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Suresh K. Mukherji, MD, Consulting Editor




It is both and honor and a privilege to have Dr Pam Schaefer edit this edition of Neuroimaging Clinics of North America. Dr Schafer is a recognized expert on stroke imaging and is a member of the world-renowned stroke team at the Massachusetts General Hospital. She has invited a fantastic group of authors who are all recognized experts in their respective areas of stroke imaging. I think the timing of this issue is excellent and I am very confident that this volume will be a state-of-the-art reference on stroke imaging for many years to come.


On a personal note, I was delighted when Pam agreed to guest edit this edition. I have been a great admirer of her scientific work and her leadership abilities for many years. She will soon be President of the American Society of Neuroradiology and I know our society will continue to prosper and flourish under her guidance and exceptional leadership.
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With the advent of advanced MR and CT techniques and new endovascular procedures, diagnosis and management of acute stroke are a rapidly evolving field. It would be impossible to cover all the important aspects of acute stroke in a single edition of Neuroimaging Clinics of North America, and I have focused on selected topics.


Since atheromatous disease is a major cause of acute ischemic stroke, one article includes a review of noninvasive imaging of the carotid artery with a focus on vulnerable plaque imaging.


Five articles address advanced CT and MR techniques such as CTA, CT perfusion, diffusion-weighted imaging, diffusion tensor imaging, dynamic susceptibility perfusion-weighted imaging, arterial spin labeling perfusion-weighted imaging, and permeability imaging for evaluating acute ischemic stroke.


Three articles address intravenous and intra-arterial therapies and the use of advanced imaging to guide patient selection. One reviews intra-arterial recanalization strategies. One addresses the role of diffusion and perfusion MRI in selecting patients for IV therapy and reviews major trials to date. An additional article reviews ASPECTS and other neuroimaging scores that are used in the acute setting to guide patient selection for intravenous and intra-arterial therapies and to help predict outcome.


Two articles address specific clinical syndromes to which our imaging approach and treatment are rapidly changing: wake-up strokes and transient ischemic attacks.


Another article on acute ischemic stroke addresses the need for a stroke imaging research roadmap; that is, the need to share data and standardize and validate imaging techniques.


While I have focused mostly on acute ischemic stroke, I did include one article on advanced CT imaging of hemorrhagic stroke since, in the emergency room setting, CTA has markedly improved our ability to rapidly diagnose underlying vascular lesions and predict who is at risk for subsequent rebleeding.


I am indebted to all of the authors for their invaluable contributions and I thank all of them for spending so much time and effort on their individual topics. I hope that readers find the articles in this issue interesting, informative, and thought-provoking.
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Abstract


Multidetector computed tomographic (CT) angiography is rapidly becoming a pivotal examination in the initial evaluation of patients with hemorrhagic stroke. This article provides an update of the literature on this dynamic topic, focusing on (1) the utility of CT angiography in the identification of hemorrhagic stroke patients who harbor an underlying vascular etiology and the role of the secondary intracerebral hemorrhage score, as well as (2) the clinical value of the CT angiography spot sign and spot sign score in patients with primary intracerebral hemorrhage.
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According to the National Stroke Association 2009 Fact Sheet, hemorrhagic stroke accounts for 13% of cases of acute stroke in the United States, with approximately 100,000 hospital admissions per year. Hemorrhagic stroke has a worse prognosis than ischemic stroke, with up to 50% 30-day mortality and very high rates of severe neurological disability among survivors.1 There are 2 major types of hemorrhagic stroke: (1) those that are due to an underlying vascular lesion such as an arteriovenous malformation (AVM), aneurysm with intraparenchymal rupture, dural venous sinus (or cerebral vein) thrombosis (DVST), vasculitis, and Moya-Moya disease, which represent a minority of cases and are potentially treatable (secondary intracerebral hemorrhage [ICH]); and (2) those that are not due to an underlying vascular lesion (primary ICH).


