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ORIGINAL RESEARCH
ADULT BRAIN

Prediction of Hemorrhage after Successful Recanalization in
Patients with Acute Ischemic Stroke: Improved Risk

Stratification Using Dual-Energy CT Parenchymal Iodine
Concentration Ratio Relative to the Superior Sagittal Sinus
D. Byrne, J.P. Walsh, H. Schmiedeskamp, F. Settecase, M.K.S. Heran, B. Niu, A.K. Salmeen, B. Rohr, T.S. Field,

N. Murray, and A. Rohr

ABSTRACT

BACKGROUND AND PURPOSE: Brain parenchymal hyperdensity on postthrombectomy CT in patients with acute stroke can be
due to hemorrhage and/or contrast staining. We aimed to determine whether iodine concentration within contrast-stained paren-
chyma compared with an internal reference in the superior sagittal sinus on dual-energy CT could predict subsequent intracerebral
hemorrhage.

MATERIALS AND METHODS: Seventy-one patients with small infarct cores (ASPECTS $ 7) and good endovascular recanalization
(modified TICI 2b or 3) for anterior circulation large-vessel occlusion were included. Brain parenchymal iodine concentration as per
dual-energy CT and the percentage of contrast staining relative to the superior sagittal sinus were recorded and correlated with
the development of intracerebral hemorrhage using Mann-Whitney U and Fisher exact tests.

RESULTS: Forty-three of 71 patients had parenchymal hyperdensity on initial dual-energy CT. The median relative iodine concentra-
tion compared with the superior sagittal sinus was significantly higher in those with subsequent intracerebral hemorrhage (137.9%
versus 109.2%, P4 .007). By means of receiver operating characteristic analysis, a cutoff value of 100% (iodine concentration relative
to the superior sagittal sinus) enabled identification of patients going on to develop intracerebral hemorrhage with 94.75% sensitiv-
ity, 43.4% specificity, and a likelihood ratio of 1.71.

CONCLUSIONS: Within our cohort of patients, the relative percentage of iodine concentration at dual-energy CT compared with
the superior sagittal sinus was a reliable predictor of intracerebral hemorrhage development and may be a useful imaging bio-
marker for risk stratification after endovascular treatment.

ABBREVIATIONS: DECT 4 dual-energy CT; ICH 4 intracerebral hemorrhage; SSS 4 superior sagittal sinus

Despite advances in patient selection for reperfusion therapy
for acute ischemic stroke, intracerebral hemorrhage (ICH)

remains a serious potential complication.1,2 Clinical outcome
post-thrombectomy is multifactorial. Despite good preprocedural
ASPECTS, successful reperfusion post-thrombectomy does not

always predict good clinical outcome. Immediately following
endovascular treatment, parenchymal high density on NCCT is
often seen, caused by disruption of the blood-brain barrier with
secondary contrast staining3 and/or hemorrhage.4 It is difficult to
differentiate contrast staining from hemorrhage at single-kilovolt
(peak) energy CT because both abnormalities appear hyper-
dense.5,6 Dual-energy CT (DECT) has been shown effective in
accurately differentiating parenchymal hemorrhage from contrast
staining.3,7-9 The presence of parenchymal contrast staining on
DECT immediately post-thrombectomy is associated with the de-
velopment of ICH.3,7 A retrospective study by Bonatti et al7 of 85
patients undergoing mechanical thrombectomy showed that the
presence of parenchymal hyperdensity with a maximum absolute
iodine concentration of .1.35mg/mL may identify patients
developing intracerebral hemorrhage with 100% sensitivity and
67.6% specificity. Absolute iodine concentration, however, varies
with patient height, weight, cardiac output, and renal function, as
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well as contrast medium factors, including concentration and vol-
ume of contrast administered and scan technique.10 A recent
study demonstrated that normalization of iodine quantification
to the aorta resulted in better separation of vascular and nonvas-
cular renal lesions.11 We hypothesized that normalization of io-
dine concentration of brain parenchymal contrast staining on
postthrombectomy DECT using the superior sagittal sinus (SSS)
would reduce the variability in iodine quantification related to
systematic differences in the timing/volume of contrast medium
injection, as well as procedural and patient factors,12,13 and
improve prediction of the presence of ICH on follow-up CT com-
pared with absolute iodine concentration.

