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Background: Midline shift (MLS) is troublesome problem that may occur in
patients with a large infarct core (LIC) and may be related to the baseline infarct
core volume. The purpose of this study was to explore the relationship between
baseline infarct core volume and early MLS presence.

Materials and methods: Patients with acute intracranial large artery occlusion
and a pretreatment relative cerebral blood flow (rCBF) <30% volume >50 mlon
CT perfusion (CTP) were included, clinical outcomes following endovascular
treatment (EVT) were retrospectively analyzed. The primary endpoint was MLS
within 48 h (early MLS presence). The association between baseline ICV and
early MLS presence was evaluated with multivariable regression.

Results: Ultimately, 95 patients were included, and 29.5% (28/95) of the
patients had early MLS. The number of patients with a baseline rCBF < 15%
volume (median [interquartile range], 46 [32-60] vs. 29 [19-40]; P < 0.001)
was significantly larger in the early severe MLS presence group. A baseline
rCBF < 15% volume showed significantly better predictive accuracy for early
MLS presence than an rCBF < 30% volume (area under the curve, 0.74 vs.
0.64, P = 0.0023). In addition, an rCBF < 15% volume >40ml (odds ratio,
4.34 [95% CI, 1.571-11.996]) was associated with early MLS presence after
adjustment for sex, age, baseline National Institutes of Health Stroke Scale
score, onset-to-recanalization time.

Conclusion: In patients with an acute LIC following EVT, a pretreatment infarct
core volume > 40 ml based on an rCBF < 15% showed good predictive value
for early MLS occurrence.
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Introduction

the standard
treatment for ischaemic stroke patients with large vessel
occlusion (LVO) (1-8). However, most clinical trials of EVT
focused on patients with small ischaemic cores defined as

Endovascular thrombectomy (EVT) is

a volume with a relative cerebral blood flow (rCBF) <30%

of <50 or <70 cm’

on computed tomographic perfusion
(CTP) images or an Alberta Stroke Program Early CT Score
[ASPECTS] >6 on non-contrast computed tomography (CT)
imaging prior to thrombectomy (9). Recently, a meta-analysis
showed that patients with a large ischaemic core (LIC) defined
by an ASPECTS < 6, ischaemic core volume > 50 ml or both
can benefit from EVT (10). Moreover, a recent randomized
clinical trial (RCT) performed in Japan showed that patients
with an LIC had better functional outcomes with endovascular
therapy than with medical care alone but had more intracranial
hemorrhages (11).

However, one concern of patients with an LIC who receive
EVT is cerebral oedema, which can lead to early cerebral midline
shift (MLS) occurrence and poor prognosis. The causes of
cerebral oedema remain unclear. Studies have shown that in
patients with a core volume > 130mL or CT-ASPECTS <
3, EVT is not significantly associated with a clinical benefit
and may be detrimental through the exacerbation of oedema.
Therefore, we hypothesize that the baseline ischaemic core
volume is associated with MLS occurrence.

Traditionally, the infarct core is defined as an rCBF < 30%
(12); however, the chronological progression to infarction is
different for different cell types (neurons are already severely
damaged at a time and place where astrocytes are only minimally
injured), and it is variable in both time and space (13). Currently,
there is no optimal ischaemic core CTP parameter, and an rCBF
< 30% ischaemic volume may also be reversible after reperfusion
therapy, similar to the theory of diffusion MR reversibility
(14, 15). Furthermore, we hypothesized that an rCBF < 15%
ischaemic volume is extremely ischaemic tissue and is very
difficult to save despite rapid reperfusion. In our study, we aimed
to explore the relationship between an rCBF < 15% ischaemic
volume and early MLS occurrence and determine the optimal
ischaemic volume for predicting early MLS occurrence.

