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Background and Purpose: This study aimed to analyze the association between

hyperattenuated lesions (HALs) and postoperative intracranial hemorrhage (IH) and

predict perioperative IH through quantitative analysis of HALs in acute ischemic stroke

(AIS) with anterior large vessel occlusion (LVO) after endovascular therapy (ET).

Materials and Methods: This retrospective, propensity-matched study enrolled AIS

who received ET from a single-center registry study between August 2017 and May

2020. The enrolled patients were divided into two groups: IH and non-IH, by follow-up

postoperative CT. The occurrences of HALs on immediate CT after ET were also

recorded. The association between IH and HALs after propensity score matching

(PSM) was determined by binary logistic regression models. The receiver operating

characteristic (ROC) curve was used to determine the predictive value of the highest

CT Hounsfield units (HU) value on immediate CT.

Results: Initially, 1,418 patients who underwent digital subtraction angiography were

reviewed and 114 AIS patients with immediate postoperative CT and follow-up CT after

ET were enrolled. Forty-nine out of the 114 patients developed IH after therapy. After

PSM analysis, patients with IH were more likely to have HALs on immediate CT (Odds

Ratio, OR 11.9, P= 0.002, and 95% CI: 2.485–57.284). For 80 patients with HALs, ROC

analysis of the highest CT value in the HALs territory showed that the cut-off value was

97 HU, the sensitivity was 70.21%, and the specificity was 81.82%.

Conclusions: Patients with HALs after ET are more likely to have perioperative IH. The

highest CT value in the HALs area might be used to predict IH.
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INTRODUCTION

Endovascular interventional therapy, especially mechanical
thrombectomy (MT), has extended the treatment window of
acute ischemic stroke (AIS) to 16–24 h (1, 2). MT has become the
standard treatment for AIS patients with large vessel occlusion
(LVO) (3). Cerebral hemorrhage after interventional therapy
is a serious complication (4). Early detection of hemorrhagic
transformation after interventional therapy can guide blood
pressure control (5), sedative use, and antiplatelet therapy
(6). In particular, it is important to evaluate the risk of
hemorrhage or hemorrhagic transformation after infarction
in patients with mTICI ≤ 2b and patients with emergency
stent implantation and balloon dilatation who need antiplatelet
to maintain blood flow. Postoperative non-contrast computed
tomography (NCCT)/dual-source CT is used as a routine
examination after thrombectomy to distinguish whether there
is contrast agent extravasation or hemorrhage (7). Dual-energy
CT has superior performance in terms of differentiating contrast
agent extravasation from hemorrhage. However, NCCT scans
are obtained in centers where dual energy scans are not
available. At present, some retrospective cohort studies suggest
that the immediate postoperative hyperdensity sign is related
to the patient’s cerebral hemorrhage (8). However, there is
no established quantitative method on postoperative NCCT
to predict perioperative intracranial hemorrhage (IH) after
endovascular interventional therapy. The purpose of this study
is to investigate the association between the HALs and IH after
therapy and to perform a quantitative analysis of hyperattenuated
lesion (HALs) territory on immediate CT to predict IH after
interventional therapy to provide warning of early use of
antiplatelet drugs and help perioperative patient management.

MATERIALS AND METHODS

Patients
The patients in this study came from A New Parameter
Derived from DSA to Evaluate Anterior Cerebral Perfusion
(NCT03607565) of the Department of Neurology of the Xi’an
No.3 Hospital and reviewed by the Department of Neurology
between August 2017 and May 2020. The inclusion criteria of
this study were patients with: (1) cerebral infarction caused by
acute intracranial and extracranial anterior circulation large
artery occlusion (ICA, MCA M1-M2 segment); (2) endovascular
interventional therapy (thrombus aspiration, mechanical
thrombus removal, emergency balloon dilation, and emergency
stent implantation) was performed; (3) Immediate head CT were
performed after intra-arterial therapy; (4) Follow-up CT was
performed 2–7 days after endovascular treatment. The exclusion
criteria were patients with (1) Head CT with hemorrhagic signs
on admission; (2) Vertebral-basal artery infarction; (3) Cerebral
infarction caused by blockage of the venous system; (4) Arterial
thrombolytic therapy; (5) Incomplete head CT follow-up.

