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Purpose: Haemorrhagic transformation (HT) is an unpredictable complication of acute ischaemic stroke with large vessel occlusion 
following endovascular thrombectomy (EVT), and imaging parameters that are correlated with haemorrhage are unknown. We 
developed a modified version of the Alberta Stroke Program Early Computed Tomography Score (ASPECTS) by adding 
a periventricular region to assess cerebral contrast extravasation (CE) on dual-energy computed tomography (DECT) and assessed 
its predictive value for HT.
Methods: In total, 101 patients who underwent DECT immediately after EVT were prospectively enrolled. CE was defined as 
incident hyperdensity on iodine overlay maps. We quantified the CT attenuation in Hounsfield units (HU) and iodine concentration 
within the CE regions. The modified ASPECTS divided the middle cerebral artery vascular territory into 11 regions and added one 
region (paraventricular) to the original score. CE was scored as 1 point for each region, and the cumulative score was determined. 
Follow-up imaging was performed within 7 days postoperatively to confirm the occurrence of HT. A receiver operating characteristic 
(ROC) curve was constructed to assess the predictive value of various DECT-measured parameters for HT.
Results: Overall, 75/101 (74.3%) patients exhibited CE following EVT, and 47/101 (46.5%) patients exhibited HT. In the ROC curve 
analysis, the DECT parameter with the maximal area under the curve (AUC) for HT was the modified ASPECTS (AUC=0.87), 
indicating that patients with a modified ASPECTS >2 were more likely to develop HT (sensitivity: 83.0%, specificity: 83.3%). The 
maximum iodine concentration (AUC=0.76) and maximum CT attenuation (AUC=0.68) in the hyperdense region were also predictors 
of postoperative HT.
Conclusion: The modified ASPECTS is a practical and sensitive method for assessing postoperative HT risk in patients following EVT.
Keywords: dual-energy computed tomography, endovascular thrombectomy, ASPECTS, haemorrhagic transformation

Introduction
The efficacy of endovascular thrombectomy (EVT) in patients with acute ischaemic stroke (AIS) with large vessel 
occlusion (LVO) has been confirmed.1,2 However, approximately 45% of patients are unable to achieve adequate 
functional recovery after EVT.3 A higher incidence of haemorrhagic transformation (HT), especially symptomatic 
intracranial haemorrhage, after EVT is a key factor.4,5 Although post-EVT haemorrhage is an important complication, 
there are currently no accurate methods to predict its occurrence. Contrast extravasation (CE) is a prevalent phenomenon 
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manifested by brain hyperdensity on computed tomography (CT) after EVT, with incidence rates ranging from 15.8% to 
85%.6–8 It is widely believed that haemorrhage results from damage to the basal membrane of the vascular wall, whereas 
CE occurs when endothelial cells are injured.9 CE is associated with the opening and disruption of the blood–brain 
barrier (BBB) and is believed to be related to HT and poor prognosis following reperfusion therapy. Studies based on 
non-contrast CT (NCCT) have indicated that high CT attenuation clearly visible in the brain contour is associated with an 
increased likelihood of HT,10 as haemorrhage and contrast enhancement manifest on NCCT as hyperdensity. NCCT does 
not presently have a clear CT attenuation threshold that can accurately identify haemorrhage and CE.11

Dual-energy CT (DECT) allows differentiation between CE and haemorrhage and provides quantitative information 
about CE. The maximal iodine concentration12,13 or the ratio of the maximum iodine concentration to the iodine 
concentration in the superior sagittal sinus can predict delayed HT following EVT.14 Nevertheless, owing to differences 
in CE location and CT attenuation characteristics, the risk of HT may vary.15,16 Few studies have investigated the 
relationship between the location and magnitude of iodine leakage and postoperative HT. Iodine overly maps (IOMs) 
generated by DECT provide additional information on CE; however, the imaging parameters that are correlated with 
haemorrhage are unknown. This study aimed to develop a practical and sensitive method to semi-quantitatively assess the 
extent of CE and to compare this method with previously reported indicators. Our results have implications for evaluating 
the severity of CE and more precisely predicting the risk of postoperative haemorrhagic transformation following EVT.