Previous studies investigating the value of brain parenchymal
contrast staining on postthrombectomy CT to predict subsequent
ICH have focused on relatively heterogeneous cohorts of patients
with varying degrees of infarction and reperfusion.7,14-17 It is
known that patients with larger infarct cores are more likely to
develop ICH.18,19 In patients with small infarct cores and good
reperfusion, development of ICH may be less predictable. We
therefore wanted to examine a more homogeneous cohort of
patients and included only patients with small preprocedural
infarcts (ASPECTS $ 7) and good endovascular recanalization
(modified TICI score 2b or 3) to identify an imaging biomarker
for ICH risk stratification that could aid antithrombotic and
blood pressure strategy in the early posttreatment period in
patients in whom development of ICH may otherwise be
unexpected.20

MATERIALS AND METHODS
Patient Population
Approval was obtained from the institutional review board at
Vancouver General Hospital, and the need for informed consent
was waived for this retrospective study. Consecutive thrombec-
tomy cases, scanned for anterior circulation large-vessel (distal
ICA, MCA, and anterior cerebral artery) occlusion between
January 2016 and June 2018 were reviewed. Inclusion criteria
comprised endovascular treatment for anterior circulation large-
vessel occlusion, preprocedural imaging with NCCT and CTA,
small preprocedural infarct volume (ASPECTS$ 7), good endo-
vascular recanalization (modified TICI 2b or 3), DECT per-
formed within 1 hour after thrombectomy, and follow-up NCCT
performed at 24hours post-thrombectomy or earlier according
to clinical necessity. Exclusion criteria were concomitant proxi-
mal ICA/common carotid artery occlusion and dissection, direct
common carotid artery access, and poor image quality on DECT
studies.

Imaging and Endovascular Treatment Protocols
Endovascular thrombectomy was performed on a biplane x-ray
system, Allura Xper FD20/10 (Phillips Healthcare, Best, the
Netherlands), by 1 of 5 interventional neuroradiologists/neuro-
surgeons with 10–20 years of experience in interventional neuro-
radiology. As per local procedures, endovascular treatment
consisted of first-attempt aspiration with a 5MAX/ACE64/
ACE68 reperfusion catheter (Penumbra, Almeda, California),
second-line mechanical thrombectomy with a Solitaire Flow

Restoration stent retriever (Covidien, Irvine, California),21-24 or a
combination technique.

Noncontrast DECT head studies were performed on 1 of 2
dual-source CT scanners (Somatom Definition Flash and Somatom
Force; Siemens, Erlangen, Germany) at 80 kV/Sn 140kV and
90 kV/Sn 150kV, respectively. Preoperative and follow-up CT
head studies were performed at 120 kV on both scanners. See
the On-line Table for additional scan parameters.

Image Analysis
Preprocedural NCCT head and CTA studies were evaluated by 2
radiologists with subspecialty training (D.B. and J.P.W.). The
ASPECTS25 was recorded, and collateral status was assessed using
the scoring system of Miteff et al.26

Endovascular procedural imaging was reviewed by an inter-
ventional neuroradiologist (A.R.) with .10 years of experience,
and the modified TICI score was recorded for each case.

DECT studies were evaluated by the 2 readers (D.B. and
J.P.W.). We used 3-mm-thick multiplanar reconstructions.
Simulated 120-kV images representing a weighted average of the
original low-kilovolt and high-kilovolt images were provided,
and virtual noncontrast images and generated iodine overlay
maps using a 3-material decomposition algorithm with commer-
cially available software (syngo.via, Dual Energy CT brain hemor-
rhage application, Version VB20; Siemens) were generated.