Mechanical thrombectomy and balloon/stenting are different
procedures but they both fall into the endovascular treatment
(ET) category that removes blood clots. The main mechanism
of postoperative hemorrhage transformation is the destruction of

the blood-brain barrier. This study is focused on themanagement
of postoperative hemorrhage through the quantitative analysis
of HALs on immediate CT but not specific procedures.
Therefore, the two groups of patients were not distinguished.
This retrospective study was approved by the local Institutional
Review Board at the Xi’an No.3 Hospital (No. SYXSLL-2018-
010), and the requirement for informed patient consent was
waived due to the retrospective nature of this study.

Data Collection
We used the following baseline characteristics of patients from
the database: age, sex, previous stroke, side of stroke, initial stroke
severity assessed by the National Institutes of Health Stroke
Scale (NIHSS), initial CT examination evaluated by Alberta
Stroke Program Early CT Score (CT-ASPECTS), intravenous
alteplase, hypertension, diabetes mellitus, atrial fibrillation,
smoking, tirofiban, thrombolysis in cerebral infarction (TICI),
and operational methods.

CT Imaging and HALs Measurement
CT image scanning was completed through two items of
equipment (SOMATOMDefinition Flash SIEMENS and Optima
CT 680 GE) randomly and then uploaded to the picture
archiving and communication systems (PACS). The first head CT
was performed immediately after endovascular interventional
therapy and the time from the acquisition of the last image of the
DSA treatment to the immediate head CT was 38 ± 15min. The
highest CT value of the HALs territory was recorded. The follow-
up CT scan was routinely performed 24 h after endovascular
treatment, and: (1) If the patient had no IH on 24 h follow-up
CT, the head CT should be terminated. (2) If the patient had IH
on the 24 h follow-up CT, the head CT was scanned dynamically
from 1–7 days after surgery until the IH became stable. The time
from the acquisition of the last image of the DSA treatment to the
follow-up head CT was 42± 25 h.

HALs are observed on immediate CT after interventional
therapy, especially in the area of cerebral infarction. The
commercial software that comes with the PACS system was used
to draw the areas of high-density signs. Bone structure, choroid,
and pineal gland were avoided. The highest CT value in the
selected volume represents the most severely damaged area of the
blood-brain barrier.

All head CT data were obtained by neuroradiologists with
more than 5 years of experience and viewed on PACS. In
addition, the IH was confirmed by CT after several follow-ups.
Like other neuroimages, all CT images were analyzed separately
by a neurologist and a neuroradiologist, and disagreement was
resolved by reaching a consensus. If no consensus could be
reached, another reviewer made the final decision.

Endpoints
The primary outcome was the association between HALs in
immediate CT and early perioperative IH. The second outcome
was a receiver operating characteristic (ROC) curve analysis of
the highest CT value in HALs territory in patients with HALs to
help predict the perioperative IH. Total IH was defined according
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FIGURE 1 | Initially, 1,418 eligible patients were identified from a database. Of those 1,418 patients, 114 patients were enrolled in this study. Among them, 49 patients

had an intracranial hemorrhage on follow-up CT while 65 patients did not. In total, 37 matched pairs were identified after the propensity match.

to the European Cooperative Acute Stroke Study (ECASS)II
trial (9).

Statistical Analysis
All enrolled patients were divided into two groups: IH and non-
IH (control group) groups by follow-up CT after endovascular
interventional therapy. Continuous variables were expressed as
the mean ± standard deviation or median (inter-quartile range,
IQR). Single Student’s t-test was used to detect the differences
between the groups. For categorical variables, frequency and
percentage were used to summarize data, and between-group
comparisons were performed via the Chi-square, Continuity
Correction, or Fisher’s exact test, as appropriate.

A propensity score matched (PSM) study is a quasi-
experimental method in which statistical technique is used to
construct an artificial control group. PSM is used to focus on
the relationship between IH and HALs in patients whose other
clinical characteristics are matched to obtain the OR.