Materials and Methods
Study Design and Population
From October 2021 to January 2023, we prospectively screened patients with AIS with LVO in the anterior circulation 
confirmed by CT angiography with onset less than 24 hours from a single centre. Patients enrolled in the study ranged in 
age from 18 to 90 years and were admitted with a National Institutes of Health Stroke Scale (NIHSS) score of >6. The 
CT perfusion (CTP) imaging criteria were based on the DEFUSE 3 and DAWN studies.17 In the absence of contra
indications, patients with a last normal time to onset of <4.5 hours received intravenous recombinant tissue plasminogen 
activator (rt-PA) (0.9 mg/kg) as a bridge treatment.

Routinely recorded baseline admission data included age, sex, medical history, onset-to-door time, onset-to- 
reperfusion time, stroke severity (NIHSS score), blood pressure, blood glucose level, and other laboratory indicators.

After providing informed consent, all patients went through a similar EVT procedure, which was performed in 
accordance with international guidelines. The expanded Treatment in Cerebral Infarction (eTICI) grade was used as an 
indicator of the degree of reperfusion. The first-pass effect was defined as the attainment of eTICI grade 2c/3 reperfusion 
after a single pass.

NCCT was performed 24–36 and 72 hours postoperatively to evaluate intracranial haemorrhage, and susceptibility- 
weighted imaging (SWI) was administered 3–7 days postoperatively. The primary outcome was CT- or SWI-determined 
HT occurrence within 7 days, with HT classified as HI-1, HI-2, parenchymal haemorrhage (PH)-1, or PH-2 based on the 
European Cooperative Acute Stroke Study criteria. Patients were followed up for 90 days, and the modified Rankin scale 
(mRS) score was recorded; a 90-day mRS score ≤2 indicates a good functional prognosis.

Image Protocol
Four-dimensional (4D) time-resolved whole-brain CT and perfusion imaging were performed using an Aquilion 320-slice 
CT scanner (Toshiba, Tokyo, Japan). All perfusion parameters were analysed using commercial software MIStar (Apollo 
Medical Imaging Technology, Melbourne, Australia). Foci with relative cerebral blood flow (rCBF) <30% were defined 
as the ischaemic core. The penumbra volume was calculated by subtracting the ischaemic core volume from the 
perfusion lesion volume (delay time threshold >3 seconds).

All patients underwent DECT imaging immediately after surgery. A dual-source 256-layer CT scanner (SOMATOM 
Force, Siemens Healthcare, Forchheim, Germany) was used to acquire DECT images. The following CT parameters were 
acquired and reconstructed: bulb tube voltage A tube, 90 kV; B tube, 150 kVp; detector collimation, 64×0.6 mm; rotation 
time, 1.0 second; scan pitch, 0.7; cranial scan direction, caudal-cranial; slice thickness, 0.6 mm; and dose modulation 
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Care Dose4D was activated with ADMIRE 2 iterative reconstruction algorithms. Using commercial software (syngo CT 
Dual-Energy Brain Hemorrhage; Siemens), subsequent image post-processing was performed to acquire three images, 
including a dual-energy hybrid map simulating conventional 120-kV CT, the MIX map (90 kV/150 kV). Virtual 
noncontrast (VNC) and IOM images were acquired using dual-energy material differentiation, and iodine data subtrac
tion was performed on the initial dataset. All produced datasets were stored in Digital Imaging and Communications in 
Medicine format.

To assess haemorrhage, a plain monoenergetic CT scan was obtained between 24 and 36 hours and at 72 hours post
operatively, and magnetically sensitive weighted imaging SWI was performed between 3 and 7 days postoperatively.

Image Analysis
Two radiologists with 10 years of experience reviewed and evaluated the images, and quantitative results were determined by 
aggregating their scores. When the difference between them exceeded 10%, a second measurement was performed.

