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ORIGINAL RESEARCH
NEUROVASCULAR/STROKE IMAGING

Contrast Staining in Noninfarcted Tissue after Endovascular
Treatment of Acute Ischemic Stroke

Mohamad Abdalkader, Thanh N. Nguyen, Anurag Sahoo, Muhammad M. Qureshi, Charlene J. Ong, Piers Klein,
Matthew I. Miller, Asim Z. Mian, Johannes Kaesmacher, Adnan Mujanovic, Wei Hu, Hui Sheng Chen, and

Bindu N. Setty

ABSTRACT

BACKGROUND AND PURPOSE: Contrast staining is a common finding after endovascular treatment of acute ischemic stroke. It
typically occurs in infarcted tissue and is considered an indicator of irreversible brain damage. Contrast staining in noninfarcted tis-
sue has not been systematically investigated. We sought to assess the incidence, risk factors, and clinical significance of contrast
staining in noninfarcted tissue after endovascular treatment.

MATERIALS ANDMETHODS:We conducted a retrospective review of consecutive patients who underwent endovascular treatment
for anterior circulation large-vessel occlusion acute ischemic stroke. Contrast staining, defined as new hyperdensity on CT after
endovascular treatment, was categorized as either contrast staining in infarcted tissue if the stained region demonstrated restricted
diffusion on follow-up MR imaging or contrast staining in noninfarcted tissue if the stained region demonstrated no restricted dif-
fusion. Baseline differences between patients with and without contrast staining in noninfarcted tissue were compared. Logistic
regression was used to identify independent associations for contrast staining in noninfarcted tissue after endovascular treatment.

RESULTS: Among 194 patients who underwent endovascular treatment for large-vessel occlusion acute ischemic stroke and met the
inclusion criteria, contrast staining in infarcted tissue was noted in 52/194 (26.8%) patients; contrast staining in noninfarcted tissue, in 26
(13.4%) patients. Both contrast staining in infarcted tissue and contrast staining in noninfarcted tissue were noted in 5.6% (11/194). Patients
with contrast staining in noninfarcted tissue were found to have a higher likelihood of having an ASPECTS of 8–10, to be associated
with contrast staining in infarcted tissue, and to achieve successful reperfusion compared with those without contrast staining in nonin-
farcted tissue. In contrast staining in noninfarcted tissue regions, the average attenuation was 40 HU, significantly lower than the con-
trast staining in infarcted tissue regions (53 HU). None of the patients with contrast staining in noninfarcted tissue had clinical worsening
during their hospital stay. The median discharge mRS was significantly lower in patients with contrast staining in noninfarcted tissue than
in those without (3 versus 4; P¼ .018). No independent predictors of contrast staining in noninfarcted tissue were found.

CONCLUSIONS: Contrast staining can be seen outside the infarcted tissue after endovascular treatment of acute ischemic stroke,
likely attributable to the reversible disruption of the BBB in ischemic but not infarcted tissue. While generally benign, understand-
ing its characteristics is important because it may mimic pathologic conditions such as infarcted tissue and cerebral edema.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; CS ¼ contrast staining; CS-I ¼ contrast staining in infarcted tissue; CS-NI ¼ contrast staining in noninfarcted
tissue; EVT ¼ endovascular treatment; HU ¼ Hounsfield unit; IQR ¼ interquartile range; LVO ¼ large-vessel occlusion

Accurate interpretation of the imaging findings after endovascu-
lar therapy (EVT) for acute ischemic stroke (AIS) is important

for appropriate management and prognostication. Hyperdensities
on NCCT head scans are common findings after EVT, having been
described in up to 84% of patients.1-5 Although these hyperdensities
may represent extravasated blood products or other hemorrhagic
complications, most are due to retained iodinated contrast material
from intra-arterial iodine contrast injection, a phenomenon termed
contrast staining (CS).
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Brain ischemia is known to induce gradual and time-depend-
ent changes in the integrity of the BBB. which is impermeable to
contrast molecules in a physiologic state.6-8 Varying degrees of
increased permeability permit the fluid and plasma protein leak-
age seen in cerebral edema, contrast material leakage causing CS,
and the blood product extravasation seen in hemorrhagic trans-
formation.6,7,9 The increased duration and severity of the ische-
mic insult are associated with a higher degree of microvascular
injury and BBB disruption, while collateral circulation in the
involved region may protect the microvasculature.6,10,11

The presence of CS has been considered an indicator of irre-
versible brain injury and has been associated with the develop-
ment of symptomatic intracranial hemorrhage and poor clinical
outcome.12-15 However, CS may also occur in noninfarcted terri-
tories and may resolve without sequelae. This phenomenon of
transient CS in noninfarcted tissue poses radiologic and manage-
ment challenges because it may mimic pathologic conditions
such as infarcted tissue, extravasated blood products, intracranial
hemorrhage, and cerebral edema. Prior studies that demonstrated
the association of CS with irreversible injury focused on staining
in areas of core infarct, and, to our knowledge, CS in the nonin-
farcted tissue has not been systematically investigated. This study
aimed to characterize the incidence of CS in noninfarted tissue
(CS-NI), its radiologic characteristics, potential risk factors, and
its clinical and imaging outcomes.