A small (0.1 cm2) ROI was placed on the SSS near the torcula
to normalize the contrast. A 0.3-cm2 ROI was then placed subjec-
tively in the area of most dense contrast staining (Fig 1). Iodine
concentration (milligrams/milliliter) and percentage in relation
to the SSS were recorded (Fig 1). The mean of the values recorded
by the 2 readers was used for statistical analysis. The presence
and location (parenchymal, subarachnoid, intraventricular) of
hemorrhage and contrast staining were recorded on the virtual
noncontrast and iodine overlay maps, respectively. Follow-up
NCCT studies were evaluated for the development of intrace-
rebral hemorrhage and recorded according to the European
Cooperative Acute Stroke Study classification27 into hemor-
rhagic infarction and parenchymal hematoma.

Clinical and Radiologic Data Collection
Patient data including sex, age, NIHSS score at admission, site
of vessel occlusion at preoperative CTA, preprocedural intra-
venous tPA administration (alteplase), number of passes,
intra-arterial tPA administration, arterial stent delivery, punc-
ture-to-recanalization time, time to recanalization, and oral
antiplatelet/anticoagulation use before the procedure were
recorded.

Statistical Analysis
The values of continuous variables are presented as mean or me-
dian with range as appropriate. Interobserver agreement was cal-
culated according to intraclass correlation coefficient: A value
below 0.50 indicates poor; between 0.5 and 0.75, moderate;
between 0.75 and 0.90, good; and above 0.90, excellent reliability.
Comparison between subgroups for continuous variables was
performed using the Mann-Whitney U test. Categoric data were
compared using the x2 or Fisher exact tests as appropriate. The
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correlation between absolute iodine density and relative iodine
concentrations was assessed using the Spearman rank correlation
coefficient. A P value , .05 was considered statistically signifi-
cant. Statistical analysis was performed using SPSS, Version 25.0
(IBM, Armonk, New York).

RESULTS
Patient Population
We identified 130 patients who received thrombectomy for acute
anterior circulation stroke (76 men and 54 women) with a me-
dian age of 70 years (range, 18–97 years). Seventy-one of 130
patients with small preprocedural infarct volumes (ASPECTS $

7) and good endovascular recanalization (modified TICI score 2b
or 3) met the inclusion criteria (41 men and 30 women) with a
median age of 70 years (range, 18–97 years). Patients with proxi-
mal ICA/common carotid artery occlusion (8/130) and dissection

(11/130) and direct common carotid
artery access and poor image quality
on DECT studies (2/130) were
excluded.

Pre- and Periprocedural Data
Patients had a baseline median NIHSS
score of 17 (range, 6–29). Of the cases
meeting the inclusion criteria, the me-
dian ASPECTS on initial preproce-
dural NCCT was 8 (range, 7–10).

Intravenous tPA was administered to 45/71 (63.4%) patients.
During endovascular treatment, 48 patients (67.6%) were
treated with aspiration (a direct aspiration first pass tech-
nique) only; 2 (2.8%), with stent retriever only; and 21
(29.6%), with aspiration followed by stent retriever throm-
bectomy. The median number of aspiration attempts was 1
(range, 1–7). A carotid artery stent was placed in 2 patients.
The final modified TICI score was 2b in 30 patients and 3 in
41 patients.

Image Analysis
ICH Development: Imaging Findings. Of the 28 patients with no
hyperdensity on initial postthrombectomy DECT, none had ICH
on follow-up CT. The remaining 43 patients demonstrated
parenchymal hyperdensity, due to a combination of contrast
staining and hemorrhage in 4/43 (9.3%) patients and due to

FIG 1. A, A small (0.1 cm2) ROI was placed in the superior sagittal sinus for normalization of contrast. B, In this case, the absolute maximum iodine
concentration is 3.4mg/mL and the relative concentration to the superior sagittal sinus is 428.2%.

