.9)

Mismatch ratio 5.9 (3.5, 16.6) 3.6 (1.8, 6.9) <0.001∗

Mismatch ratio Q1 23 (20.9) 16 (41.0) 0.005∗

Mismatch ratio Q2 23 (20.9) 13 (33.3)

Mismatch ratio Q3 31 (28.2) 6 (15.4)

Mismatch ratio Q4 33 (30.0) 4 (10.3)

Data are demonstrated as mean ± SD, median (interquartile range), and number (percentage). The chi-Square test/Fisher test and the t-test/Mann–Whitney U-test were conducted to

compare categorical and continuous variables between the RPBE and no RPBE groups as appropriate. CTP core volume (ml) in the first through fourth quartiles were ≤7, 7–17, 17–42,

and >42, respectively; Collateral Index in the first through fourth quartiles were ≤4.5, 4.5–17.9, 17.9–32.4, and >32.4, respectively; mismatch ratios in the first through fourth quartiles

were≤3.0, 3.0–5.1, 5.1–11.3, and >11.3, respectively.

NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin scale; TOAST, Trial of Org 10,172 in Acute Stroke Treatment; CE, cardio embolism; LAA, large artery

atherosclerosis; DBP, diastolic blood pressure; SBP, systolic blood pressure; ASPECTS, Alberta Stroke Program Early CT Score; CTP, computed tomography perfusion; DT, delay time.
∗p < 0.05.

TABLE 2 The e�ect of RPBE on poor outcomes in hospital.

Outcomes Patients without RPBE (n = 110) Patients with RPBE (n = 39) Z or χ2
P-value

Discharge NIHSS, median (IQR) 6.50 (2.00, 15.25) 13.00 (6.00, 40.00) 3.52 <0.001

Discharge mRS, median (IQR) 3.50 (2.00, 4.00) 5.00 (4.00, 5.00) 3.67 <0.001

Hemorrhagic transformation (%) 42 (38.2) 32 (82.1) 22.17 <0.001

Mortality in hospital (%) 8 (7.3) 11 (28.2) 9.54 0.002

Data are demonstrated as median (interquartile range) or number (percentage). The chi-Square test and the Mann–Whitney U-test were conducted to compare categorical and continuous

variables between the patients with RPBE and those without RPBE as appropriate.

on NCCT or MRI, which is shown in Figure 2 independently

by two trained neurologists (CXY and WHY) blinded to

clinical information. RPBE was defined as an increase in

the swelling score by more than 2 points on follow-up

NCCT or MRI performed 24 h after EVT compared with that

at baseline.

2.3. Statistical analysis

All statistical analyses were conducted using statistical

software (IBM SPSS Statistics, version 25.0). Two-sided P

< 0.05 were regarded as statistically significant. Continuous

variables were expressed as median or mean, while categorical

variables were expressed as numbers with percentages. We

performed a univariate logistic regression analysis to investigate

the impact of the perfusion profile at baseline CTP on RPBE,

including adjustments for potential confounders. Demographic,

clinical, laboratory, and imaging variables associated with RPBE

at a significance level of p < 0.05 were enrolled in the

multivariate logistic regression analysis. Results were given

as odds ratio (OR) with relative risks of 95% confidence

interval (CI).

3. Results

Among 235 patients who underwent EVT, 149 were

included in the study (Figure 1). The median age was 68

[interquartile range (IQR) 57.5–80.0] years, and 58.4% of

the patients were male. The median values of NIHSS score

(at baseline), core volume, and penumbra volume were 16.0

(IQR 12.5–20.0), 17.0ml (IQR 7.0–43.0), and 107.0ml (IQR

69.5–167.5), respectively. Overall, 26.2% (39/149) of patients

who underwent successful recanalization experienced RPBE

after EVT. Table 1 presents the baseline characteristics of

the study population compared between the participants

with and without RPBE. There were significant differences

in the NIHSS (Z = 3.52, 95% CI 2.0–12.0, P < 0.001)

and mRS scores (Z = 3.67, 95% CI 0.0–1.0, P < 0.001)

at discharge between patients with and without RPBE. In

addition, the occurrence of hemorrhagic transformation (χ2

= 22.17, 95% CI 0.29–0.59, P < 0.001) and mortality

in hospital (χ2
= 9.54, 95% CI 0.06–0.36, P = 0.002)

were significantly more prevalent in patients with RPBE

(Table 2).