Timely and accurate identification of patients with secondary ICH is important because these patients may benefit from prompt surgical or endovascular intervention once an underlying vascular abnormality has been identified, since rates of rehemorrhage, with increased morbidity and mortality, can be as high as 18% per year.1-5 Although conventional catheter angiography remains the gold standard for the detection of underlying vascular etiologies in patients with hemorrhagic stroke, thanks to its widespread availability, rapidity of acquisition, lower cost, and favorable risk profile, multidetector CT angiography (MDCTA) is rapidly becoming the favored diagnostic tool in the initial evaluation of this patient population.


For patients with primary ICH, the total volume of extravasated intracranial blood is the most potent predictor of mortality and poor outcome among survivors, and those patients who develop hematoma expansion after admission have a worse prognosis than those who do not.6 Although current treatment options for primary ICH consist primarily of supportive measures, emerging hemostatic therapies aiming to reduce the extent of hematoma expansion such as recombinant activated factor VII or intensive blood pressure reduction may be able to decrease the dreadful morbidity and mortality of this disease.7,8 Nevertheless, given that most patients with primary ICH do not experience hematoma expansion after admission, accurate patient selection to target hemostatic therapy only to those patients who are actively bleeding at the time of presentation—and hence are most likely to benefit from hemostatic therapy—is imperative.


Importantly, several recent studies with large cohorts of acute hemorrhagic and ischemic stroke patients evaluated with MDCTA on admission, have found that the incidence of acute contrast-induced nephropathy in this patient population is low, ranging from 2% to 7%, and that this risk is not higher in patients whose baseline creatinine value is unknown at the time of scanning.9-13





Accuracy of multidetector CT angiography for the detection of underlying vascular lesions in hemorrhagic stroke


Several recent studies comparing the accuracy of MDCTA to the gold standards of conventional catheter angiography as well as findings of surgical hematoma evacuation and autopsy have demonstrated that MDCTA can accurately identify those patients with hemorrhagic stroke who have an underlying vascular etiology (secondary ICH), with sensitivities ranging from 89% to 96% and overall accuracy rates of 91% to 99% (Table 1).14-17 Thus, MDCTA is an accurate diagnostic tool that allows for the rapid identification of the important minority of patients with hemorrhagic stroke who have secondary ICH, which, in turn, allows for the prompt institution of endovascular or surgical treatment in suitable patients in order to prevent rebleeding from the causative vascular lesion.




Table 1 Accuracy of MDCTA compared with catheter angiography for the detection of vascular etiologies in patients with hemorrhagic stroke
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Frequency of Secondary ICH in Patients with Hemorrhagic Stroke Evaluated with MDCTA


The incidence of underlying vascular etiologies for an ICH varies significantly according to the patient’s clinical characteristics and noncontrast CT (NCCT) findings, with patient age being one of the most important variables. Indeed, in recent MDCTA studies the frequency of secondary ICH has ranged from 13% to 28% in patients older than 18 years16-19 to 65% in patients 40 years or younger (Table 2).15 Table 3 provides a summary of the different types and relative frequencies of causative vascular lesions in a cohort of 845 ICH patients evaluated with MDCTA at the authors’ institution over a 10-year period.19




Table 2 Frequency of secondary ICH in patients with hemorrhagic stroke evaluated with MDCTA
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Table 3 Relative frequency of different vascular etiologies in a cohort of 845 hemorrhagic stroke patients evaluated with MDCTA






	Vascular Etiology

	N

	%






	Arteriovenous malformation

	55

	45.8






	Aneurysm with purely intraparenchymal rupture

	26a


	21.7






	Dural venous sinus/cortical vein thrombosis

	20b


	16.7






	Arteriovenous fistula

	11

	9.2






	Vasculopathy

	4c


	3.3






	Moya-Moya

	4

	3.3







a Includes 3 pseudoaneurysms.


b Includes 2 cases of isolated cortical vein thrombosis.


c Includes a patient in whom vasculitis led to pseudoaneurysm formation and rupture.