Table 1: Findings on initial postprocedural DECT and follow-up

DECT Findings

Follow-Up CT (1–7 days)
Hemorrhage

Grade
Overall
(%)

No Hemorrhage
(%)

Hemorrhage
(%)

1–2
(%)

3–4
(%)

No hyperdensity 28 (39.4) 28 (39.4) 0 (0) 0 (0) 0 (0)
Staining only 39 (54.9) 22 (30.9) 17 (23.9) 11 (15.5) 6 (8.5)
Staining and hemorrhage 4 (5.6) 1 (1.4) 3 (4.2) 0 (0) 3 (4.2)
Total 71 (100.0) 51 (71.8) 20 (28.2) 11 (15.5) 9 (12.7)
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contrast staining alone in 39/43 (90.7%) patients, according to
virtual noncontrast image analysis. Of the latter, 17/39 (44%)
developed subsequent ICH, with grade 1 or 2 ICH identified in
11/17 (65%) and grade 3 or 4 ICH identified in 6/17 (35%). Of
those with contrast staining, 22/39 (56%) demonstrated resolu-
tion of hyperdensity without ICH on follow-up CT. Table 1
shows data on the correlation between DECT findings and ICH
on follow-up imaging.

Absolute and Relative Iodine\Concentration on DECT. Of the
39 patients with initial contrast staining, the median iodine con-
centration was 1.20mg/mL (range, 0.6–8.90mg/mL) in those
with ICH on follow-up imaging and 0.90mg/mL (range, 0.40–
2.10mg/mL) in those without ICH. Differences did not reach sta-
tistical significance (P= .183). The median iodine concentration

in the brain parenchyma relative to the SSS was significantly
higher in those who developed ICH (137.9%; range, 92.5%–
1197.0%) compared with those who did not (109.2%; range,
25.4%–200.8%; P= .007) (Table 2). For iodine concentration
relative to the SSS, a cutoff value of 100% enabled identification
with 94.7% sensitivity and 43.4% specificity, with a likelihood
ratio of 1.71. Significant correlation between the maximum
absolute iodine concentration and relative iodine concentration
was observed (Spearman rho = 0.761; 95% CI, 0.644–0.842).

Examples of cases are provided in Figs 2 and 3.

ICH Development: Clinical Parameters. On preprocedural CT,
the median ASPECTS was 8 in patients with ICH on follow-
up imaging, and 8 in those without. There was no significant cor-
relation between patient characteristics and subsequent ICH de-

velopment: sex, age, site of vessel
occlusion, revascularization technique,
number of aspiration attempts, or
number of stent retriever thrombec-
tomy attempts.

The measured values of absolute
iodine concentration and relative

Table 2: Iodine staining values in cohorts without and with subsequent ICH

Iodine Measurement Parameter
Follow-Up CT (Median) (IQR)
No ICH ICH P Value

Absolute iodine concentration (mg/mL) 0.90 (0.72) 1.20 (1.00) .183 (NS)
Relative iodine concentration compared with SSS (%) 109.2 (97.1) 137.9 (99.1) .007

Note:—IQR indicates interquartile range; NS, not significant.

FIG 2. A 59-year-old man with a preprocedural ASPECTS of 8 (A), left M1 occlusion (B), and modified TICI 3 reperfusion (C). Postthrombectomy
DECT demonstrates parenchymal hyperdensity in the left basal ganglia and frontal lobe (D), without hemorrhage on the virtual noncontrast
DECT (E) and consistent with contrast staining on the iodine overlay map (F), with maximum iodine concentration measuring 3.4mg/mL and
428.2% relative to the SSS. NCCT performed 4 days postthrombectomy (G) demonstrates evolving left MCA infarction with development of
grade 3 ICH involving the left lentiform nucleus.
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iodine concentration showed excellent agreement between the
2 readers; the intraclass correlation coefficient for absolute io-
dine concentration was 0.993 (P, .001), while the intraclass
correlation coefficient for relative iodine concentration was
0.994 (P, .001).