Patients were assessed for the presence of hyperdense VNC and CE on DECT. Both haemorrhage and CE were 
hyperdense on the MIX map. Hyperdensity on the VNC images was suggestive of haemorrhage, whereas hyperdensity 
on the IOM images was suggestive of CE. Subsequently, we classified the CE patterns on the IOM images into cortical, 
subcortical, cortical, subcortical, and subarachnoid. Additionally, we set the modified Alberta Stroke Program Early 
Computed Tomography Score (ASPECTS) (Figure 1) and classified the middle cerebral artery vascular territory as 
periventricular, caudate head, lenticular nucleus, internal capsule, insular cortex, M1, M2, M3, M4, M5, and M6. The 
presence of CE at each site was scored as 1 point, for a total score of 11 points. The scoring method of the modified 
ASPECTS differs from the traditional ASPECTS in that a higher score corresponds to a wider distribution of CE. Based 
on the ASPECTS, we added the periventricular region, which corresponds to the body of caudate nucleus and the 
periventricular white matter (PVWM). According to previous reports, the low density of the body of caudate nucleus 
shown on NCCT also be associated with haemorrhage and poor prognosis.18 In the clinical practice before the 
commencement of our research, we also observed that this area is one of the common sites for CE. Therefore, we 
added this scoring area separately to construct a new scale. Figure 2 shows the imaging assessment.

The mean and maximum iodine concentrations were determined by drawing regions of interest (ROIs) on the IOM 
images simultaneously (Figure 1); the mean iodine concentration was measured by drawing multiple ROIs if there were 
multiple regions of CE. The mean CT attenuation and maximum CT attenuation of the hyperdense region were 
determined similarly at the same location on the MIX map. Hyperdense areas with a basal ganglia diameter >1 cm 
and CT attenuation values ≥90 Hounsfield units were defined as “metallic high-density signs”.19

Statistical Analysis
The Student’s t-test (for continuous variables with a normal distribution), Mann–Whitney U-test (for continuous variables 
with an irregular distribution), or χ2/Fisher’s exact test was used to detect differences in baseline characteristics and the 
performance of CE on DECT images between the HT group and non-HT groups. Additionally, logistic regression 
analysis was performed to determine whether the DECT imaging parameters were independent risk factors for haemor
rhage. A receiver operating characteristic (ROC) curve was used to evaluate the predictive values of the modified 
ASPECTS, iodine concentration, and CT attenuation in the hyperdense region. The Kruskal–Wallis test was used to 
compare the maximum iodine concentrations and modified ASPECTS between the different haemorrhage types. IBM 
SPSS Statistics 23 (IBM Corp., Armonk, NY, USA) was used to perform statistical analyses. Statistical significance was 
set at P<0.05. The ROC analysis was conducted using MedCalc Software (MedCalc Software Ltd., Ostend, Belgium).

Results
Between October 2021 and January 2023, we collected data prospectively from 114 patients with AIS with LVO who 
were treated with EVT. Six patients did not undergo DECT immediately after EVT due to CT equipment maintenance or 
respiratory circulation instability. Two patients experienced secondary embolic events during hospitalisation. One patient 
died of abrupt cardiac arrest, and four patients were lost to follow-up within 3 months of discharge due to accidents or 
other reasons. Following exclusion, 101 patients (56 males and 45 females) were included in analyses.
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The mean age of patients was 68.5±14.4 years, and the median NIHSS score at admission was 14 (interquartile range 
[IQR], 9–18). The median infarct core volume on preoperative CTP was 20 (IQR, 5.5–43.0) mL. In total, 44/101 (43.6%) 
patients were treated with rt-PA. Sixty-one (60.4%) patients achieved eTICI grade 2c or 3 recanalisation. The median 
onset-to-recanalisation time was 440 (range, 307–743) minutes, and the median puncture-to-recanalisation time was 56 
(range, 37–77) minutes. Follow-up CT and SWI results within 7 days postoperatively showed that 47 (46.5%) patients 
had HT, 27 (26.7%) had haemorrhagic infarction (HI), 19 (18.8%) had PH, of which 15 (14.9%) had PH1, 4 (4.0%) had 
PH2, and 7 (6.9%) had symptomatic intracranial haemorrhage. There was a significant difference in prognosis between 
patients with and without HT (P<0.001) (Figure 3). Patients with haemorrhage had a higher baseline NIHSS score 
(P=0.012), larger core infarction volume on CTP (P=0.049), and higher eTICI grade of 2c/3 (P=0.028) than those of 
patients without haemorrhage (Table 1). Age, sex, medical history, laboratory findings at admission, etiologic typing, and 
time from onset to recanalisation did not differ significantly between the groups.