MATERIALS AND METHODS
Ethics approval was obtained from Boston University institutional
review board. According to institutional protocol, written
informed consent for EVT was obtained from patients and/or
their legal representatives. Anonymized data are available from
the corresponding author on reasonable request. This article fol-
lowed the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines.

Study Design and Patient Selection
We performed a retrospective review of a prospectively main-
tained neuroendovascular database of consecutive patients who
presented with anterior circulation large-vessel occlusion AIS
(LVO-AIS) and underwent EVT between January 2016 and
January 2022. Patients were included in the analysis under the
following conditions: 1) an NCCT was obtained within 24hours
after EVT, 2) a follow-up MR imaging of the brain was obtained
within 72hours after EVT, and 3) clinical follow-up was available
3 months after EVT. Patients were excluded if they had posterior
circulation stroke, complete infarction of the affected vascular
territory, and subarachnoid or parenchymal hemorrhage, as deter-
mined by SWI.

Clinical, Radiologic, and Endovascular Data Collection
Patient demographics (age, sex), vascular risk factors (diabetes
mellitus, hypertension, atrial fibrillation, coronary artery disease,
kidney disease, heart failure, smoking), preprocedural stroke and
imaging characteristics, procedural details, follow-up imaging
data, and outcome data are presented as detailed in the Online
Supplemental Data and Tables 1 and 2. In addition, blood pres-
sure measurements at presentation and intraprocedurally, NIHSS

shift at 24 hours after the procedure, NIHSS at 1 week or dis-
charge if earlier, and the mRS at 90 days after EVT were recorded.
Clinical worsening postprocedure was defined as neurologic dete-
rioration of$ 4points on the NIHSS from baseline.

Imaging Analysis
All NCCTs within 24 hours after EVT and follow-up MR imaging
within 72 hours after EVT were independently evaluated by 2
board-certified neuroradiologists with 5 (M.A,) and 15 (B.N.S.)
years of experience who were blinded to treatment details. CS
was defined as new parenchymal hyperdensities on early CT
imaging performed within 24hours after EVT without evidence
of blood products on SWI. CS was categorized as contrast stain-
ing in infarcted tissue (CS-I) if the stained region demonstrated
restricted diffusion on follow-up DWI. CS was categorized as CS-
NI if the stained region demonstrated no corresponding signal
abnormality on T2, FLAIR, or DWI.

For patients with CS, the Hounsfield unit (HU) of the attenu-
ation of the stained tissue was measured using the free-form ROI
and compared with the contralateral symmetric normal region.
CT and MR imaging were also analyzed for associated signs of in-
farction (loss of the gray-white matter, gyral swelling, and sulcal
effacement) and signs of intracranial hemorrhage.

Statistical Analysis
The descriptive analysis compared demographics, medical comor-
bidities, radiographic details, and procedural details between
patients with and without CS-NI. Continuous variables were
expressed as mean (SD) and median (interquartile range [IQR])
and were compared using the Student t test or Mann-Whitney
U test, as appropriate. Differences in categoric variables were
examined with the x 2 test or Fisher exact test. Variables achiev-
ing P# .1 in univariable analyses and a priori selected variables
based on prior literature (eg, hypertension and diabetes mellitus)
were carried forward into a multivariable logistic regression to
evaluate potential independent factors associated with CS-NI. To
account for sparse data, all logistic regression models used the
Firth adjustment.16 All statistical analyses were performed on
SAS, Version 9.4 (SAS Institute). All tests were 2-sided, and a
P value, .05 was considered significant.

RESULTS
Among 254 patients who underwent EVT for LVO-AIS during
the study period, 194 patients were included after the exclusion
of 60 patients due to complete territorial infarct (n ¼ 10), paren-
chymal or subarachnoid hemorrhage (n ¼ 30), posterior circula-
tion stroke (n¼ 17), or lack of imaging follow-up (n¼ 3) (Fig 1).