Practical Risk Stratification for the Presence of Underlying Vascular Lesions in Patients with Hemorrhagic Stroke: The Secondary ICH Score


In a recent series of 623 consecutive patients who presented with hemorrhagic stroke at the authors’ institution over a 9-year period, several independent clinical and NCCT predictors of a higher incidence of a causative vascular lesion were identified in ICH patients evaluated with MDCTA: (1) age younger than 46 years (47%), lobar (20%) or infratentorial (16%) ICH location, female sex (18%), and absence of known hypertension or impaired coagulation at presentation (33%).17


In addition, the authors devised a system to categorize the NCCT according to the probability that an underlying vascular etiology would be found on the subsequent MDCTA examination. In this system, a high-probability NCCT was defined as an examination in which there were either (1) enlarged vessels or calcifications along the margins of the ICH, or (2) hyperdensity within a dural venous sinus or cortical vein along the presumed venous drainage path of the ICH. A low-probability NCCT was defined as an examination in which (1) none of the findings of a high-probability NCCT were present, and (2) the ICH was located within the basal ganglia, thalamus, or brainstem. An indeterminate NCCT was defined as an examination that did not meet criteria for a high- or low-probability NCCT (most commonly, lobar or cerebellar ICH).17,19 Of note, in multivariate analysis the authors found that the NCCT categorization according to this system superseded ICH location (defined as lobar, cerebellar, or deep gray matter) as a predictor of an underlying vascular etiology for the ICH.19


Although a hemorrhagic stroke patient presenting with any of the aforementioned clinical or NCCT characteristics would be at a significantly increased risk of having secondary ICH, the clinical scenario encountered is often complex. For example, one may be presented with a male patient younger than 46 years who has a history of hypertension and presents with a basal ganglia hemorrhage; or, alternatively, a female patient in her 50s or 60s who has a history of hypertension and impaired coagulation but presents with a lobar ICH (Fig. 1). Hence, a scoring system that integrates a given hemorrhagic stroke patient’s risk of harboring an underlying vascular etiology for the ICH would be desirable and clinically valuable. The authors have recently devised such a scoring system based on the aforementioned independent predictors of a higher incidence of secondary ICH, utilizing the NCCT categorization rather than ICH location, and have designated it the Secondary ICH (SICH) Score (Table 4).19 Table 5 provides the predictive value of the SICH score in the retrospective derivation cohort of 623 patients as well as in a prospective validation cohort of 222 patients. Figs.2, Figs. 3, and 419 depict patients with high SICH scores and secondary ICH demonstrated by MDCTA.





[image: image]

Fig. 1 A 59-year-old woman with a history of hypertension and daily aspirin use presents with headache and worsening left-sided weakness. (A) Indeterminate NCCT demonstrates a right temporo-parieto-occipital ICH (SICH score 3). (B) Axial maximum intensity projection (MIP) image of a CTA demonstrates a right temporo-parieto-occipital AVM (arrowhead) with arterial supply from the right posterior cerebral artery (white arrow) and venous drainage to the right transverse sinus (black arrow).




Table 4 Calculation of the SICH score






	Parameter

	Points






	NCCT categorizationa
High probability
Indeterminate
Low probability

	


2
1
0






	Age group (years)
18–45
46–70
≥71

	


2
1
0






	Sex
Female
Male

	


1
0






	Neither known HTN nor impaired coagulationb
Yes
No

	





1
0







The SICH score is calculated by adding the total number of points for a given patient.


Abbreviations: aPTT, activated plasma thromboplastin time; HTN, hypertension; INR, international normalized ratio; NCCT, noncontrast CT; SICH, secondary intracerebral hemorrhage.


a High-probability NCCT: an examination with either (1) enlarged vessels or calcifications along the margins of the ICH, or (2) hyperdensity within a dural venous sinus or cortical vein along the presumed venous drainage path of the ICH. Low-probability NCCT: an examination in which neither (1) nor (2) are present and the ICH is located in the basal ganglia, thalamus, or brainstem. Indeterminate NCCT: an examination that does not meet criteria for a high- or low-probability NCCT.


b Impaired coagulation defined as admission INR >3, aPTT >80 seconds, platelet count <50,000, or daily antiplatelet therapy.