Methods

Patient population and data collection

The patient data analyzed in the present study were
derived from our Prospective Registry database of Endovascular
Treatment. For the present analysis, all patients enrolled
between January 1, 2015, and July 1, 2021, were included. The
inclusion criteria of this study were as follows: at least 18 years
of age; acute occlusion of anterior intracranial large vessels
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and EVT; a baseline National Institutes of Health Stroke Scale
(NIHSS) score > 6; a baseline CTP and pretreatment ischaemic
core volume > 50ml (autoassessed by CTP); a premorbid
modified Rankin Scale (mRS) score < 2; and an onset-to-
presentation time within 24 h.

Ethics approval

The study was approved by the local hospital ethics
committees (ID 2021 LWB251). Written informed consent
for EVT was obtained from the patient or the proxy.
Informed consent for this study was waived because it was a
retrospective study.

Clinical variables and outcomes

The
(hypertension, diabetes, hyperlipidaemia, and atrial fibrillation),

baseline data included sex, age, comorbidities
occlusion site, time from onset to treatment, neurologic deficits
using the NIHSS score, and stroke subtype according to the
Trial of ORG 10172 in Acute Stroke Treatment (TOAST)
categories (16).

The primary outcome was midline shift (MLS), Secondary
outcomes were functional independence at 3 months,
corresponding to a modified Rankin Scale (mRS) score of 0-2,
death at 3 months and symptomatic intracranial hemorrhage

(sICH) according to the definition of Heidelberg (17).

Radiological variables and outcomes

For the patients in our study, we used the following
acquisition protocol and post-processing algorithms. CT
perfusion was performed on a 320-slice scanner (GE
Revolution). With each time point acquisition, a total of
320 slices with a thickness of 0.5 mm were obtained, which
covered the whole brain (220 mm total coverage). Typically,
19 time points were obtained commencing 4 seconds after
non-ionic iodinated contrast injection into an antecubital vein
(50 mL, 5 mL/s; Bayer HealthCare). The acquisition parameters
were 80 kilovolts (peak; kVp) and 200 mA. This acquisition
also allowed the generation of intracranial angiographic data
as well as perfusion maps. Whole-brain non-contrast CT
(NCCT) was performed before CTP. After acquisition, CTP
data were processed by the commercial software Mistar (Apollo
Medical Imaging Technology). The mathematical model of
delay-corrected singular value decomposition (dSVD) was
chosen to generate perfusion parameters, which were presented
as cerebral blood volume (CBV), cerebral blood flow (CBF),
mean transit time (MTT), and delay time (DT). We further
generated a penumbra/core map by setting thresholds for
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Full cohort of EVT, n=2079

Posterior circulation, n=267

Anterior circulation, n=1812

Without CTP, n=891

Anterior circulation with CTP, n=921

rCBF<30% <50ml, n=134

rCBF<30% >50ml, n=134

«Poor image quality, n=12
*Onset-to-presentation surpass 24 hours, n=17
«Poor routine and discontinuation of EVT, n=4
«Pretreatment mRS>2, n=6

95 patients included

| MLS, n=28 l | No MLS, n=67 l

FIGURE 1
Study flow chart. CTP, CT perfusion; EVT, endovascular Therapy;
MLS, midline shift.

parametric maps. A DT > 3 sec was defined as hypoperfusion of
brain tissue, and the ischaemic core volume was defined as rCBF
< 30% (18). The mismatch volume (volume of DT > 3 s minus
volume of rCBF < 30%) and mismatch ratio (volume of DT
> 3 divided by volume of rCBF < 30%) were also calculated
by Mistar software (12). We can also derive the value of rCBF
< 15%. The reperfusion grade was assessed with the Extended
Thrombolysis in Cerebral Infarction (eTICI) scale (19), and
substantial reperfusion was defined as a score of 2b, 2¢, or 3 (19).