Furthermore, a univariate logistic regression analysis was

conducted to observe the correlations between demographic,

clinical, and laboratory indicators; ASPECTS at baseline CT;
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TABLE 3 Univariate and multivariate logistic regression analyses between demographic, clinical, laboratory indicators, perfusion profile at baseline

CT perfusion, and RPBE.

Variables Univariate logistic regression Multivariate logistic regression

Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value

Received IV thrombolysis 2.28 (1.08–4.84) 0.031∗ 2.72 (1.20–6.20) 0.017∗

CTP core volume 1.01 (1.00–1.02) 0.019∗ 1.00 (0.99–1.01) 0.644

Mismatch ratio Q3 (5.1–11.3) 0.28 (0.09–0.82) 0.021∗ 0.26 (0.07–0.94) 0.040∗

Mismatch ratio Q4 (>11.3) 0.17 (0.05–0.59) 0.005∗∗ 0.19 (0.05–0.78) 0.021∗

∗∗p < 0.01; ∗p < 0.05.

FIGURE 3

Subgroup analyses for the associations of mismatch ratio with RPBE risk, adjusted for thrombolysis and CTP core volume.

perfusion profile at baseline CTP; and RPBE. The result showed

a significant correlation among RPBE and thrombolysis (P =

0.031), CTP core volume (p = 0.019), mismatch ratio Q3 (IQR

5.1–11.3, P = 0.021), and mismatch ratio Q4 (IQR > 11.3, P

= 0.005). These variables were incorporated into multivariate

logistic regression analysis, which revealed that mismatch ratio

Q3 (OR 0.26, 95% CI 0.07–0.94, P = 0.040) and mismatch

ratio Q4 (OR 0.19, 95% CI 0.05–0.78, P = 0.021) were the

independent protective factors for RPBE (Table 3). A subgroup

analysis indicated that among patients with mTICI 3 scores,

mismatch ratio Q3 (OR 0.09, 95% CI 0.02–0.49, P = 0.005)

and mismatch ratio Q4 (OR 0.08, 95% CI 0.01–0.45, P =

0.005) were independent protective factors for RPBE (Figure 3).

The area under the curve (AUC) of the receiver operator

characteristics (ROC) curve was 0.727 (95% CI 0.647–0.796,

P < 0.001). Additionally, we found that when the mismatch

ratio is >5.1 and the core volume is <42, the protective

effect of RPBE was stronger than the mismatch ratio alone;
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FIGURE 4

Receiver operating characteristic (ROC) curve comparing the

mismatch ratio and mismatch ratio combined with ischemic

core to predict RPBE. Mismatch ratio, area under the curve

(AUC): 0.727 (95% CI 0.647–0.796, P < 0.001). Mismatch ratio

combined with ischemic core, AUC: 0.763 (95% CI 0.686–0.829,

P < 0.001).

and the AUC was 0.763 (95% CI 0.686–0.829, P < 0.001;

Figure 4).

4. Discussion

The primary finding of our study is that RPBE after

successful EVT in patients with LVO stroke is related

to poor NIHSS and mRS scores at discharge, a more

frequent incidence of hemorrhagic transformation, and a higher

in-hospital mortality rate. Furthermore, we demonstrated

that the mismatch ratio and intravenous thrombolysis were

independently associated with RPBE after reperfusion therapy.

Our study reveals that a large mismatch ratio is a protective

factor for RPBE, which implies that a higher mismatch ratio

is related to a lower possibility of RPBE. Specifically, we

observed that when the mismatch ratio was >5.1 as the

core volume was <42ml, the protective effect of RPBE was

stronger than that of the mismatch ratio alone (AUC 0.763

vs. 0.727).

Many studies suggest that core volume and mismatch

volume are associated with brain edema (21–23), which is

consistent with the conventional understanding that serious

stroke is associated with severe edema (24). Nevertheless,

some of these studies did not include patients who

underwent reperfusion therapy and defined brain edema

by qualitative measurements, such as midline shift >5mm

or occurrence of cerebral hernia requiring hemicraniectomy.

These measurements are not sensitive to mild or moderate

edema; therefore, they are unsuitable for accurately monitoring

a patient’s condition. Identifying patients with a high risk

of brain edema early is critical. This study provides a new

way to assess the RPBE (an increase of more than two points

in cerebral edema mass effect within 24 h). The occurrence

of RPBE observed in this study (26.2%) is comparable with

the 24 h net water uptake observed in previous research

(20.6–22.0%) (25, 26). Although RPBE is a semi-quantitative

assessment, it shows the predictive value for poor early

clinical outcomes (Table 2), which is consistent with previous

studies (7, 8, 27).