Among the 194 included patients, CS-I was noted in 52
(26.8%) patients, and CS-NI was noted in 26 (13.4%) patients.
Both CS-I and CS-NI were noted in 5.6% (11/194) of patients
who underwent EVT in our study. Examples of CS-NI are
depicted in Figs 2 and 3. In the overall cohort, the median age
was 72 (IQR, 59–82) years, 48.5% were men, and the median
baseline NIHSS was 18 (IQR, 13–21), with no difference between
groups. Other baseline demographic and clinical characteristics
of patients with or without CS-NI are shown in the Online
Supplemental Data.

2 Abdalkader � 2024 www.ajnr.org



Imaging and Procedural
Characteristics
The most common occlusion site was
the M1 segment of the MCA (45.9%,
89/194). There was no difference in
lesion location between those with and
without CS-NI (P¼ .21). The most
common first-line technique of EVT
was a stent retriever (74.7%, 145/194),
and a balloon guide catheter was used
in 78.9% (153/194) of cases. In 84.5%
(164/194) of cases, #3 passes were
completed. Patients with successful
reperfusion, defined as an expanded
TICI of $2b, were more likely to de-
velop CS-NI than those without suc-
cessful reperfusion (16.2% versus 0,
P¼ .01). Patients with ASPECTS of 8–
10 on preprocedural CT were also more
likely to have CS-NI than those with
ASPECTS of 5–7 (16.2% versus 5.8%,
P ¼ .059); however, this difference did
not reach statistical significance. There
was no difference between the median
volume of contrast used during theFIG 1. Eligibility criteria for study inclusion are demonstrated.

FIG 2. Noncontrast head CT (A) and perfusion imaging map (B) of a patient who presented with an acute left M1 occlusion stroke, showing pre-
served brain parenchyma and a large area of penumbra (in green, B). Angiogram before (C) and after (D) mechanical thrombectomy shows com-
plete recanalization of the left MCA territory. Note good leptomeningeal collaterals in the contrast-stained region. NCCT performed after the
procedure (E) shows contrast staining with increased attenuation and sulcal effacement in the left cerebral convexity, which was completely
effaced on the virtual noncontrast dual-energy CT (F). MR imaging follow-up shows normal findings on MR images with no corresponding signal
abnormality on DWI (G) and FLAIR (H) images.
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procedure, the mean systolic blood pressure, or blood pressure
variability between those with and without CS-NI. There was no
statistical significance in the duration of the procedure between
patients with or without CS-NI. There was a higher incidence of
CS-NI observed in patients with kidney disease; however, the
increase did not reach statistical significance.

NCCT was performed at a median interval of 517 (IQR, 400–
767) minutes after EVT, with no difference between those with
and without CS-NI. In CS-NI regions, the average mean attenua-
tion was 40 HU, and the average maximum attenuation was 53
HU, which was greater than the average mean (32 HU) and average
maximum attenuation (43 HU) in the contralateral normal hemi-
sphere (P, .001). For patients with both CS-NI and CS-I (11
patients), HU values were higher in CS-I regions than in CS-NI
regions for both the average mean (53 versus 40; P¼ .027) and the
average maximum (70 versus 52; P¼ .014). In Hounsfield unit

measurements in areas considered nor-
mal, CS-I or CS-NI were calculated and
are shown in Table 3. While there was a
trend suggesting a higher incidence of
CS-NI in patients with CS-I, CS-NI was
identified in 22.2% (11/52) of patients
with CS-I compared with 10.6% (15/
142) in patients without CS-I; this dif-
ference did not reach statistical signifi-
cance. In our cohort, only 8 of the 194
patients underwent CT perfusion, and
2 of them exhibited CS-NI.

Outcomes
None of the patients with CS-NI had
clinical worsening after EVT compared
with 12.5% of patients with CS-I (0%
versus 12.5%; P¼ .08). There was no
difference in the median NIHSS at
24 hours post-EVT (12 versus 13;
P¼ .77) or median NIHSS at discharge
(6 versus 9.5; P¼ .08) between patients
with and without CS-NI. The median
discharge mRS was significantly lower
in patients with CS-NI compared with
those without (3 versus 4; P¼ .018),
and there was no difference in median
3-month mRS between the 2 groups (3
versus 3; P¼ .06) (Table 1).

Univariable and Multivariable
Analysis
In univariable analysis, no significant
differences between patients with and
without CS-NI were observed by sex,
comorbidities, NIHSS, administration
of IV thrombolysis, occlusion site, lat-
erality, time of postprocedural CT,
endovascular technique, contrast vol-
ume, or blood pressure measurements.
In multivariable analysis, there was a

trend toward a higher incidence of CS-NI with higher ASPECTS
(8–10) and higher reperfusion (TICI 2b–3), but it did not achieve
statistical significance. Otherwise, no independent association for
CS-NI was found (Table 2).