PSM analysis was done using a multivariable logistic
regression model based on: age, sex, previous stroke, side of
stroke, NIHSS, CT-ASPECT, IV alteplase, hypertension, diabetes
mellitus, atrial fibrillation, smoking, tirofiban, TICI score, and
operation method. Pairs of patients with IH or non-IH were
derived using 1:1 greedy nearest neighbor matching within PS
score of 0.2. This strategy resulted in 37 matched pairs in
each group. The balance of measured variables between groups
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TABLE 1 | Baseline clinical characteristics according to IH.

Variables All patients Propensity-matched patients

IH (n = 49) Non-IH (n = 65) p IH (n = 37) Non-IH (n = 37) p

Age, mean ± SD, year 68.6 ± 13.3 65.0 ± 13.0 0.151 69.3 ± 13.5 67.0 ± 14.2 0.466

Male, n (%) 32 (65.3) 44 (67.7) 0.072 24 (64.9) 23 (62.2) 1.00

Previous stroke, n (%) 7 (14.3) 17 (26.2) 0.124 7 (18.9) 8 (21.6) 1.00

Side of stroke (right), n (%) 26 (53.1) 27 (41.5) 0.222 19 (51.4) 19 (51.4) 1.00

NIHSS, median (IQR) 16 (12, 20) 13 (8,19) 0.013* 15 (12,19) 16 (8.5, 20) 0.569

CT-ASPECT, mean ± SD 8.92 ± 1.72 9.46 ± 0.92 0.049* 9.22 ± 1.16 9.35 ± 1.09 0.625

IV alteplase, n (%) 19 (38.8) 21 (32.3) 0.474 16 (43.2) 17 (45.9) 1.00

Vascular risk factors, n (%)

Hypertension 26 (53.1) 41 (63.1) 0.282 20 (54.1) 25 (67.6) 0.359

Diabetes mellitus 8 (16.3) 15 (23.1) 0.374 6 (16.2) 8 (21.6) 0.754

Atrial fibrillation 30 (61.2) 17 (26.2) 0.000* 22 (59.5) 17 (45.9) 0.227

Smoking 13 (26.5) 25 (38.5) 0.181 9 (24.3) 10 (27.0) 1.00

Procedural details, n (%)

Balloon/Stenting, n (%) 7 (14.3) 30 (46.2) 0.000* 6 (16.2) 8 (21.6) 0.754

Tirofiban 18 (36.7) 35 (53.8) 0.070 14 (37.8) 19 (45.9) 0.629

TICI=2b/3 43 (87.8) 61 (93.8) 0.255 31 (91.9) 34 (91.9) 1.00

HALs 47 (95.9) 33 (50.8) 0.000* 35 (94.6) 22 (59.5) 0.001*

IH, intracranial hemorrhage; SD, standard deviation; IQR, interquartile range; NIHSS, National Institutes of Health Stroke Scale; CT-ASPECT, Alberta Stroke Program Early CT score; IV,

intravenous; TICI, Thrombolysis in Cerebral Infarction.
*A p < 0.05 indicates statistical significance.

after propensity score-matching was analyzed using a paired
Student’s t-test for continuous measures and McNemar test for
categorical variables. Differences in the HALs after propensity
score-matching were analyzed using binary logistic regression.
Odds ratio (OR) was calculated as an estimate of the risk
associated with HALs with 95% confidence intervals (CI). All
data were analyzed using SPSS 22.0 (IBM, Armonk, NY, USA)
with a significance level of p < 0.05 (2-sided).

To predict IH from the highest CT value in HALs
territory, a ROC curve analysis was used. Optimal cut-off
values to predict IH were calculated by Youden index using
MedCalc 15.0 software, and p < 0.05 (2-sided) was considered
statistically significant.

RESULTS

There were 1,418 eligible patients in the database between
August 2017 and May 2020. Among the 196 patients with
emergency digital subtraction angiography (DSA), 114 met the
study-specific inclusion and exclusion criteria and were enrolled
for this study. Among the 82 patients excluded, 50 patients
were without endovascular therapy, 22 had vessel occlusion in
posterior circulation, five had intra-artery thrombolysis, two had
sinus therapy, and three had incomplete imaging follow-ups
(Figure 1).