Table 5 Predictive value of the SICH score
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Fig. 2 A 28-year-old man without a history of hypertension or impaired coagulation presents with right-sided hemiparesis. (A) Indeterminate NCCT demonstrates a left parietal ICH (SICH score 4). (B) Axial CTA source image demonstrates a 9-mm outpouching arising from a distal branch of the left middle cerebral artery (arrowhead), consistent with a pseudoaneurysm. The patient was later found to have a history of intravenous drug use.
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Fig. 3 A 57-year-old woman without a history of hypertension or impaired coagulation presents with headache followed by obtundation. (A) High-probability NCCT demonstrates a right basal ganglia ICH with an enlarged vessel medial to the ICH in the region of the third ventricle (arrowheads, SICH score 5). (B) Axial CTA source image demonstrates abnormal vessels in the right basal ganglia (arrow) as well as a markedly enlarged right internal cerebral vein (arrowheads), consistent with an AVM. (C) Coronal CTA MIP image redemonstrates the right basal ganglia AVM with venous drainage to the right internal cerebral vein and straight sinus.
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Fig. 4 A 21-year-old woman without a history of hypertension or impaired coagulation presents with worsening headaches for the past week. (A) High-probability coronal NCCT demonstrates a left parietal ICH with hyperdensity within a cerebral vein in the expected venous drainage path of the ICH (arrowheads, SICH score 6). (B) Axial CTA source image demonstrates nonopacification of several cerebral veins in the left cerebral hemisphere near the vertex (arrowheads), consistent with cerebral vein thrombosis as the ICH etiology. The patient was later found to have stopped oral contraceptives 1 week prior to admission.




The SICH score is advantageous because it can be rapidly calculated immediately after the NCCT examination has been performed, while the patient is still on the CT scanner table, and thus serves as a valuable tool in the clinical decision as to whether to perform MDCTA. Indeed, this scoring system would be most useful at institutions where neurovascular imaging is not performed in all ICH patients but is reserved for those patients who are deemed most likely to harbor an underlying vascular abnormality. However, given the relatively high positive rate of MDCTA for the presence of an underlying vascular etiology in patients with hemorrhagic stroke (14.2% in the authors’ cohort), some institutions (including the authors’) perform MDCTA in all patients with this condition. Hence, the usefulness of the SICH score at the latter institutions lies in selecting ICH patients for more invasive diagnostic tests such as conventional catheter angiography when the initial MDCTA is either negative or inconclusive but the patient’s pretest probability of harboring an underlying vascular lesion—as determined by the SICH score—is high. Of importance, results of receiver operating characteristic (ROC) analysis in the authors’ patient cohort showed that the maximum operating point was reached at a SICH score of greater than 2. Fig. 5 provides proposed algorithms for the diagnostic workup of patients with hemorrhagic stroke based on the admission SICH score at institutions that perform neurovascular imaging selectively (see Fig. 5A) as well as at institutions that perform MDCTA in all patients (see Fig. 5B).
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Fig. 5 Proposed diagnostic algorithms for the workup of patients with hemorrhagic stroke. (A) Algorithm for institutions that perform neurovascular imaging selectively. (B) Algorithm for institutions that perform MDCTA in all patients. NCCT, noncontrast CT; SICH, secondary intracerebral hemorrhage; MDCTA, multidetector CT angiography; DSA, digital subtraction angiography; INR, interventional neuroradiology; MRI, magnetic resonance imaging.