DISCUSSION
In this retrospective analysis of 194 patients who underwent EVT
for anterior circulation LVO stroke, we describe a phenomenon
of CS-NI that consists of a benign and transient parenchymal
enhancement on early NCCT after EVT, without evidence of
infarct on follow-up imaging. CS-NI was identified in 13.4% (26/
194); CS-I was observed in 26.8% (52/194); and both, in 5.6%
(11/194) of patients who underwent EVT in our study. In con-
trast to CS-I, indicating permanent brain injury and poor out-
comes, patients with CS-NI in our series showed a favorable
clinical course with no post-EVT worsening.12,17-20

Table 1: Clinical outcomes by contrast staining status

All
With
CS-NI

Without
CS-NI P Value

NIHSS (24 hr) No. (median, IQR) 94 (12.5, 3–19) 15 (12, 5–17) 79 (13, 2–20) .77
NIHSS (discharge) No. (median, IQR) 170 (9, 3–19) 22 (6, 2–9) 148 (9.5, 3–20.5) .08
mRS (discharge) No. (median, IQR) 194 (4, 3–5) 26 (3, 2–4) 168 (4, 3–5) .02
mRS (3mo) No. (median, IQR) 183 (3, 2–5) 25 (3, 1–3) 158 (3, 2–5) .06
Worsening postprocedure, No.

(column %)
.08

No 173 (89.2) 26 (100.0) 147 (87.5)
Yes 21 (10.8) 0 (0.0) 21 (12.5)

FIG 3. Transient contrast staining of noninfarcted regions in the right cerebral convexity after
endovascular treatment of a right M1 MCA occlusion (A–C) and left M1 MCA occlusion (D–F),
manifesting as increased parenchymal attenuation and effacement of the cortical sulci (A and D)
on the early posttreatment CT imaging. Repeat CT imaging 48–72 hours later (B and E) shows nor-
malization of the brain parenchyma and cortical sulci. DWI (C and F) shows normal brain paren-
chyma with no restricted diffusion in the previously stained region.
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CS-NI is likely linked to a reversible, milder BBB disruption,
differing from the more severe, potentially irreversible BBB dis-
ruption seen in CS-I. In addition to the BBB breakdown, the no-
reflow phenomenon could contribute to contrast staining outside
of the infarcted tissue. The no-reflow phenomenon describes a
lack of blood flow at the capillary level despite established flow on
the macrovascular level, preventing blood washout in the micro-
circulation and resulting in contrast retention and staining.21 The
potential contribution of the glymphatic system to this phenom-
enon cannot be excluded.22 Existing evidence indicates that the
functionality of the glymphatic system might be significantly
compromised following AIS, resulting in reduced glymphatic
perfusion and inadequate molecular clearance.23 We believe that
CS is distinct from contrast-induced neurotoxicity/encephalop-
athy, which results from hyperosmolarity and direct neurotoxic
effects caused by extravasated contrast and is marked by more
pronounced and diffuse contrast enhancement, accompanied by
abnormal MR imaging findings in the affected regions.24

No existing literature demonstrates the association between
BBB integrity and the degree or type of contrast staining on con-
ventional cross-sectional imaging. However, several studies, including

perfusion imaging and electron micro-
scopic examinations, have explored the
regional heterogeneity of BBB disruption
in AIS.25-27 Krueger et al27-29 found,
through electron microscopic and im-
munofluorescence studies, that BBB
injury extends to the penumbral areas,
which showed less structural BBB dam-
age than core infarct regions. Other stud-
ies revealed regional variations in BBB
disruption between the core infarct and
the penumbra on perfusion imaging, with
the penumbra regions showing reduced
BBB disruption.30

In the current study, CS-NI is charac-
terized by mild parenchymal enhance-
ment on noncontrast CT, with an average
HU of 40, which was significantly lower
than the CS-I (53 HU) and lower than
what is typically described in the literature
for contrast staining after EVT (mean,

63.4 [SD, 17.0] HU; range, 39–140 HU).9 Furthermore, CS-I is typi-
cally seen in the basal ganglia, whereas CS-NI was exclusively located
in the cerebral convexities, which typically represent ischemic but not
infarcted regions due to leptomeningeal collaterals (ie, penumbra).6,31

Parenchymal enhancement in CS-NI in our series was typically
accompanied by increased attenuation in the CSF spaces, which
could be related to the progressive clearance of the extravasated
contrast molecules to the CSF spaces and/or the glymphatic sys-
tem.23 Staining of the parenchyma and sulci in a given region can
mimic cerebral edema and may be mistaken for irreversible tissue
damage/infarction (Figs 2 and 3). CS-NI on CT may represent a
phenomenon similar to that of the hyperintense acute reperfusion
marker, which is a delayed enhancement of the subarachnoid or
subpial space observed on postcontrast FLAIR MR imaging.32