In total, 47/101 (46.5%) patients exhibited HT and 75/101 (74.3%) underwent CE after EVT (Table 2). The 
proportion of CE in patients with HT was significantly higher than that in those without HT (93.6% vs 57.4%, 
P<0.001). The HT group had a higher maximum iodine concentration (1.8 vs 1.3 mg/mL, P<0.001) and a higher CT 
attenuation of hyperdense lesions than those in the control (72.3 vs 55.7 HU, P=0.028). However, the groups showed no 
significant differences in mean iodine concentration or mean hyperdensity attenuation on CT.

A multivariate analysis revealed that cortical with subcortical CE (adjusted odds ratio [aOR]=5.05, 95% confidence 
interval [CI]=1.64–15.59, P=0.005) was an independent risk factor for the development of HT (Table 2). After further 
defining the sites of CE, we discovered that patients with CE in the periventricular, caudate head, lenticular nucleus, 

Figure 1 Modified ASPECTS, iodine concentration and CT attenuation in hyperdensities.Modified ASPECTS on the IOM images (A). (P) paraventricular; (C) caudate; lC: 
internal capsule; (L) lenticular nucleus; l: insular cortex. MlX map, with average CT attenuation of 74.1HU, and maximum CT attenuation of 246 HU (B). VNC map shows no 
hyperdensity (C). lOM shows the mean iodine concentration is 1.7 mg/mL, and the maximum iodine concentration is 9.1mg/mL. The Modified ASPECTS is 6 (D).
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internal capsule, insular cortex, M1, M2, M5, and M6 regions had a markedly increased risk of HT compared with those 
of patients without the corresponding area of CE. Additionally, a higher modified ASPECTS (aOR=2.20, 95% CI: 
1.60–3.03, P<0.001), higher maximum iodine concentration (aOR=2.78, 95% CI: 1.28–6.06, P=0.010), and higher 
maximum attenuation in hyperdense lesions (aOR=1.03, 95% CI: 1.01–1.06, P=0.06) were significantly associated 
with an increased risk of HT.

An ROC curve analysis showed that patients with a modified ASPECTS >2 were more likely to develop HT (AUC: 
0.87, sensitivity: 82.98%, specificity: 83.33%, positive predictive value: 81.3%, negative predictive value: 84.9%) 

Figure 2 An adult patient with acute occlusion of the C7 segment of the left internal carotidartery ((E), the red arrow) underwent mechanical thrombectomy and achieved 
eTlCl grade 2c recanalization (F); DECT was performed immediately after recanalization. MlX map revealed multiple hyperdensity regions in the supply area of the left 
middle cerebral artery (A); VNC showed no hyperdense area (B); CE was primarily observed in the caudate nucleus, lenticular nucleus, insular cortex, M1, M5 and 
paraventricular area on lOM. The Modified ASPECTS was 6 (C and D); the 24-hour postoperative cranial NCCT revealed minor patchy haemorrhage in the basal ganglia (G); 
and the 3-day postoperative SWl revealed patchy haemorrhage foci in the left temporal and parietal lobes, consistent with the area of CE (H).

Figure 3 90-day mRS for patients with and without HT. 
Abbreviations: HT, haemorrhagic transformation; mRS, modified Rankin scale.
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Table 1 Characteristics of Patients with and without Hemorrhagic 
Transformation

Characteristic Non-HT (n=54) HT (n=47) P value

Male, n (%) 31 (57.4) 25 (53.2) 0.671

Age (years), mean±SD 66.9±14.12 70.5±14.66 0.214

Smoking, n (%) 20 (37.0) 16 (34.0) 0.754

Alcohol drinking, n (%) 12 (22.2) 13 (27.7) 0.528

Hypertension, n (%) 38 (70.4) 28 (59.6) 0.255

Diabetes, n (%) 12 (22.2) 11 (23.4) 0.888

Atrial fibrillation, n (%) 20 (37.0) 21 (44.7) 0.435

Hypercholesteremia, n (%) 10 (18.5) 6 (12.8) 0.430

TOAST classification, n (%) 0.116

LAA 25 (46.3) 14 (29.8)

