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Abstract
AIM: To use perfusion-derived permeability-surface area product maps to predict hemorrhagic transformation following thrombolytic treatment for acute ischemic stroke.
METHODS: We retrospectively analyzed our prospectively kept acute stroke database over five consecutive months for patients with symptoms of acute ischemic stroke (AIS) who had computed tomography (CT) perfusion (CTP) done at arrival. Patients included in the analyses also had to have a follow-up CT. The permeability-surface area product maps (PS) was calculated for the side of the ischemia and/or infarction and for the contralateral unaffected side at the same level. The cerebral blood flow map was used to delineate the ischemic territory. Next, a region of interest was drawn at the centre of this territory on the PS parametric map. Finally, a mirror region of interest was created on the contralateral side at the same level. The relative permeability-surface area product maps (rPS) provided an internal control and was calculated as the ratio of the PS on the side of the AIS to the PS on the contralateral side. A student t-test was performed after log conversion of rPS between patients with and without hemorrhagic transformation. Log conversion was used to convert the data into normal distribution to use t-test. For the group of patients who experienced intracranial bleed, a student t-test was performed between those with only petechial hemorrhage and those with more severe parenchymal hematoma with subarachnoid haemorrhage.
RESULTS: Of 84 patients with AIS and CTP at admission, only 42 patients had a follow-up CT. The rPS derived using the normal side as the internal control was significantly higher (P = 0.003) for the 15 cases of hemorrhagic transformation (1.71 + 1.64) compared to 27 cases that did not have any (1.07 + 1.30). Patients with values above the overall mean rPS of 1.3 had an increased likelihood of subsequent hemorrhagic transformation. The sensitivity of using this score to predict hemorrhagic transformation was 71.4, the specificity was 78.6, with a positive predictive value of 62.5 and negative predictive value of 84.6. The accuracy was 76.2. The odds ratio of an event occurring with such an rPS was 9.2. Of the 15 cases of hemorrhagic transformation, there was no difference (P = 0.35) in the rPS between the eight cases of petechial and the seven cases of more severe hemorrhagic events.
CONCLUSION: Pretreatment PS can predict the occurrence of hemorrhagic transformation on follow-up of AIS patients with relatively high sensitivity, specificity, positive and negative predictive value. 
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Core tip: Hemorrhagic transformation is one of the most important complications following thrombolytic treatment of acute ischemic stroke (AIS). Predicting hemorrhagic complication at presentation can be useful to clinicians. Perfusion-derived permeability-surface area product maps (PS) may help in predicting hemorrhagic transformation. We investigated whether PS can predict hemorrhagic transformation on follow-up. We found that pretreatment PS can predict the occurrence of hemorrhagic transformation on follow-up of AIS patients with relatively high sensitivity, specificity, positive and negative predictive value. However, it cannot predict the degree of severity, which is critical in the decision to treat.

INTRODUCTION
Thrombolytic therapy is the current mainstay[1], and the most promising treatment, for acute ischemic stroke (AIS). The aim is to restore blood flow and reperfuse ischemic brain tissue at risk of disastrous progression towards irreversible infarction. Although it is well established that this therapy has made significant reduction in the overall morbidity and improved the quality of life for stroke patients[2], it is not without complications[1,2]. In the hours and days following therapy, there is always a risk of intracranial bleeding, which has resulted in increased deaths for this treated group[3,4]. Multiple factors are associated with hemorrhagic transformation, such as reperfusion into a large volume of severely ischemic tissue[5]. One source reports the risk of death from intracranial hemorrhage in thrombolyzed patients to be as high as 4.45%, compared to 0.74% in those who were not treated[6]. In addition, the occurrence of intracranial hemorrhage is associated with an 8 to 10 fold increased risk of death[7,8]. Predicting whether patients are at greater risk for hemorrhagic transformation if thrombolytic therapy is applied is useful for clinicians, who can take this risk into consideration when deciding whether to proceed with such therapy.
Current imaging contraindication for thrombolytic therapy, according to the American Stroke Association, is greater than one-third of the hemisphere or multilobar involvement[9]. This guideline is quite crude and a method to evaluate the likelihood of hemorrhagic transformation on an individual basis could allow patients previously excluded due to the large volume of involved tissue to benefit from the therapy. 
In addition to an unenhanced head computed tomography (CT), CT perfusion (CTP) is increasingly used in cases of suspected AIS to evaluate the tissue at risk. Data from the CTP can be used to generate information on the permeability of the blood-brain barrier as a function of ischemia-related vascular injury. This extracted permeability-surface area product map (PS) has been described by some studies as an independent predictor of future hemorrhagic transformation[10,11]. The primary purpose of this study is to assess whether PS can predict intracranial hemorrhage on follow-up scans in patients with acute ischemic stroke and, if so, whether the severity of the hemorrhagic event can be anticipated. 