Despite the statistical nonsignificance, the increased incidence
of contrast staining in patients with kidney disease might also
result from the direct effects of kidney disease on the integrity of
the BBB or due to impaired renal function with a significantly
prolonged half-life of the contrast medium (exceeding 16hours
compared with around 2 hours in patients with normal kidney
function).33,34 Additionally, sustained exposure to microvascular
risk factors, including kidney disease, hypertension, diabetes mel-
litus, amyloid angiopathy, and inflammatory conditions, may
potentiate the effects of ischemia on the cerebral microvascula-
ture and increase the risk of staining.6,21,35 Most interesting, no
association was found between the occurrence of CS-NI and the
use of IV thrombolysis, the duration of the procedure, or the vol-
ume of contrast injected, which have been described to poten-
tially compromise the integrity of the BBB.6,36-38

There are several limitations to our study. First, the retrospec-
tive and single-center study design introduces selection bias.
Despite using the Firth regression adjustment, the small sample
size may not have the statistical power to expose potential small
effects. Additionally, preprocedural perfusion imaging was not
obtained for most of the included patients, preventing us from
assessing the perfusion status of brain regions that developed CS-

Table 2: Crude and adjusted odds of contrast staining outside the infarcted tissuea

Univariable Multivariable P Value
Hypertension
No Ref Ref
Yes 1.76 (0.69–4.41) 0.24 1.81 (0.68–4.85) .23

Diabetes mellitus
No Ref Ref
Yes 1.78 (0.74–4.26) 0.19 1.71 (0.60–4.87) .23

Kidney disease
No Ref Ref
Yes 2.50 (0.95–6.57) 0.06 1.66 (0.54–5.12) .37

Time to CT scan (min) 0.999 (0.998–1.0) 0.21 0.999 (0.997–1.0) .16
ASPECTS
5–7 Ref Ref
8–10 2.78 (0.85–9.06) 0.09 3.46 (0.96–12.53) .06

Core infarct staining
No Ref Ref
Yes 2.28 (0.98–5.31) 0.06 1.74 (0.70–4.34) .23

Contrast volume 1.01 (0.999–1.02) 0.09 1.01 (0.999–1.02) .01
Recanalization score
TICI 0–2a Ref Ref
TICI 2b–3 13.10 (0.75–229.98) 0.08 12.10 (0.77–190.21) .08

a Data are OR (95% CI).

Table 3: Hounsfield units in healthy controls, penumbra, and
core tissuea

No. HU Value CSP P Value
Hounsfield units (mean) ,.0001
Control 26 32.35
Penumbra 26 40.12

Hounsfield units (max) ,.0001
Control 26 42.42
Penumbra 26 52.96

Hounsfield units (mean)
Penumbra 11 39.73 .027
Core 11 53.09

Hounsfield units (max)
Penumbra 11 52.45 .014
Core 11 69.73

Note:—Max indicates maximum; CSP, contrast staining in penumbra.
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NI. Moreover, we could not evaluate collateral circulation because
we performed only single-phase CTA in our patients. Furthermore,
we relied on restricted diffusion on MR imaging as a surrogate for
irreversible infarction (core infarct) without considering the possi-
bility of restricted diffusion reversibility after EVT. Finally, system-
atic recording of microcatheter contrast injection distal to the
occluded side was not performed.

CONCLUSIONS
CS can be seen outside the infarcted tissue after EVT of AIS and
is likely due to a reversible milder degree of BBB disruption.
Although potentially benign, knowing its characteristics is impor-
tant because it may mimic pathologic conditions such as infarcted
tissue and cerebral edema. Further studies are required to compre-
hend the role of the BBB after ischemic stroke and its potential
role as a target for neuroprotection after stroke therapy.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Parrilla G, García-Villalba B, Espinosa de Rueda M, et al.

Hemorrhage/contrast staining areas after mechanical intra-arterial
thrombectomy in acute ischemic stroke: imaging findings and clin-
ical significance. AJNR Am J Neuroradiol 2012;33:1791–96 CrossRef
Medline

2. Lummel N, Schulte-Altedorneburg G, Bernau C, et al.Hyperattenuated
intracerebral lesions after mechanical recanalization in acute stroke.
AJNR Am J Neuroradiol 2014;35:345–51 CrossRef Medline

3. Chang GC, Ma DC, Li W, et al. Contrast enhancement by location
and volume is associated with long-term outcome after thrombec-
tomy in acute ischemic stroke. Sci Rep 2022;12:16998 CrossRef Medline