Of the 114 patients in the study, 66.7% were male and the
mean age was 66.5± 13.2. A summary of baseline characteristics
of both the entire patients and propensity matched patients
(except HALs) is shown in Table 1. Patients with IH tended to
have high NIHSS score (p = 0.013), low CT-ASPECT score (P =

0.049), atrial fibrillation (p < 0.001), thrombectomy (p < 0.001),
and HALs (p < 0.001).

After performing propensity score matching (except HALs),
a total of 37 matched pairs (37 patients from the IH group
and 37 patients from the non-IH group) were generated. There
were no significant differences in baseline, vascular risk factors
and procedural details characteristics for the propensity score
matched subjects except for HALs (Table 1). The IH group was
associated with HALs than the non-IH group in the matched
patients (p < 0.001).

A summary of characteristics of the patients after propensity
matched according to the IH or non-IH is shown in Table 2.
Patients with IH showed association with higher rates of HALs
with OR= 11.9, p= 0.002, and 95% CI: 2.485–57.284.

Typical of HALs in patients with acute large vessel occlusion
in anterior circulation (Figure 2). CASE-1 demonstrates
extravasation of only iodine (1A–E): A patient with right M1-
segment occlusion and successfully recanalized. The highest
CT value was 89 HU on immediate CT and HALs vanished on
follow-up CT. CASE-2 shows IH after thrombectomy (2A–E): a
patient with right proximal internal carotid artery occlusion that
was reperfusion after endovascular treatment. The immediate CT
shows a large amount of HALs in the right hemisphere and the
highest CT value in the HALs territory was 413 HU. Follow-up
CT shows hemorrhage in the right cerebral hemisphere on the
3 days. CASE-3 shows minor IH after thrombectomy (3A–E): a
patient with distal occlusion of the internal carotid artery and
successfully recanalized. The immediate CT shows HALs in the
left ganglia with the highest CT value was 362 HU and the IH
showed in the follow-up CT was examined at 24 h.
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A ROC curve analysis was used to evaluate the highest CT
value in HALs territory to predict the IH in the perioperative
period (Figure 3). An AUC of 0.816 (95% confidence interval
[CI] 0.713–0.894, p < 0.001) was obtained. A cut-off value of 97
offered the best accuracy in predicting IH with the sensitivity of
70.21%, specificity of 81.82%, positive predictive value (PPV) of
84.62%, and negative predictive value (NPV) of 65.85%.

DISCUSSION

This present study indicates that, first, the appearance of HALs
was closely associated with perioperative IH. Overall, after
balancing other baseline characteristics, the risk of having IH
in patients with HALs on immediate CT after endovascular
treatment was 11.9 times that in patients without. Secondly, in
patients with HALs, the highest CT value in the HALs territory
might be used to predict the occurrence of perioperative IH, with
a sensitivity of 70.21% and a specificity of 81.82% and the cut-off
value is 97 HU.

In our study, the probability of IH during the perioperative
period was 43.0%, and the probability of HALs on immediate
CT after interventional therapy was 70.2%. Previous studies
have shown that the probability of postoperative IH fluctuates
between 28 and 60.3% (8, 10). The probability of HALs after
endovascular therapy fluctuates between 20.8 and 60.8% (8, 10–
12), The postoperative HALs in this study are higher than in
previous studies. The differences might be explained by: (1) The
extravasation of the contrast agent after the operation is mostly
metabolized from a few hours to 24 h after operation (11, 12).
Therefore, the time of the immediate CT after the operation
is relatively important. In this study, the interval between the
acquisition of the last image of the DSA and immediate CT was
38± 15min. (2) Patients with thrombus removal in the posterior
circulation were excluded in this study because the blood-brain
barrier and ischemic tolerance were different than those in the
anterior circulation (13).

The risk ratio of IH in patients with HALs was 11.9
times that of patients without after PSM. This data is higher
than OR 4.5 (95%CI: 1.22–16.37) in previous reports (10).
There are two possible reasons. First, in this study, all types
of hemorrhage including symptomatic and non-symptomatic
were recorded in follow-up CT. Second, for Chinese patients,
intracranial atherosclerotic disease (ICAS) is generally more
frequently observed as the cause of LVO than that for patients
from the Western world (14). Thus, in such patients, it may
have a longer procedure duration and more contrast agent
usage. In this study, patients who received balloon dilatation
or emergency stent implantation accounted for 32.5% (37/114).
Thirdly, randomization was used in this study to eliminate
unmatched cases. The reason why reperfusion interval was not
included in the analysis in this article is that patients with an
onset of more than 4.5 h underwent a mismatch assessment
of diffusion-weighted imaging (DWI) and arterial spin labeling
(ASL) to identify salvageable brain tissue.