Early severe MLS presence was defined as an MLS greater
than 3 mm (20) within 48 h post-EVT. MLS measurements were
performed by readers who were blinded to the clinical data
(Dr P.ZN), and MLS was assessed as dichotomous (present
or absent). In patients who had >1 follow-up scan, the scan
with the highest MLS was analyzed. MLS was measured in
millimeters at the level of the septum pellucidum (21, 22).
The quantitative assessment of MLS was performed on patients
previously categorized as having MLS. MLS measurements
were independently assessed in 30% of the study cohort (29
consecutive subjects) by a second neurologist (Dr L.X.H) and
found to have excellent interrater agreement (K = 0.95). Then,
the patients were divided into 2 groups: the early severe MLS
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presence group was defined by the presence of an MLS > 3 mm,
and the no early severe MLS presence group was defined by the
presence of an MLS < 3 mm or MLS absence.

Statistical analysis

Standard descriptive statistics are reported as medians and
IQRs for continuous variables and as numbers and percentages
for categorical variables. For between-group comparisons of
categorical variables, the x 2-test or Fisher’s exact test was used,
as appropriate. The Mann-Whitney U test was employed for
continuous variables. The areas under the curve from receiver
operating characteristic (ROC) analyses were used to assess the
predictive value of the baseline ischaemic core calculated by
different levels of rCBF for early MLS presence. The Youden
index was used to calculate the optimal cut-off predictive
value of different rCBF threshold values. A bootstrap test was
used to compare the areas under the curve (AUCs) between
rCBF < 15% volume and rCBF < 30% volume. Multivariable
logistic regression analyses were performed to determine the
associations between early MLS presence and some important
baseline factors, including core volume calculated by rCBF <
15%. Statistical analyses were performed using SPSS 18.0 (IBM
SPSS, Chicago, IL) and R software version 4.13. A 2-sided P value
< 0.05 was considered indicative of statistical significance.

Results

The study flow chart is shown in Figure 1. Of the 2,079
patients enrolled in our registry database, 44.3% (921/2,078) of
anterior circulation infarction patients had baseline CTP data,
and 134 patients had a baseline core infarct volume >50ml.
Ultimately, 95 patients were included after the exclusion of 39
patients for the following reasons: (1) poor image quality (12
patients); (2) onset-to-presentation time surpassing 24h (17
patients); (3) poor routine and discontinuation of endovascular
therapy (4 patients); and (4) a pretreatment mRS > 2 (6
patients). A total of 29.5% (28/95) of patients had early
severe MLS.

Baseline characteristics and clinical
outcomes of the whole cohort

Of the 95 included patients (Table 1), 58.9% (56/95) were
males, and the median age was 72 (IQR, 63-79) years. The
median baseline NIHSS score of this cohort was 19 (IQR,
16-22). A total of 49.5% (47/95) of the occlusion sites were
intracranial carotid artery. Overall, successful revascularization
(eTICI 2b,2¢,3) was achieved in 98.9% (94/95) patients, and
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TABLE 1 Comparison of baseline characteristics between patients with early severe MLS presence and without early severe MLS presence.

Parameter All patients

N
Sex (male, n) 56 (58.9%) 44 (65.7%) 12 (42.9%) 0.039
Age, y, median (IQR) 72 (63-79) 72 (63-79) 74 (64-80) 0.358
Risk factors, n (%)
Smoking 15 (15.8%) 13 (19.4%) 2(7.1%) 0.236
Hypertension 70 (73.7%) 48 (71.6%) 22 (78.6%) 0.484
Diabetes mellitus 27 (28.4%) 18 (26.9%) 9 (32.1%) 0.603
Atrial fibrillation 23 (24.2%) 15 (22.4%) 8(28.6%) 0.521
Baseline NTHSS score (median, IQR) 19 (16-22) 19 (15-22) 19 (18-23) 0.180
Intravenous thrombolysis, n (%) 25(26.3%) 18 (26.9%) 7 (25.0%) 0.851
Onset-to-recanalization time, median (IQR) 349 (266-445) 323 (253-438) 385 (307-446) 0.194
ASPECT 3(1-5) 3(2-6) 3(0-5) 0.158
Occlusion site, n (%)
ICA 47 (49.5%) 32 (47.8%) 15 (56.6%) 0.606
M1 segment 39 (41.1%) 26 (38.8%) 13 (46.4%) 0.491
M2 segment 9 (9.5%) 9 (13.4%) 0 (0%) 0.098
Endovascular therapy detail
Mechanical thrombectomy 93 (97.9%) 66 (98.5%) 27 (96.4%) 0.505
Angioplasty 15 (15.8%) 11 (16.4%) 4 (14.3%) 1.000
Intravenous tirofiban 29 (30.5%) 25(37.3%) 4 (14.3%) 0.026
Intraarterial rt-PA 2(2.1%) 1 (1.5%) 1(3.6%) 0.505
TOAST subtype, n (%)
CE 64 (67.4%) 40 (59.7%) 24 (85.7%) 0.014
LAA 29 (30.5%) 25 (37.3%) 4 (14.3%) 0.026
Other 2(2.1%) 2 (3.0%) 0 (0%) 0.888
€TICI > 2b, n (%) 94 (98.9%) 66 (98.5%) 28 (100%) 1.000
Clinical outcome, n (%)
sICH 9(9.5%) 3 (4.5%) 6 (21.4%) 0.029
mRS 0-2 21 (22.1%) 21 (31.3%) 0 (0%) 0.001
Mortality 32 (33.7%) 17 (25.4%) 15 (53.6%) 0.008