4. Abdalkader M, Siegler JE, Lee JS, et al. Neuroimaging of acute ische-
mic stroke: multimodal imaging approach for acute endovascular
therapy. J Stroke 2023;25:55–71 CrossRef Medline

5. Shulman JG, Abdalkader M. Imaging of central nervous system ische-
mia. Continuum (Minneap Minn) 2023;29:54–72 CrossRef Medline

6. Del Zoppo GJ, Von Kummer R, Hamann GF. Ischaemic damage of
brain microvessels: inherent risks for thrombolytic treatment in
stroke. J Neurol Neurosurg Psychiatry 1998;65:1–9 CrossRef Medline

7. Hamann GF, Okada Y, Del Zoppo GJ.Hemorrhagic transformation
and microvascular integrity during focal cerebral ischemia/reper-
fusion. J Cereb Blood FlowMetab 1996;16:1373–78 CrossRef Medline

8. Pardridge WM. Drug transport across the blood–brain barrier. J
Cereb Blood Flow Metab 2012;32:1959–72 CrossRef Medline

9. Dekeyzer S, Nikoubashman O, Lutin B, et al. Distinction between
contrast staining and hemorrhage after endovascular stroke
treatment: one CT is not enough. J Neurointerv Surg 2017;9:394–98
CrossRef Medline

10. Suzuki R, Yamaguchi T, Kirino T, et al. The effects of 5-minute is-
chemia in Mongolian gerbils: I. Blood-brain barrier, cerebral
blood flow, and local cerebral glucose utilization changes. Acta
Neuropathol 1983;60:207–16 CrossRef Medline

11. Montaner J, Molina CA, Monasterio J, et al. Matrix metalloprotei-
nase-9 pretreatment level predicts intracranial hemorrhagic com-
plications after thrombolysis in human stroke. Circulation 2003;
107:598–603 CrossRef Medline

12. Chang GC, Nguyen TN, Qiu J, et al. Predicting symptomatic intra-
cranial hemorrhage in anterior circulation stroke patients with
contrast enhancement after thrombectomy: the CAGA score. J
Neurointerv Surg 2023;15:e356–362 CrossRef Medline

13. Costalat V, Lobotesis K, Machi P, et al. Prognostic factors related
to clinical outcome following thrombectomy in ischemic stroke

(RECOST Study): 50 patients prospective study. Eur J Radiol
2012;81:4075–82 CrossRef Medline

14. Cabral FB, Castro-Afonso LH, Nakiri GS, et al. Hyper-attenuating
brain lesions on CT after ischemic stroke and thrombectomy are
associated with final brain infarction. Interv Neuroradiol 2017;
23:594–600 CrossRef Medline

15. Amans MR, Cooke DL, Vella M, et al. Contrast staining on CT after
DSA in ischemic stroke patients progresses to infarction and rarely
hemorrhages. Interv Neuroradiol 2014;20:106–15 CrossRef Medline

16. Firth D. Bias reduction of maximum likelihood estimates. Biometrika
1993;80:27–38 CrossRef

17. Renú A, Amaro S, Laredo C, et al. Relevance of blood–brain barrier
disruption after endovascular treatment of ischemic stroke: dual-
energy computed tomographic study. Stroke 2015;46:673–79
CrossRef Medline

18. Leigh R, Jen SS, Hillis AE, et al; STIR and VISTA Imaging
Investigators. Pretreatment blood–brain barrier damage and post-
treatment intracranial hemorrhage in patients receiving intrave-
nous tissue-type plasminogen activator. Stroke 2014;45:2030–35
CrossRef Medline

19. Obach V, Oleaga L, Urra X, et al. Multimodal CT-assisted throm-
bolysis in patients with acute stroke: a cohort study. Stroke
2011;42:1129–31 CrossRef Medline

20. Kassner A, Mandell DM, Mikulis DJ. Measuring permeability in
acute ischemic stroke. Neuroimaging Clin N Am 2011;21:315–25
CrossRef Medline

21. Mujanovic A, Ng F, Meinel TR, et al. No-reflow phenomenon in
stroke patients: a systematic literature review and meta-analysis of
clinical data. Int J Stroke 2023;19:58–67 CrossRef Medline

22. Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates
CSF flow through the brain parenchyma and the clearance of in-
terstitial solutes, including amyloid b . Sci Transl Med 2012;4:
147ra111 CrossRef Medline

23. Gaberel T, Gakuba C, Goulay R, et al. Impaired glymphatic perfu-
sion after strokes revealed by contrast-enhanced MRI: a new target
for fibrinolysis? Stroke 2014;45:3092–96 CrossRef Medline

24. Chu YT, Lee KP, Chen CH, et al. Contrast-induced encephalopathy
after endovascular thrombectomy for acute ischemic stroke. Stroke
2020;51:3756–59 CrossRef Medline