To our knowledge, no previous studies have used the highest
CT value on immediate NCCT after endovascular treatment

TABLE 2 | Univariate logistic regression for predicting IH after propensity score

matched.

Variables Univariate

B OR 95%CI p

Age 0.012 1.012 0.979–1.047 0.478

Sex −0.117 0.890 0.345–2.294 0.890

Previous stroke −0.167 0.846 0.272–2.633 0.846

Side of stroke (right) 0.000 1.000 0.402–2.489 1.00

NIHSS 0.021 1.021 0.952–1.095 0.561

CT-ASPECT −0.110 0.896 0.592–1.354 0.601

IV alteplase −0.109 0.896 0.358–2.243 0.815

Vascular risk factors

Hypertension −0.571 0.565 0.220–1.452 0.236

Diabetes mellitus −0.354 0.702 0.217–2.268 0.554

Atrial fibrillation 0.546 1.725 0.687–4.335 0.246

Smoking −0.142 0.868 0.305–2.466 0.790

Procedural details

Balloon/Stenting −0.354 0.702 0.217–2.268 0.554

Tirofiban −0.334 0.716 0.283–1.810 0.480

TICI = 2b/3 0.000 1.000 0.188–5.309 1.00

HALs 2.479 11.932 2.485–57.284 0.002*

OR, odds ratio; CI, confident interval; IH, intracranial hemorrhage; NIHSS, National

Institutes of Health Stroke Scale; CT-ASPECT, Alberta Stroke Program Early CT score;

IV, intravenous; TICI, Thrombolysis in Cerebral Infarction.
*A p < 0.05 indicates statistical significance.

to predict perioperative IH. Some studies have shown that the
average HU in HALs territory was significantly higher in the
IH group identified by immediate dual energy CT than that in
the non-IH group after surgery (377.9 ± 385 HU vs. 83.5 ±

37.9 HU; P < 0.0001) (15). The cut-off value of the lesion HU
for differentiating IH, which was calculated by ROC analysis,
was 80 HU; this value had 100% sensitivity, 63.8% specificity. A
hand drawn HALs area lacks repeatability and consistency, thus
bringing inaccuracy to the average HU value. The highest CT
value represents the severity of the blood-brain barrier damage
from stroke blood-brain barrier damage mechanism (16). The
appearance of HALs on immediate CT after endovascular therapy
might attribute to the following reasons: (1) The extravasation of
the contrast agent alone. (2) Contrast-agent-mixed red blood cell
extravasation. (3) The rupture of the blood vessel caused a large
amount of contrast agent and blood to leak out of the arteries.
Ischemia and hypoxia lead to rapid metabolism of glucose
reserves, resulting in accumulation of lactic acid in brain tissue,
and subsequent changes in cell structure, which in turn leads to
the release of pro-inflammatory factors, oxidants, and proteolytic
enzymes, which ultimately leads to cell damage and rupture of
the blood-brain barrier (16). As the destruction of the blood-
brain barrier increases, the exudation of the iodine contrast agent
increases (17). When the vascular permeability further increases,
the red blood cell mixed with iodine contrast agent leaks out of
the blood vessel to cause hemorrhage transformation, and the
iodine contrast agent is absorbed and metabolized at the 24 h
postoperative follow-up CT (11), while the red blood cells are
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FIGURE 2 | Examples of HALs in patients with acute large vessel occlusion in anterior circulation. CASE-1 demonstrates extravasation of iodine: (1A) Head CT before

ET, (1B) DSA showed right M1-segment occlusion that was successfully recanalized (1C). On immediate CT (1D), there were HALs in the right temporal lobe and the

highest CT value was 89 HU. The HALs on follow-up CT performed at 24 h after thrombectomy (1E) had vanished. CASE-2 shows IH after thrombectomy: (2A) Head