Cardioembolism 23 (42.6) 27 (57.4)

Other determined etiology 5 (9.3) 2 (4.3)

Undetermined etiology 1 (1.9) 4 (8.5)

SBP (mmHg), mean±SD 154.4±26.89 153.8±33.68 0.913

DBP (mmHg), mean±SD 88.8±18.22 83.9±21.48 0.217

Glucose (mmol/L), mean±SD 8.1±4.37 8.3±2.48 0.769

WBC (10^9/L), mean±SD 9.1±3.33 8.8±3.44 0.585

PLT (10^12/L), mean±SD 192±68.16 190±64.33 0.919

Occlusion site, n (%) 0.284

ICA 17 (31.5) 11 (23.4)

MCA-M1 27 (50.0) 29 (61.7)

MCA-M2 8 (14.8) 3 (6.4)

Tandem occlusion 2 (3.7) 4 (8.5)

Baseline NIHSS score, median (IQR) 12.5 (9) 15 (8) 0.012

CTP core (mL), median (IQR) 16 (32) 30 (49) 0.049

CTP penumbra (mL), median (IQR) 94 (107) 96 (103) 0.876

ODT (min), median (IQR) 285 (369) 300 (450) 0.300

ORT (min), median (IQR) 449 (349) 425 (540) 0.905

rt-PA, n (%) 20 (37.0) 22 (46.8) 0.320

FPE, n (%) 26 (48.1) 17 (36.2) 0.225

Passes, median (IQR) 2 (2) 2 (2) 0.344

eTICI 2c/3, n (%) 38 (70.4) 23 (48.9) 0.028

24h NIHSS score, median (IQR) 7 (10) 14 (11) 0.001

(Continued)
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(Table 3 and Figure 4). The original ASPECTS also demonstrated considerable diagnostic performance in predicting HT, 
with an AUC of 0.78. At the optimal cutoff value of <8, it achieved a sensitivity of 72.92% and a specificity of 81.13%. 
The optimal threshold for the maximum iodine concentration was 1.8 mg/mL (sensitivity: 54.55%, specificity: 87.10%). 
In the ROC analysis the modified ASPECTS had a greater AUC; this AUC value was not significantly different from that 
of the maximum iodine concentration (0.87 vs 0.76, z=1.631, P=0.103) but both were greater than that for the maximum 
attenuation on the MIX map (0.87 vs 0.68, z=2.49, P=0.0128 and 0.76 vs 0.68, z=2.39, P=0.0171, respectively).

In comparing cerebral haemorrhage subtypes among groups (Figure 5), the median maximum concentration of iodine 
was 1.85 mg/mL in the HI and PH groups (P=0.919). The median modified ASPECTS scores in the HI and PH groups 
were 3 and 4, respectively (P=0.236).

Discussion
This study revealed a correlation between postoperative cerebral contrast agent leakage and the development of HT. We 
observed that the combined cortical and subcortical CE pattern was an independent risk factor for HT. Moreover, the 
modified ASPECTS, maximum iodine concentration, and maximum attenuation of the hyperdense area were, to varying 
degrees, predictive of postoperative HT in patients with AIS with LVO. The modified ASPECTS and maximum iodine 
concentration had high predictive values. However, neither the modified ASPECTS nor the maximal iodine concentration 
differed significantly between the HI and PH groups.

Notably, 58.7% patients with CE on IOM in the immediate postoperative period developed HT. Only a small 
percentage of patients (6.9%) had hyperdensities on VNC images, and all had combined CE. Two of the seven patients 
exhibited hyperdensity on VNC images in the subarachnoid space and showed no postoperative delayed HT. This was 
most likely due to the rapid metabolism of a small volume of blood with cerebrospinal fluid circulation. Postoperative 
follow-up CT scans of the remaining five patients revealed haemorrhage outside the hyperdense area on VNC images. 
Previous studies have implied that VNC hyperintensity in the immediate postoperative period has a limited prognostic 
value for late HT.20,21 Hyperintensities on VNC images may be associated with intraoperative manipulation and may not 
be directly attributed to delayed intracranial haemorrhage, whereas brain CE better indicates that the patient has HT.