25. Arba F, Rinaldi C, Caimano D, et al. Blood–brain barrier disruption
and hemorrhagic transformation in acute ischemic stroke: sys-
tematic review and meta-analysis. Front Neurol 2020;11:594613
CrossRef Medline

26. Nagaraja TN, Karki K, Ewing JR, et al. Identification of variations in
blood-brain barrier opening after cerebral ischemia by dual con-
trast-enhanced magnetic resonance imaging and T 1sat measure-
ments. Stroke 2008;39:427–32 CrossRef Medline

27. Krueger M, Mages B, Hobusch C, et al. Endothelial edema precedes
blood-brain barrier breakdown in early time points after experi-
mental focal cerebral ischemia. Acta Neuropathol Commun 2019;7:17
CrossRef Medline

28. Krueger M, Bechmann I, Immig K, et al. Blood-brain barrier break-
down involves four distinct stages of vascular damage in various
models of experimental focal cerebral ischemia. J Cereb Blood Flow
Metab 2015;35:292–303 CrossRef Medline

29. Krueger M, Härtig W, Frydrychowicz C, et al. Stroke-induced
blood–brain barrier breakdown along the vascular tree: no preferen-
tial affection of arteries in different animal models and in humans. J
Cereb Blood FlowMetab 2017;37:2539–54 CrossRef Medline

30. Heidari P, Blayney S, Butler J, et al. The relationship between penum-
bral tissue and blood-brain barrier disruption in acute stroke patients
presenting in an extended time window. Front Neurol 2020;11:582994
CrossRef Medline

31. Romero JR, Pikula A, Nguyen TN, et al. Cerebral collateral circula-
tion in carotid artery disease. Curr Cardiol Rev 2009;5:279–88
CrossRef Medline

6 Abdalkader � 2024 www.ajnr.org

https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/June%202024/0962.pdf
http://www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A3044
https://www.ncbi.nlm.nih.gov/pubmed/22538076
http://dx.doi.org/10.3174/ajnr.A3656
https://www.ncbi.nlm.nih.gov/pubmed/23907245
http://dx.doi.org/10.1038/s41598-022-21276-3
https://www.ncbi.nlm.nih.gov/pubmed/36216846
http://dx.doi.org/10.5853/jos.2022.03286
https://www.ncbi.nlm.nih.gov/pubmed/36746380
http://dx.doi.org/10.1212/CON.0000000000001185
https://www.ncbi.nlm.nih.gov/pubmed/36795873
http://dx.doi.org/10.1136/jnnp.65.1.1
https://www.ncbi.nlm.nih.gov/pubmed/9667553
http://dx.doi.org/10.1097/00004647-199611000-00036
https://www.ncbi.nlm.nih.gov/pubmed/8898714
http://dx.doi.org/10.1038/jcbfm.2012.126
https://www.ncbi.nlm.nih.gov/pubmed/22929442
http://dx.doi.org/10.1136/neurintsurg-2016-012290
https://www.ncbi.nlm.nih.gov/pubmed/27036980
http://dx.doi.org/10.1007/BF00691868
https://www.ncbi.nlm.nih.gov/pubmed/6613530
http://dx.doi.org/10.1161/01.cir.0000046451.38849.90
https://www.ncbi.nlm.nih.gov/pubmed/12566373
http://dx.doi.org/10.1136/jnis-2022-019787
https://www.ncbi.nlm.nih.gov/pubmed/36627195
http://dx.doi.org/10.1016/j.ejrad.2012.07.012
https://www.ncbi.nlm.nih.gov/pubmed/22940230
http://dx.doi.org/10.1177/1591019917729550
https://www.ncbi.nlm.nih.gov/pubmed/28950737
http://dx.doi.org/10.15274/INR-2014-10016
https://www.ncbi.nlm.nih.gov/pubmed/24556308
http://dx.doi.org/10.1093/biomet/80.1.27
http://dx.doi.org/10.1161/STROKEAHA.114.008147
https://www.ncbi.nlm.nih.gov/pubmed/25657188
http://dx.doi.org/10.1161/STROKEAHA.114.005249
https://www.ncbi.nlm.nih.gov/pubmed/24876245
http://dx.doi.org/10.1161/STROKEAHA.110.605766
https://www.ncbi.nlm.nih.gov/pubmed/21330631
http://dx.doi.org/10.1016/j.nic.2011.01.004
https://www.ncbi.nlm.nih.gov/pubmed/21640302
http://dx.doi.org/10.1177/17474930231180434
https://www.ncbi.nlm.nih.gov/pubmed/37231702
http://dx.doi.org/10.1126/scitranslmed.3003748
https://www.ncbi.nlm.nih.gov/pubmed/22896675
http://dx.doi.org/10.1161/STROKEAHA.114.006617
https://www.ncbi.nlm.nih.gov/pubmed/25190438
http://dx.doi.org/10.1161/STROKEAHA.120.031518
https://www.ncbi.nlm.nih.gov/pubmed/33121385
http://dx.doi.org/10.3389/fneur.2020.594613
https://www.ncbi.nlm.nih.gov/pubmed/33551955
http://dx.doi.org/10.1161/STROKEAHA.107.496059
https://www.ncbi.nlm.nih.gov/pubmed/18174480
http://dx.doi.org/10.1186/s40478-019-0671-0
https://www.ncbi.nlm.nih.gov/pubmed/30744693
http://dx.doi.org/10.1038/jcbfm.2014.199
https://www.ncbi.nlm.nih.gov/pubmed/25425076
http://dx.doi.org/10.1177/0271678X16670922
https://www.ncbi.nlm.nih.gov/pubmed/27683449
http://dx.doi.org/10.3389/fneur.2020.582994
https://www.ncbi.nlm.nih.gov/pubmed/33363505
http://dx.doi.org/10.2174/157340309789317887
https://www.ncbi.nlm.nih.gov/pubmed/21037845