Potential Pitfall in the Diagnosis of Dural Venous Sinus Thrombosis


There is an important potential pitfall to be aware of when making the diagnosis of DVST as the ICH etiology, which is of utmost clinical importance because its treatment may entail the institution of anticoagulation (despite the presence of ICH) and mechanical thrombectomy. Since the introduction of 64-slice CT scanners, the time delay from contrast injection to scanning has decreased and, as a result, the normal dural venous sinuses may or may not be adequately (ie, homogeneously) opacified at the time of CT scanning. Indeed, at institutions where MDCTA is performed from the skull base to the vertex, this phenomenon may occur as frequently as 40% to 60% of the time for the transverse and sigmoid sinuses (Fig. 6).20 Thus, if in the first-pass CT angiogram (CTA) a dural venous sinus is homogeneously opacified, then DVST can be effectively ruled out. However, if a dural venous sinus is either inhomogeneously opacified or nonopacified in the first-pass CTA, then it could be due to scan timing or partial/complete DVST. Hence, identification of inadequate contrast opacification of a dural venous sinus during review of the first-pass CTA in a distribution that may explain the ICH should prompt acquisition of an immediate delayed scan to confidently make (or exclude) the diagnosis of DVST as the ICH etiology. In the authors’ experience, the delayed scan can be obtained up to 7 minutes after the first-pass CTA.





[image: image]

Fig. 6 A 67-year-old woman presents with unresponsiveness. (A) NCCT demonstrates a right cerebellar intracerebral hemorrhage with intraventricular extension. (B) Axial source image of a first-pass CTA performed in a 64-slice CT scanner demonstrates nonopacification of the right transverse and sigmoid sinuses (arrowheads), which may be related to scan timing or DVST. (C) Delayed CTA performed 27 seconds after the first-pass CTA demonstrates homogeneous opacification of the right transverse and sigmoid sinuses (arrowheads), which excludes DVST as the ICH etiology.













The CT angiography spot sign in primary ICH


In the past decade, several studies have shown that the presence of active contrast extravasation at MDCTA, known as the spot sign, is an indicator of ongoing hemorrhage and, as such, is an accurate and powerful predictor of hematoma expansion, mortality, and poor outcome among survivors in patients with primary ICH (Table 6).21-29 Of importance, these studies have also shown that the frequency of spot signs varies considerably according to the time from ictus to MDCTA evaluation, ranging from 66.2% in patients imaged within 3 hours of ictus to 13.5% in those patients imaged after 6 hours from ictus.28




Table 6 Frequency and accuracy of the spot sign for the prediction of hematoma expansion and mortality in primary ICH
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Criteria for the Identification of a Spot Sign and the Spot Sign Score


In a recent series of 573 consecutive patients with primary ICH from the authors’ institution (367 of whom had a follow-up NCCT examination), strict radiological criteria for the identification of a spot sign in the CTA source images were developed (Box 1).27,28 The first 2 criteria in Box 1 allow the reader to make the important differentiation between “true” spot signs and spot sign “mimics” such as choroidal calcifications, aneurysms, and AVMs,18 while the third criterion minimizes the likelihood that hematoma heterogeneity and inherent CTA source image noise is misdiagnosed as a spot sign.