To investigate the correlation between the CE area and the risk of HT, we evaluated the contrast distribution pattern 
and the modified ASPECTS. It is debatable whether cortical or subcortical CE patterns are more likely to demonstrate 
HT.22,23 Magnetic resonance perfusion imaging revealed that in patients with subcortical and basal ganglia infarction, 
intraregional rCBF was lower than that in patients with cortical infarction alone. However, there was no significant 
difference in the Ktrans value, an index of BBB permeability, between the groups (P>0.05).24 The risk of HT was 
substantially increased when the cortex was combined with subcortical CE. In conjunction with the regression analysis of 
the modified ASPECTS and HT, we hypothesized that a larger area of increased BBB permeability was significantly 
associated with a higher risk of HT. However, the severity of BBB disruption may not be determined by the volume of 
CE alone, as a previous study did not find a significant correlation between this parameter and the occurrence of 
HT (aOR=1.08, P=0.120), and the relationship between the two is disputed.16,25 Owing to the differences in the degree of 
hypoxia tolerance at various sites and in the lateral blood supply, it may be more scientific to divide the blood supply 
according to its functional localisation in the region, rather than to simply measure the CE volume. The ASPECTS covers 

Table 1 (Continued). 

Characteristic Non-HT (n=54) HT (n=47) P value

90-day mRS, median (IQR) 2 (2) 4 (3) <0.001

Good outcome, n (%) 34 (63.0) 13 (27.7) <0.001

Abbreviations: IQR, interquartile range; SD, standard deviation; LAA, large artery atherosclerosis; SBP, 
systolic blood pressure; DBP, diastolic blood pressure; WBC, white blood cell count; PLT, platelet; PTA, 
percutaneous transluminal angioplasty; ICA, internal carotid artery; NIHSS, National Institutes of Health 
Stroke Scale; mRS, modified Rankin scale score; rt-PA, intravenous recombinant tissue plasminogen 
activator; ODT, onset to door time; ORT, onset to recanalization time; eTICI, expanded Treatment in 
Cerebral Infarction Score; FPE, first-pass effect; good outcome: 90-day mRS≤2;
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Table 2 Univariate and Multivariate Analysis Using Dual-Energy CT Imaging Features as Independent Variables

DECT Imaging Features Non-HT (n=54) HT (n=47) OR (95% CI) P value *aOR (95% CI) P value

CE, n (%) 31 (57.4) 44 (93.6) 10.88 (3.00–39.45) <0.001 11.82 (3.08–45.36) <0.001

CE site, n (%)

Cortical area 2 (3.7) 5 (10.6) 3.10 (0.57–16.77) 0.190 - -

Subcortical area 11 (20.4) 19 (40.4) 2.65 (1.10–6.41) 0.111 - -

Cortical + subcortical area 5 (9.3) 18 (38.3) 6.08 (2.04–18.13) 0.001 5.05 (1.64–15.59) 0.005

Subarachnoid space 9 (16.7) 3 (6.4) 0.34 (0.09–1.34) 0.124 - -

CE locations

Periventricular 6 (11.1) 29 (61.7) 12.89 (4.59–36.20) <0.001 12.58 (4.31–36.75) <0.001

Caudate head 3 (5.6) 12 (25.5) 5.83 (1.53–22.18) 0.010 8.06 (1.99–32.65) 0.003

Lenticular nucleus 13 (24.1) 33 (70.2) 7.43 (3.07–17.98) <0.001 7.15 (2.81–18.22) <0.001

Internal capsule 1 (1.9) 13 (27.7) 20.27 (2.53–162.05) 0.005 24.08 (2.89–200.74) 0.003

Insular cortex 4 (7.4) 21 (44.7) 10.10 (3.14–32.52) <0.001 7.84 (2.36–25.99) 0.001