32. Althaus K, Kasel M, Ludolph AC, et al. HARM revisited: etiology of
subarachnoid hyperintensities in brain FLAIR MRI. Int J Stroke
2022;17:1121–28 CrossRef Medline

33. Hernandez L, Ward LJ, Arefin S, et al; GOING-FWD Collaborators.
Blood–brain barrier and gut barrier dysfunction in chronic kidney
disease with a focus on circulating biomarkers and tight junction
proteins. Sci Rep 2022;12:4414 CrossRef Medline

34. Gupta A, Bansal A, Young K, et al. Blood-brain barrier permeability
in ESKD: a proof-of-concept study. J Am Soc Nephrol 2023;34:1508–
11 CrossRef Medline

35. Seker F, Qureshi MM, Möhlenbruch MA, et al. Reperfusion without
functional independence in late presentation of stroke with large
vessel occlusion. Stroke 2022;53:3594–604 CrossRef Medline

36. Lukic-Panin V, Deguchi K, Yamashita T, et al. Free radical scavenger
edaravone administration protects against tissue plasminogen activator
induced oxidative stress and blood brain barrier damage. Curr
Neurovasc Res 2010;7:319–29 CrossRef Medline

37. Kurosawa Y, Lu A, Khatri P, et al. Intra-arterial iodinated radio-
graphic contrast material injection administration in a rat middle
cerebral artery occlusion and reperfusion model: possible effects
on intracerebral hemorrhage. Stroke 2010;41:1013–17 CrossRef
Medline

38. Khatri P, Broderick JP, Khoury JC, et al; IMS I and II Investigators.
Microcatheter contrast injections during intra-arterial thrombolysis
may increase intracranial hemorrhage risk. Stroke 2008;39:3283–87
CrossRef Medline

AJNR Am J Neuroradiol �:� � 2024 www.ajnr.org 7

http://dx.doi.org/10.1177/17474930211064754
https://www.ncbi.nlm.nih.gov/pubmed/34983275
http://dx.doi.org/10.1038/s41598-022-08387-7
https://www.ncbi.nlm.nih.gov/pubmed/35292710
http://dx.doi.org/10.1681/ASN.0000000000000167
https://www.ncbi.nlm.nih.gov/pubmed/37400109
http://dx.doi.org/10.1161/STROKEAHA.122.039476
https://www.ncbi.nlm.nih.gov/pubmed/36252092
http://dx.doi.org/10.2174/156720210793180747
https://www.ncbi.nlm.nih.gov/pubmed/20854248
http://dx.doi.org/10.1161/STROKEAHA.110.578245
https://www.ncbi.nlm.nih.gov/pubmed/20360541
http://dx.doi.org/10.1161/STROKEAHA.108.522904
https://www.ncbi.nlm.nih.gov/pubmed/18772441

	Contrast Staining in Noninfarcted Tissue after Endovascular Treatment of Acute Ischemic Stroke
	MATERIALS AND METHODS
	STUDY DESIGN AND PATIENT SELECTION
	CLINICAL, RADIOLOGIC, AND ENDOVASCULAR DATA COLLECTION
	IMAGING ANALYSIS
	STATISTICAL ANALYSIS
	RESULTS
	IMAGING AND PROCEDURAL CHARACTERISTICS
	OUTCOMES
	UNIVARIABLE AND MULTIVARIABLE ANALYSIS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