IQR, interquartile range; ASPECT, Alberta Stroke Program Early CT Score; TOAST, Trial of Org 10172 in Acute Stroke Treatment; NTHSS, National Institutes of Health Stroke Scale; ICA,

intracranial carotid artery; LAA, large-artery atherosclerosis; CE, cardio embolism; sICH, symptomatic intracranial hemorrhage.

functional independence was achieved in 22.1% (21/95) of
patients; 33.7% (31/95) of patients died.

Comparison between the early severe
MLS presence and no early severe MLS
presence groups

Table 1 shows that the TOAST subtype was different between
the 2 groups. Compared with the no early severe MLS presence

Frontiersin Neurology

group, the early severe MLS presence group included more
patients with the cardiac embolic type (85.7 vs. 59.7%, P =
0.014) and fewer with large artery atherosclerosis (LAA) (14.3
vs. 37.3%, P = 0.026).

The clinical outcome was poorer in the early severe MLS
presence group: there were more patients with sICH (21.4
vs. 4.5%, P = 0.029) and fewer patients with functional
independence (0 vs. 31.3%, P = 0.001). Furthermore, more
patients died (53.6 vs. 25.4%, P = 0.008) in the early severe MLS
presence group.
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TABLE 2 Comparison of baseline infarct core between patients with early severe MLS presence and without early severe MLS presence.

rCBF < 30%, median (IQR) 75 (64-96) 71 (61-93) 91 (71-113) 0.010
rCBF < 15%, median (IQR) 35 (23-46) 29 (19-40) 46 (32-60) <0.001
CBF < 15% >40ml, n (%) 34 (35.8%) 17 (25.4%) 17 (60.7%) 0.001

MLS, midline shift; IQR, interquartile range; ml, milliliter; rCBE, relative cerebral blood flow.

No significant differences were found between the 2 outcome
groups in age (74 year in the early severe MLS presence group vs.
72 yrs. in the no early severe MLS presence group, P = 0.358),
baseline NIHSS (19 vs. 19, P = 0.180), risk factors including
smoking (7.1 vs. 19.4%, P = 0.236), hypertension (78.6 vs. 71.6%,
P =0.484), diabetes mellitus (32.1 vs. 26.9%, P = 0.603), or atrial
fibrillation (28.6 vs. 22.4%, P = 0.521), except there were fewer
male patients in the early severe MLS presence group (42.9 vs.
65.7%, P = 0.039). The occlusion site was similar in the 2 groups,
including intracranial internal carotid artery occlusion (56.6% in
the early severe MLS presence group vs. 47.8% in the no early
severe MLS presence group, P = 0.606) and the M1 segment of
the MCA (46.4 vs. 38.8%, P = 0.491).

No significant differences were found between the 2 outcome
groups in endovascular therapy detail except more patients
received intravenous tirofiban in no MLS group than that in
MLS group (37.3 vs. 14.3%, P = 0.026).