M1 2 (3.7) 11 (23.3) 7.94 (1.66–38.01) 0.009 7.12 (1.43–35.55) 0.016

M2 4 (7.4) 13 (27.7) 4.78 (1.44–15.91) 0.007 3.68 (1.04–13.01) 0.043

M3 3 (5.6) 3 (6.4) 1.16 (0.22–6.04) 0.861 - -

M4 3 (5.6) 10 (21.3) 4.60 (1.18–17.86) 0.028 3.48 (0.81–15.01) 0.094

M5 1 (1.9) 9 (19.1) 12.55 (1.53–103.29) 0.019 9.94 (1.14–86.99) 0.038

M6 2 (3.7) 4 (8.5) 2.42 (0.42–13.85) 0.321 - -

IOM-CE score, median (IQR) 0 (1) 3 (3) 2.28 (1.662–3.115) <0.001 2.20 (1.60–3.03) <0.001

Metallic hyperdensity sign, n (%) 0 (0) 11 (23.4) / <0.001 - -

Mean attenuation on MIX map (HU), median (IQR) (n=75) 34.3 (14.1) 40.6 (26.6) 1.02 (0.99–1.04) 0.185 - -

Maximum attenuation on MIX map (HU), median (IQR) (n=75) 55.7 (20.3) 72.3 (32.7) 1.02 (1.00–1.05) 0.028 1.03 (1.01–1.06) 0.010

Mean iodine concentration (mg/mL), median (IQR) (n=75) 1.3 (0.6) 1.6 (1.2) 1.84 (0.89–3.81) 0.099 - -

Maximum iodine concentration (mg/mL), median (IQR) (n=75) 1.3 (0.6) 1.8 (1.2) 2.61 (1.19–5.70) 0.016 2.78 (1.28–6.06) 0.010

Note: *Analysis adjusted for: baseline NIHSS, CTP core volume, eTICI 2c/3. 
Abbreviations: HT, hemorrhagic transformation; DECT, dual-energy CT; CE, contrast extravasation; VNC, virtual non-contrast; MIX, mix image; HU, Hounsfield Unit; Metallic hyperdensity sign: a nonpetechial intracerebral hyperdense 
lesion (diameter, ≥1 cm) in the basal ganglia and a maximum CT density of >90 HU; IOM: iodine overlay map.
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most regions supplied by the middle cerebral artery; however, it does not include potential areas where CE may occur 
after anterior circulation stroke. Anatomically, the paraventricular region primarily comprises the body of the caudate 
nucleus and the periventricular white matter (PVWM). These territories lack collateral circulation, rendering them 
vulnerable to ischemic necrosis or hemorrhagic infarction. Notably, our preliminary clinical observations have identified 
CE in the paraventricular region following EVT in a subset of patients, and this phenomenon is not uncommon. To 
achieve a more comprehensive assessment of CE distribution, we developed the modified ASPECTS by incorporating the 
paraventricular region into the original ASPECTS framework. The modified ASPECTS as a new scoring system 
demonstrated a good ability to predict HT. Its performance might be better than that of original ASPECTS when used 
to evaluate the distribution area of CE.15

Moreover, our study confirmed that the maximum iodine concentration, as opposed to average iodine concentration, 
was significantly associated with HT.12 The optimal maximal iodine concentration for predicting HT was 1.8 mg/mL, 
consistent with previous results.16 Several DECT parameters could predict HT; however, the modified ASPECTS was 
more sensitive than the maximum iodine concentration for predicting HT. Iodine concentration is susceptible to variation 
in various factors; accordingly, small localised hyperpermeabilities do not necessarily show haemorrhage. Alternatively, 

Table 3 ROC Analysis of Modified ASPECTS, Maximum Iodine Concentration, and 
Maximum Attenuation of Hyperdensity Areas

Variate AUC 95% CI Se Sp PPV NPV Cut-off 
Value

Modified ASPECTS 0.867 0.770–0.916 82.98 83.33 81.3 84.9 2

Original ASPECTS 0.782 0.704–0.869 72.92 81.13 77.8 76.8 8

Maximum iodine 
concentration (mg/mL)

0.757 0.644–0.849 54.55 87.10 85.7 57.4 1.8

Maximum attenuation (HU) 0.677 0.559–0.780 77.27 54.84 70.8 63.0 56.7

Abbreviations: AUC, area under the curve; Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, 
negative predictive value.

Figure 4 ROC analysis of different DECT parameters to predict HT. 
Abbreviations: DECT, dual-energy computed tomography; HT, haemorrhagic transformation.
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if trace haemorrhage is present, it is rapidly metabolised and absorbed and therefore cannot be observed on CT. Thus, the 
iodine concentration may not comprehensively reflect the severity of ischaemic injury or the modified ASPECTS score.