Considering reperfusions’ effect on cerebral edema may

be complicated and dependent on the perfusion profile of

the ischemic tissue. Ng et al. found that recanalization was

associated with reduced cerebral edema when the mismatched

volume was larger than 102ml. However, this interaction

between recanalization and edema was not observed in patients

with smaller mismatch volumes. A large mismatch volume

indicated increased brain edema in patients who underwent

unsuccessful reperfusion therapy but not in those with successful

reperfusion (15). A recent clinical study focused on patients

with large hemispheric infarction (core volume 80–300ml)

demonstrated that reperfusion did not affect MLS when the

ischemic core volume was smaller than 130ml. Conversely,

recanalization treatment was associated with the prevalent

occurrence of MLS because of the intracranial mass effect

of cerebral edema when the ischemic core volume exceeded

130ml of edema (14). These results indicate that there is a

seemingly complicated correlation between perfusion status and

cerebral edema, which may be influenced by a combination

of factors. In contrast to previous studies, our study focused

on populations with small to moderate ischemic core volume

(median 17.0ml, IQR 7.0–43.0) who underwent successful

recanalization with mTICI scores of 2b to 3. Univariate analysis

showed that the baseline ischemic core volume and baseline

mismatch ratio were correlated with RPBE (P < 0.05). After

dividing the mismatch ratio into quartiles and performing a

chi-square test between quartiles, we found that the occurrence

of RPBE in Q4 (mismatch ratio > 11.3) was significantly

lower than that in Q1 (mismatch ratio ≤ 3.0) (P < 0.05).

Multivariate logistic regression analysis revealed that mismatch

ratio Q3 (OR 0.26, 95% CI 0.07–0.94, P = 0.040) and

mismatch ratio Q4 (OR 0.19, 95% CI 0.05–0.78, P = 0.021)

were the independent protective factors for RPBE (Table 3);

the AUC-ROC curve was 0.727 (95% CI 0.647–0.796, P <

0.001). Furthermore, we observed that when the mismatch

ratio was >5.1 and core volume was < 42ml, the protective

effect of RPBE was stronger than that of the mismatch ratio
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alone. The AUC was 0.763 (95% CI 0.686–0.829, P < 0.001;

Figure 3).

The primary mechanism of cerebral edema is microvascular

dysfunction and blood–brain barrier (BBB) disruption.

Increased CBF volume during reperfusion is correlated with

aggravation of BBB disruption (11). Approximately 26.7%

of patients after endovascular treatment were found to

have early BBB disruption on CT (28). Animal experiments

have shown that rapidly progressing cerebral edema may

occur after LVO, and increased BBB permeability was

observed 20–155min after MCA occlusion (29). A recent

study reported that a larger edema volume within 24 h

was associated with more edema and lesion progression

(25). The mismatch ratio is the ratio of the penumbra

volume to the infarct core volume, combining the infarct

core with the mismatched volume. A high mismatch ratio

indicates a large penumbra with a comparatively small

infarct core, which is equivalent to a higher proportion of

salvageable tissue. To our knowledge, this is the first study

to assess early-phase edema progression with semi-quantified

measurement and to reveal an interaction between RPBE

with combined perfusion profiles of the ischemic core and

mismatch ratio. These findings have several potential clinical

implications, according to these results. Assessment of the

ischemic core volume and mismatch ratio could provide

prognostic information for predicting RPBE and help identify

patients who are at high risk for edema and may require

particular intervention.

Our study has some limitations. First, brain edema was

classified into seven grades, and an increase in edema score

of more than 2 points was defined as edema progression,

which is a categorical variable. More accurate quantitative

research is required in future. Second, the edema score is

related to the degree of lateral ventricle compression; hence,

patients with infarction foci close to the cortex are less likely

to improve the edema score later, which may lead to bias.

Third, as the implementation of mechanical thrombectomy

referred to the DEFUSE 3 criteria, which required relatively

small infarct cores (<70ml), the median core volume in

our study was as small as 17.0ml (IQR 7.0–43.0). Therefore,

this may lead to selection bias; thus, the progress of brain

edema after thrombectomy in patients with large infarct cores

is unclear.

5. Conclusion

For anterior circulation LVO stroke patients with

successful EVT, RPBE is associated with poor outcomes.

A large mismatch ratio at baseline is a protective factor

for RPBE in patients with mild-to-moderate core volume.

Furthermore, these results could help identify patients

with a high risk of edema and who probably require

appropriate intervention.
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