Baseline infarct core volume calculated
by different thresholds of rCBF between
the 2 groups

As Table 2 shows, compared with the no early severe MLS
presence group, patients in the early severe MLS presence group
showed a larger infarct core volume of rCBF < 30% (median
[IQR], 91 [71-113] vs. 71 [61-93]; P = 0.01) and rCBF < 15%
(median [IQR], 46 [32-60] vs. 29 [32-60]; P < 0.001). There
were 29 patients with rCBF < 15% volumes > 40 ml and rCBF
< 30% volumes < 130 ml, and 14 of these patients (48.3%) had
early severe MLS occurrence.

ROC analyses and logistic regression
analyses

Figure 2 shows that an rCBF < 15% ischaemic volume
showed significantly better predictive accuracy than an
ischaemic volume of rCBF < 30% (area under the curve, 0.74
vs. 0.64, P = 0.002). The optimal threshold points from the
ROC analyses to differentiate patients likely to have a higher
likelihood of MLS were core volume calculated by rCBF < 15%
of >40 ml (sensitivity 0.61, specificity 0.76) and an rCBF < 30%
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FIGURE 2
Receiver operating characteristic analyses of the rCBF < 15%
volume and rCBF < 30% volume. An rCBF < 15% volume
showed a better predictive value of MLS than an rCBF < 30%

volume (AUC, 0.735 vs. 0.646, P = 0.023). rCBF indicates relative
cerebral blood flow; AUC indicates the area under the curve.

core volume of >86ml (sensitivity 0.61, specificity 0.70), as
showed in Table 3.

Table 2 indicates that there were more patients with
rCBF>40ml in the early severe MLS presence group (60.7
vs. 25.4%, P = 0.001). Based on the results of multivariate
logistic regression, an rCBF < 15% core volume > 40 ml was an
independent predictor of early severe MLS presence (odds ratio
[OR], 4.34 [95% CI, 1.571-11.996, P = 0.005]) after adjustment
for sex, age, baseline NIHSS score, onset-to-recanalization time
and TOAST subtype, as showed in Table 4.

Discussion

Our study showed that an rCBF < 15% core volume is a
better tool for predicting early severe MLS presence than an
rCBF < 30% core volume and an rCBF < 15% core volume >
40 ml was a strong predictor of early MLS presence in patients
with an LIC treated by EVT.

MLS is the gold standard imaging marker of cerebral oedema
(23). MLS occurrence is one clinical scenario that patients with
an LIC treated with reperfusion therapy may face and is of
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TABLE 3 ROC analysis of the cut-off value of MLS.

10.3389/fneur.2022.1077824

Sensitivity Specificity Cut-off value
rCBF <30% 0.64 (0.52-0.75) 0.61 0.70 86 0.01
rCBE <15% 0.74 (0.62-0.84) 0.61 0.76 40 <0.001

rCBF indicates relative cerebral blood flow.

TABLE 4 Multivariate logistic regression analyses of variables
associated with the occurrence of MLS.

Parameter Odds 95%Cl P value
ratio
CE 2.67 0.743-9.618 0.132
Male sex 0.40 0.137-1.160 0.091
Age, one-year increase 1.00 0.958-1.040 0.923
Onset-to-recanalization time 1.00 0.999-1.004 0.260
Baseline NIHSS score 1.00 0.923-1.154 0.579
rCBF < 15% volume >40 ml 4.34 1.571-11.996 0.005

CE, cardioembolism; NIHSS, National Institutes of Health Stroke Scale; rCBE, relative
cerebral blood flow.

great concern to clinicians. MLS occurrence may be due to
cerebral oedema caused by the infarction volume itself. Cerebral
blood flow is the optimal CT perfusion parameter for assessing
the infarct core (24), and an rCBF < 30% is traditionally
defined as the infarct core (12). The chronological progression
to infarction is different among different cell types and different
individuals, and accurate core assessment is challenging (13).
A case—control study indicated that the optimal threshold
to define the ischaemic core in thrombectomy patients was
an rCBF <20%, whereas in alteplase controls, the optimal
ischaemic core threshold remained at an rCBF <30% (25), and
the reason may be due to earlier reperfusion. Therefore, the
traditional biomarker of an rCBF < 30% ischaemic volume
may also be reversible. An rCBF < 15% ischaemic volume
indicates extremely ischaemic tissue, which is very difficult to
reverse and save. Our study showed that compared with an
rCBF < 30%, an rCBF < 15% is a better tool for predicting
MLS occurrence.