CT before ET and DSA demonstrated right proximal internal carotid artery occlusion (2B) that was recanalized after endovascular treatment (2C). The immediate CT

showed a large amount of HALs in the right hemisphere (2D). We measured the highest CT value in the HALs territory to be 413 HU. The follow-up CT showed

hemorrhage in the right cerebral hemisphere on the 3 days (2E). CASE-3 shows minor IH after thrombectomy: (3A) Head CT before ET and DSA showed distal

occlusion of the internal carotid artery (3B) and was successfully recanalized (3C). The immediate CT (3D) showed HALs in the left ganglia with the highest CT value

of 362 HU. The hemorrhage showed in the follow-up CT (3E) was examined at 24 h.

still retained in the brain tissue of the infarct area. Intraoperative
blood vessel rupture caused the mixed blood of the iodine
contrast agent to leak directly from the blood vessel, resulting
in the formation of high-density lesions on immediate CT after
the operation, and follow-up CT showed massive hemorrhage.
Therefore, we use the highest CT value to predict IH, rather than
the averaged CT value, and HALs mostly appear in low-density
areas on preoperative CT and high-intensity areas on DWI scans.

At present, the effective method of identifying IH after ET
is immediate dual source CT (18). Due to the progress made
by the Chinese Stroke Center, thrombectomy has been widely
promoted as a suitable treatment method for the Primary Stroke
Center. However, the Primary Stroke Center is rarely equipped
with dual-source CT. The method proposed in this study can
use ordinary CT to predict hemorrhage. At the same time,
although ducal energy CT can separate IH or iodine immediately,
it does not predict hemorrhage transformation in postoperative
and this approach might. Some scholars have pointed out that
some patients with immediate dual source CT excluded IH
had intracranial hemorrhage transformation in the follow-up
CT (23.1% had delayed ICH and 11.5% had delayed PH)(15).
The appearance of HALs on immediate CT can be divided into
three categories. First, HALs are from hemorrhage combined
with contrast agents, such patients would need blood pressure

control, sedation after surgery (if necessary), and avoid the use
of antithrombotic drugs. Such patients will show hemorrhage
on follow-up CT. Second, HALs are from single contrast agent
exudation and hemorrhage is highly likely to be transformed. The
postoperative management of such patients is the same as in the
first case. Third, HALs are from single contrast agent exudation
and intracranial hemorrhage transformation is unlikely: these
patients benefit from early antithrombotic drugs to prevent
re-embolism. Thus, our study focuses on how HALs can be
quantitatively analyzed to help with postoperative management,
rather than be used to differentiate contrast agent exudation
from IH.

This study attempts to identify patients with HALs yet with a
low risk of hemorrhage. According to our results, patients with
the highest CT value of <97 have a low risk of hemorrhage
transformation. This value might be used to help determine
patients to apply antithrombotic drugs in the early postoperative
period, especially those with mTICI ≤ 2b and with emergency
stent implantation or balloon dilatation who need antiplatelet to
maintain the blood flow.

One limitation of this study is the relatively small sample
size of the enrolled patients because only one stroke center
was considered. In this case, we only generated 37 pairs of
matched data, which resulted in the confidence interval ranging
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FIGURE 3 | ROC curve analysis of the highest CT value in HALs territory to

predict IH. The highest CT value in HALs was a predictive factor for IH with the

area under curve (AUC) of 0.816 (95% confidence interval [CI] 0.713–0.894, p

< 0.001). ROC, receiver-operating characteristic.

from 2.485 to 57.284 and partly limits the generalization of our
conclusion. Moreover, more quantitative parameters within the
HALs could be calculated and analyzed besides the highest CT
value to predict IH. For instance, if the HALs can be lineated
automatically with high repeatability and consistency, average
CT value within HALs might be used.

CONCLUSION

If the patients with anterior LVO are matched with the baseline
characteristics of patients with perioperative IH and non-IH,
the incidence of HALs on immediate CT is higher in the IH
group. In all patients with HALs, the highest CT value in the
HALs area might be used to predict IH in patients during the
perioperative period.
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