MATERIALS AND METHODS
Patient selection
A retrospective review of a prospectively maintained acute stroke database at a tertiary care centre was performed on patients with symptoms of AIS during five consecutive months and in whom a CTP had been performed upon hospital arrival (Table 1). All patients with symptoms lasting less than 6 h were evaluated by the on-call neurologist and/or stroke neurologist and underwent routine stroke imaging protocol. Patients were treated according to standard institutional protocols, including intravenous or intra-arterial thrombolysis. This study was approved under an umbrella retrospective review of CT perfusion methodology by the institutional ethics committee. 
During the study time period, 84 patients with symptoms of AIS received a CTP examination at admission. If tPA was then administered, a follow-up unenhanced CT was performed at 24 h. If tPA was deemed not clinically indicated, a follow-up CT was ordered at the neurologist’s discretion. Of these, a total of 42 patients received a follow-up CT, 32 patients were followed by magnetic resonance (MR), and the remainder received no follow-up. Within the group that received follow-up CT, there were 19 males and 23 females with an average age of 70.0 years (+ 12.9 year), ranging from 45 to 93 years old. Thirty-eight patients received Ⅳ thrombolytic therapy, five also received mechanical thrombus extraction, and four received neither treatment. Equal numbers of patients presented with symptoms on the left and right sides (17 and 18, respectively), six patients had transient ischemic attack, and one had cerebellar symptoms. In total, approximately one-third of the patients (n = 15) had intracranial hemorrhage.

Imaging technique
All patients underwent a 9.6-cm coverage brain CTP protocol (80 kV, 100 mAs, 128 mm × 0.6 mm collimation, 9.6-cm scan volume in the Z-axis by using an adaptive spiral scanning technique (“shuttle mode”), CT dose index of 122.64 mGy, with 18 scans every 1.67 s, 5 scans every 3 s, and 4 scans every 15 s, resulting in a total scanning time of 105.06 s on the 128-section dual-energy CT scanner (Sensation Definition; Siemens Healthcare, Erlangen, Germany). A total of 40 mL of nonionic iodinated contrast media (iopamidol, Isovue-370; Bracco Diagnostic, Vaughan, Ontario, Canada) was injected at a rate of 5 mL/s, followed by a saline flush of 40-mL sodium chloride at 5 mL/s and a start delay of 5 s. Two sets of axial images with a section thickness of 1.5 mm for the computed tomography angiography (CTA) analysis and 5 mm for the perfusion analysis were reconstructed without overlap and sent to the Picture Archiving and Communication System (PACS). Sagittal and coronal multiplanar and maximum-intensity-projection images from the CTA data were reconstructed and also sent to the PACS. Perfusion analysis was performed with the vendor-supplied Neuro-VPCT software (Siemens Healthcare) based on the semiautomatic deconvolution algorithm “auto stroke”. Motion correction and bone segmentation were performed automatically. Automatic arterial and venous vessel identification, vessel segmentation threshold, and depiction of a healthy hemisphere for normalization were reviewed on all patient datasets by a single observer (AC). Gray-scale and colour-coded perfusion parameter maps for cerebral blood flow, cerebral blood volume, and time to peak were stored in a DICOM format.

Image analysis
The PS was calculated for the side of the ischemia and/or infarction and for the contralateral unaffected side at the same level (Figure 1). The cerebral blood flow map was used to delineate the ischemic territory. Next, a region of interest (ROI) was drawn at the centre of this territory on the PS parametric map. Finally, a mirror ROI was created on the contralateral side at the same level. In cases of transient ischemic attack (n = 6) and cerebellar ischemia (n = 1), the ROI was placed over the basal ganglia and the affected and unaffected sides were compared. The PS scores were determined by the mean value within the ROI. The relative permeability-surface area product maps (rPS) acted as an internal control and was calculated as the ratio of the PS on the side of the AIS to the PS on the contralateral side.
For cases where intracranial hemorrhage occurred, one observer (JJSS), a fellowship-trained staff neuroradiologist, further classified the severity of the event. Events were classified as: (1) a petechial hemorrhage, which encompasses both the HI1 and HI2 (Hemorrhagic infarction) under the ECASS definition[12]; or (2) a more severe event with parenchymal hemorrhage, which includes both with and without mass effect. There was one case of subarachnoid hemorrhage, which was grouped together with parenchymal hemorrhage.