In animal models, reperfusion can exacerbate cerebral
oedema because severely ischaemic tissue is unlikely to survive
even with reperfusion, and oedema increases after reperfusion,
which supplies blood flow and water content to already
infarcted tissue (21). However, clinical studies have shown
that reperfusion can reduce cerebral oedema (21, 22, 26,
27). Nevertheless, reperfusion may be harmful and exacerbate
cerebral oedema in patients with a very large infarct core
>130ml (21). Our study showed that an rCBF < 15% was more
accurate in predicting early MLS occurrence than an rCBF <
30% and that an rCBF < 15% volume > 40ml was a strong
predictor of early MLS severe occurrence, which indicated that
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reperfusion therapy should be used with caution in patients
with an rCBF < 15% volume > 40 ml. Furthermore, our study
showed that half of the patients with an rCBF < 15% volume
> 40 ml and an rCBF < 30% volume < 130 ml had early severe
MLS occurrence. To some extent, the predictive value of rCBF <
15% volume > 40 ml for the presence of MLS is better than that
of rCBF < 30% volume > 130 ml.

MLS presence, especially an MLS value > 3 mm, predicts
poor outcome (20, 28). In concordance, our exploratory analysis
suggests that none of the patients with early severe MLS presence
achieved functional independence, and half of them died. sSICH
is another important factor that can exacerbate cerebral oedema
and cause MLS. In our study, the sICH occurrence rate was as
high as 21.4%.

Our analysis adds further evidence to support the safety and
benefit of EVT in patients presenting with an LIC. Our study
showed that functional independence was achieved in 22.1% of
patients and that sSICH occurred in 9.5%, which was consistent
with previous studies. Previous studies have also shown that the
functional independence rate ranges from 21.7% (29) to 36.5%
(11, 30, 31), the mortality rate ranges from 22.5% (31), 30.8%
(31) to 44.7% (29), and the sICH occurrence rate ranges from
3.7% (32) to 7.0% (31).

The strengths of this study are the use of data from a
prospective registry database, a relatively large sample and
the use of objective imaging criteria with automated core
volume calculations for CTP, which is more accurate than core
volumes assessed with CT-ASPCET. However, our study also
had some limitations.

Because of the lack of a control group that received the
best medical treatment alone, we cannot judge the treatment
effect sizes. Additionally, our database does not track patients
with LVO who did not undergo thrombectomy, and thus, data
relating to a proportion of treated patients are not available.
Third, individual treatment decisions were made by different
interventionalists or/and patients/families’ preferences rather
than on a specific selection protocol. This may have led to a
selection bias that could have confounded our results but at
the same time allowed us to explore the paradigm of treating
patients with LIC more pragmatically. Fourth, although post-
procedural neurocritical care could have some effects on the
outcome, the influence may be minimized since the critical care
of all these included patients was performed by a designated
team. Therefore, factors regarding post-procedural critical care
were not considered in the analysis.
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Conclusion

In summary, our data provide reassurance that iatrogenic
exacerbation of space-occupying cerebral oedema following
EVT in patients is unlikely in patients presenting with an
LIC, particularly among patients with an rCBF < 15% core
volume < 40 ml. However, reperfusion therapy should be used
with caution in patients with an rCBF < 15% core volume
> 40 mL. Trials are needed to mitigate the adverse effects of
cerebral oedema and offer an avenue to reduce the morbidity
and mortality of patients with LIC.
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