DISCUSSION
ICH can be a devastating complication of revascularization treat-
ment for acute ischemic stroke. The incidence of symptomatic
ICH was 4.4% in the recent endovascular treatment randomized
controlled trials.28 The presence and degree of brain parenchymal
hyperdensity on head CTs obtained immediately after endovas-
cular thrombectomy might predict which patients are at risk of
developing ICH. Parenchymal hyperdensity is a common finding
on postprocedural CT and may be due to hemorrhage and/or
contrast staining due to breakdown of the blood-brain barrier at
the site of ischemia,3 for which DECT allows differentiation.
Contrast staining has also been previously shown to correlate
moderately with final infarct volume and distribution.29

It was previously reported that a maximum iodine concentra-
tion of .1.35mg/mL within the area of brain parenchymal

contrast staining predicts development of ICH with 100% sensi-
tivity and 67.5% specificity.7 In our dataset, there was no statisti-
cally significant difference in absolute iodine concentration
between the cohort that developed ICH and the cohort that did
not. This study shows that the relative iodine concentration com-
pared with the SSS may be a better predictor of ICH develop-
ment. In our study population, if iodine concentration in
hyperdense brain areas was equal to or higher than the SSS, sub-
sequent ICH development was predicted with 94.7% sensitivity
and 43.4% specificity. Because parenchymal contrast staining
resolved at 24 hours in most patients (22/39) with initial contrast
staining, a cutoff value of 100% is associated with this relatively
low specificity. However, having a high sensitivity for the predic-
tion of ICH development is of more clinical importance in the
early postprocedural phase. The ability to reliably predict ICH de-
velopment in patients post-thrombectomy has clinical implica-
tions with regard to blood pressure control and antithrombotic
strategy.20,30

During ischemia, endothelial impairment with disruption of
the BBB occurs, allowing contrast to leak into the brain intersti-
tium.3 The degree of endothelial damage likely correlates with the
severity and duration of ischemia. Patients with the most

FIG 3. An 86-year-old man with a preprocedural ASPECTS of 7 (A), right M1 occlusion (B), and modified TICI 3 reperfusion (C).
Postthrombectomy DECT demonstrates parenchymal hyperdensity in the right basal ganglia and frontal and temporal lobes (D), without hemor-
rhage on the virtual noncontrast DECT (E) and consistent with contrast staining on the iodine overlay map (F), with maximum iodine concentra-
tion measuring 1.0mg/mL and 163.2% relative to the SSS. NCCT performed 1 day post-thrombectomy (G) demonstrates frank hemorrhagic
transformation with marked mass effect.
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profound endothelial damage are likely at risk of subsequent
hemorrhage. While leakage of contrast/iodine staining is a surro-
gate marker of endothelial damage, the amount of contrast accu-
mulating in ischemic brain tissue also depends on the
concentration of iodine in the blood at the time of the CT scan,
which varies according to the amount of contrast given before
and during the intervention, blood volume, renal function, and
so forth, which can be difficult to determine. Using the ratio of
iodine in parenchyma versus blood in the SSS accounts for these
interindividual differences and may explain why the relative value
of iodine concentration in brain tissue may be a better predictor
than absolute values. We chose the SSS because this is an easily
identifiable constant anatomic structure that allows reproducible
measurements of blood density.

This study has limitations due to its retrospective nature
with a potential source for bias, because only patients with small
infarcts and good reperfusion were included. Postprocedural
DECT studies were performed on 2 different scanners. A recent
phantom study demonstrated that iodine measurements are
largely similar using different scanners and tube voltage pair
combinations.31 However, slight differences might be possible
and were not accounted for in our study. In addition, follow-up
MR imaging was not routinely performed, and cases of petechial
hemorrhage below the resolution of CT that could potentially
be identified on MR imaging may have been missed and not
included in the ICH cohort. ROIs within contrast-stained tissue
were drawn subjectively and may not have reflected actual max-
imum iodine concentration; however, there was a high concord-
ance among the 3 readers.

CONCLUSIONS
In this study, we sought an imaging biomarker of postthrombec-
tomy ICH development in patients with acute stroke with small
preprocedural infarcts and good recanalization. At dual-energy
CT performed within 1 hour following thrombectomy, we found
that the relative iodine concentration within contrast-stained
brain parenchyma compared with that in the superior sagittal
sinus was a more reliable predictor of ICH compared with the
absolute maximum iodine concentration. A better understanding
of risk for postprocedural hemorrhage can inform antithrombotic
strategy, monitoring needs, and prognosis.
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