Statistics analysis
The data were arranged and analyzed using Excel (Microsoft Office 2007). The third author (JJSS) reviewed the statistical methods for this study. Patients were divided into two groups: Those who had and those who did not have hemorrhagic transformation. Quantitative variable results were expressed as means + standard deviations. Log conversion was used to convert the data into normal distribution to use t-test. A student t-test was performed to compare the degree of vascular permeability between the groups with and without hemorrhagic transformation. For the group of patients who experienced intracranial bleed, a student t-test was performed between those with only petechial hemorrhage and those with more severe parenchymal hematoma with subarachnoid hemorrhage. An alpha level of < 0.05 was considered significant. Next, a contingency table analysis of statistical measures including the sensitivity, specificity, positive and negative predictive values was derived. 

RESULTS
The demographic information on our patients is summarized in Table 1. The average PS for the affected hemisphere in those who experienced any hemorrhagic transformation was not significantly (P = 0.26) higher (Mean + std: 3.06 + 1.81) compared to those who did not (2.47 + 1.75; Table 2). The average PS in the contralateral normal side was also not significantly different (P = 0.18) between those with hemorrhagic transformation (1.79 + 1.10) and those without (2.3 + 1.35; Table 2). The rPS derived using the normal side as the internal control was significantly higher (P = 0.003) in cases of hemorrhagic transformation (1.71 + 1.64) compared to those who did not have any (1.07 + 1.30; Table 2). 
Using the overall mean rPS of 1.3 as a cutoff, values above the threshold showed an increased likelihood of subsequent hemorrhagic transformation. The sensitivity of using this score to predict hemorrhagic transformation was 71.4, the specificity was 78.6, with a positive predictive value of 62.5 and negative predictive value of 84.6. The accuracy was determined at 76.2. The odds ratio of an event occurring with such an rPS was 9.2.
Of the 15 cases of hemorrhagic transformation, there was no statistically significant difference (P = 0.35) in the rPS between those with petechial or the more severe hemorrhagic events (Table 3).

DISCUSSION
This retrospective study supports previous reports that showed a significant correlation between the measure of neurovascular injury (PS) and the propensity of patients to experience ipsilateral intracranial hemorrhage. In contrast to other studies, we did not find significantly increased permeability in the contralateral unaffected hemisphere. We postulate that because the average time from onset of symptoms to CT was well under 6 h, the inflammatory mediators and free radical products had not yet taken action on a global scale. Yang et al[13] showed also that the blood-brain barrier permeability was in the normal ranges for several hours after permanent middle cerebral artery occlusion and that BBB disruption occurs with late reperfusion. This is a global process and underscores the importance of using the contralateral PS as control. 
Although PS has been shown here and elsewhere to be useful in predicting subsequent intracranial hemorrhage with relatively high specificity and sensitivity, it does not differentiate between mild petechial and the more severe parenchymal hemorrhagic events. A hemorrhagic event can range quite widely in the severity spectrum and can appear minor and asymptomatic with trivial hemorrhagic petechiae to large parenchymal hematoma with space-occupying effect. These imaging characteristics have been used as an indirect marker to predict the clinical outcome[14]. A post hoc analysis of the ECASS Ⅱ data shows that only parenchymal hemorrhage affecting greater than 30% of the infarct and associated with mass effect leads to an early clinical deterioration and worsened long-term outcome, like death[11]. Thus, in practical terms, although the PS is quite good at evaluating the degree of blood-brain barrier damage that predisposes patients to further injury, it does not give clinicians a sense of who may proceed to catastrophic complication. 
Ideally, a method would exist to, first, identify those who will develop symptomatic complications and to halt thrombolytic therapy in these patients. Second, the method would identify those who will develop only asymptomatic complications so that clinicians can extend thrombolytic therapy in this group, with the ultimate goal of individually customizing the time window for tPA administration. If PS cannot assess the true potential risk of thrombolytic therapy, we suggest that this method of stroke evaluation is not yet optimal for the treating physician. PS may prevent treatment in patients who may experience some minor petechial hemorrhage but, ultimately, can benefit from restoration of blood flow and recover from potential neurological deficits. Further research with a larger number of patients is required to develop more refined criteria that can help the treating clinician identify patients with potential serious hemorrhagic complications.
There are a few limitations to this study. First, only 42 of the 84 acute ischemic stroke patients received follow-up CT exam after therapy, which reduced the sample size and the statistical power associated with determination of severity. Second, this study focused solely on the CTP-derived PS. MR imaging has also been used to study blood-brain barrier breakdown and is superior for hemorrhage detection. In cases of acute stroke, however, it is often not feasible to obtain an MR exam within the treatment time window. Thus, development of an extended CT stroke protocol may be more practical in the acute setting because it is the modality of choice for the initial investigation.
Pre-treatment PS can predict the occurrence of hemorrhagic transformation in AIS patients with relatively high sensitivity, specificity, positive and negative predictive value. However, PS may not predict hemorrhagic transformation severity, which is critical in the decision to treat.