A haemorrhage subtype analysis indicated that the maximum iodine concentration and modified ASPECTS may not 
be able to predict and distinguish the severity of HT at present.13 The median modified ASPECTS was higher in the PH 
group than in the HI group; however, the difference was not significant. This trend suggests that the occurrence of severe 
haemorrhagic conversion events may be linked to diffuse contrast agent extravasation as opposed to a significant increase 
in local permeability. In a previous study, the maximum iodine concentration was not correlated with the haemorrhage 
volume; however, the iodine extravasation volume was correlated with the final haemorrhage volume.16

These results of this study suggest that although some patients present with uncomplicated CE in the immediate 
postoperative period, they still require urgent medical attention because haemorrhage may be imminent. In patients 
with high modified ASPECTS and high iodine concentrations, it is necessary to evaluate the need to delay the 
initiation of antiplatelet or anticoagulant drugs and the ability to intervene with intensive hypotension to reduce the 
risk of HT. Given the low incidence of high VNC density in the immediate postoperative period and the large number 
of patients presenting with simple CE, the modified ASPECTS can be performed using NCCT or flat-panel CT in the 
immediate postoperative period when dual-energy CT assessment is unavailable; however, its accuracy must be 
validated in future studies.

Our study had a few limitations. First, this was a prospective single-centre nested case-control study with a small 
sample; therefore, the results require external validation with a larger sample size. Second, the specific focus on patients 
with symptomatic intracranial haemorrhage prevented us from exploring the association between various CE indicators 
and severe haemorrhagic events. Third, we assessed intracranial haemorrhage in patients 3–7 days postoperatively using 
SWI. We detected HI-type haemorrhages in 26.7% of patients; however, microhaemorrhages in the ischaemic area may 
not necessarily have prognostic value.

Conclusion
Quantitative and semiquantitative evaluations of CE using immediate postoperative DECT can assist clinicians in under
standing the risk of postoperative HT. The modified ASPECTS, maximum iodine concentration, and maximum CT attenuation 
of the hyperintense area were independent predictors of HT, with the modified ASPECTS being the most practical and 
sensitive evaluation method. Based on our findings, in clinical practice, patients with a modified ASPECTS > 2 or a maximum 
iodine concentration > 1.8 mg/mL are at a significantly elevated risk of postoperative HT, necessitating intensified clinical 

Figure 5 Maximum iodine concentration and Modified ASPECTS in patients with different haemorrhage types. **P<0.001. 
Abbreviations: HT, haemorrhagic transformation; HI, haemorrhagic infarction; PH, parenchymal haemorrhage.
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vigilance. This may include more frequent cranial CT monitoring and stricter blood pressure management. Nevertheless, these 
conclusions await further validation through larger-sample studies. Future investigations remain warranted to elucidate the 
relationship between CE and the development of HT, cerebral edema, as well as long-term clinical outcomes. Another 
pertinent research question is whether early intervention based on risk stratification via CE assessment can ultimately improve 
prognosis through tailored therapeutic adjustments.

Abbreviations
EVT, endovascular thrombectomy; AIS, acute ischaemic stroke; LVO, large vessel occlusion; HT, haemorrhagic 
transformation; CE, contrast extravasation; CT, computed tomography; BBB, blood–brain barrier; NCCT, non-contrast 
computed tomography; DECT, dual-energy computed tomography; IOMs, iodine overly maps; NIHSS, National 
Institutes of Health Stroke Scale; rt-PA, recombinant tissue plasminogen activator; ASPECTS, Alberta Stroke Program 
Early Computed Tomography Score; SWI, susceptibility-weighted imaging; PH, parenchymal haemorrhage; mRS, 
modified Rankin Scale; 4D, four-dimensional; rCBF, relative cerebral blood flow; VNC, virtual noncontrast; ROIs, 
regions of interest; ROC, receiver operating characteristic; IQR, interquartile range; HI, haemorrhagic infarction; vs, 
versus; aOR, adjusted odds ratio; CI, confidence interval.
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