COMMENTS
Background
Hemorrhagic transformation is one of the most important complications following thrombolytic treatment of acute ischemic stroke (AIS). The ability to predict hemorrhagic complication at presentation can be useful to clinicians. Perfusion-derived permeability-surface area product maps (PS) have been suggested to be of utility in predicting hemorrhagic transformation. Herein, the authors aim to show whether PS can predict hemorrhagic transformation on follow-up. If so, can the magnitude of the score predict the event severity?
Research frontiers
Previous reports showed a significant correlation between the measure of neurovascular injury (PS) and the propensity of patients to experience ipsilateral intracranial hemorrhage. They found that pre-treatment PS can predict the occurrence of hemorrhagic transformation in AIS patients with relatively high sensitivity, specificity, positive and negative predictive value. 
Innovations and breakthroughs
Data from the computed tomography (CT) perfusion can be used to generate information on the permeability of the blood-brain barrier as a function of ischemia-related vascular injury. This extracted PS has been described by some studies as an independent predictor of future hemorrhagic transformation. Their results are consistent with those studies. However, PS may not predict hemorrhagic transformation severity, which is critical in the decision to treat.
Applications
This study suggests that PS is useful in predicting patient outcomes following AIS. However, the utility of PS is limited because it does not distinguish between mild petechial and the more severe parenchymal hemorrhagic events. If PS cannot assess the true potential risk of thrombolytic therapy, we suggest that this method of stroke evaluation is not yet optimal for the treating physician.
Terminology
AIS: Acute ischemic stroke; PS: Permeability-surface area product maps; CTP: CT perfusion.
Peer-review
This article investigated the role of permeability-surface area product maps (PS) on CTP to predict HT in AIS patients. They concluded that pretreatment PS can predict the occurrence of HT on follow-up CT with reasonable accuracy. Overall it is a nicely written study.
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Figure 1  An extended computed tomography perfusion protocol in a patient with petechial hemorrhage in the ischemic/infarcted brain following tissue plasminogen activator. A: The unenhanced CT shows loss of the gray white interface in the right insula; B: PS map with ROI over the affected territory and unaffected territory on the contralateral side. PS values are 1.38 and 2.95 mL/100 per minute on the unaffected and affected sides, respectively; C: Follow-up imaging the next day showed petechial hemorrhage in the infarcted tissue. ROI: Region of interest; CT: Computed tomography; PS: Permeability-surface area product maps.
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Table 1  Characteristics of patients who presented with acute ischemic stroke
Patients (n = 42)

Age

Sex (M/F)

Ⅳ tPA

Mechanical

No tPA

Onset to CT (min)

Onset to therapy

No hemorrhage (27; 64.3%)

  70.1 ± 12.57

12/15

24 (88.9%)

0

  3 (11.1%)

127

168

Hemorrhage (15; 35.7%)

69.9 ± 13.6

7/8

14 (92.9%)

5 (33.3%)

1 (6.7%)

111

143

 P value

0.89

0.83

0.7

     0.07




CT: Computed tomography; tPA: Tissue plasminogen activator; M: Male; F: Female.

Table 2  The permeability surface area product based on the computed tomography perfusion at the time of hospital presentation
Patients (n = 42)

Permeability surface area product

Relative permeability


Normal side

Affected side

P value


No hemorrhage (27; 64.3%)

2.32 + 1.38

2.34 + 1.65

0.49

1.04 ± 0.53

Hemorrhage (15; 35.7%)

1.84 + 1.06

3.21 + 1.88

  0.002

1.83 ± 0.78

P value

0.18

0.26


0.003



Table 3  Petechial and catastrophic bleeds among patients who experienced intracranial hemorrhage
Patients (n = 15)

Permeability surface area product

Relative permeability


Normal side

Affected side

P value


Petechial hemorrhage (8; 53.3%)

2.03 + 1.30

3.70 ± 2.28

0.02

1.78 ± 0.66

Hematoma + SAH (7; 46.7%)

1.61 ± 0.75

2.66 ± 1.23

0.06

1.89 ± 0.94

P value

0.92

0.74


0.35

SAH: Subarachnoid haemorrhage.
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