Box 1 Criteria for the identification of a spot sign






≥1 focus of contrast pooling within the ICH



Discontinuous from normal or abnormal vasculature adjacent to the ICH



Attenuation ≥120 Hounsfield Units



Any size and morphology





In addition, the authors systematically characterized this MDCTA finding and demonstrated that all spot signs do not carry the same predictive value (Figs. 7 and 8). Subsequently, the spot sign characteristics that independently predicted the likelihood of hematoma expansion (ie, the number of spot signs, maximum axial dimension, and maximum absolute attenuation) were utilized, and a spot sign scoring system developed (Table 7), which further refined the spot sign’s predictive value for the aforementioned outcome measures (Table 8).27,28 Furthermore, the spot sign score also explained why a spot sign’s predictive value for hematoma expansion decreases as time from ictus increases: in patients with spot signs and an exact known time from ictus, the mean and median spot sign score (and hence, the spot sign’s predictive value) decreases significantly as time from ictus to MDCTA evaluation increases. Indeed, in the authors’ study, when the spot sign score was entered into the multivariate logistic regression model instead of the simple presence of a spot sign as a binary variable, time from ictus to MDCTA evaluation was no longer an independent predictor of hematoma expansion.27
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Fig. 7 An 87-year-old man with a history of hypertension and daily aspirin intake presents with left-sided numbness and confusion for the last 5 hours. (A) NCCT demonstrates a right thalamic ICH with intraventricular extension. (B) Axial CTA source image demonstrates a single focus of contrast pooling within the ICH with a maximum axial dimension of 2 mm and attenuation of 128 Hounsfield Units (arrowhead), consistent with a spot sign (spot sign score 1). (C) Follow-up NCCT performed 18 hours after the baseline CTA demonstrates no interval change in the ICH or intraventricular hemorrhage. The patient was discharged to a rehabilitation facility after a hospital stay of 7 days.
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Fig. 8 A 44-year-old man with a history of hypertension presents with worsening obtundation over the last 80 minutes. (A) NCCT demonstrates a right thalamic ICH (15.4 mL) with intraventricular extension (24.3 mL). (B) Axial CTA source image demonstrates at least 4 foci of contrast pooling within the ICH, consistent with spot signs. The largest spot sign had a maximum axial dimension of 7-mm and an attenuation of 218 Hounsfield Units (arrowhead, spot sign score 4). (C) Follow-up NCCT performed 4.5 hours after the baseline CTA demonstrates interval expansion of the right thalamic ICH (26.9 mL) and intraventricular hemorrhage (27.8 mL). The patient was discharged to a rehabilitation facility after a hospital stay of 23 days.




Table 7 Calculation of the spot sign score






	Spot Sign Characteristica


	Points






	Number of spot signs
1–2
≥3

	


1
2






	Maximum axial dimension
1–4 mm
≥5 mm

	


0
1






	Maximum attenuation
120–179 HU
≥180 HU

	


0
1







Abbreviation: HU, Hounsfield Unit.


a The spot sign characterization is performed in the first CTA acquisition in which a spot sign is identified. For CTAs with more than 1 spot sign, the maximum dimension in a single axial CTA source image and maximum attenuation of the largest spot sign is determined. The spot sign score is obtained by adding the total number of points for the CTA.




Table 8 Predictive value of the spot sign score for hematoma expansion, in-hospital mortality, and poor outcome among survivors in primary ICH
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Thus, as accurate indicators of ongoing hemorrhage, the presence of a spot sign and spot sign score could serve as triage tools to target early hemostatic therapy for those patients with primary ICH who are most likely to benefit from treatment, regardless of time from ictus to MDCTA evaluation. Future research may also help elucidate whether patients with different spot sign scores will derive the same clinical benefit from these emerging therapies.








Value of Delayed MDCTA Acquisitions in Patients with Primary ICH


Several recent studies have found that a significant minority of spot signs are found on the delayed MDCTA acquisitions only, which are typically performed 2 to 3 minutes after the first-pass CTA. The frequency of these delayed spot signs has ranged from 8% to 23% of all spot signs identified in different series.21,24,25,27-29 Nevertheless, these delayed spot signs carry the same predictive value as the spot signs identified in the first-pass CTAs and, when coupled with the spot signs identified in the first-pass CTAs, increase this finding’s sensitivity and negative predictive value for hematoma expansion.


Delayed MDCTA acquisitions are also extremely useful in cases where differentiating a spot sign from an aneurysm or small AVM is challenging. By definition, spot signs are extravascular collections of contrast and aneurysms or AVMs are intravascular structures. It follows that on a delayed MDCTA acquisition, a spot sign should change in configuration and attenuation relative to the vasculature adjacent to the hematoma because the extravasated contrast mixes with the blood within the hematoma; indeed, the contrast often layers in the dependent portions of the hematoma. However, an intravascular structure, such as an aneurysm or small AVM, should maintain its morphology and have the same attenuation as the vasculature adjacent to the hematoma on the delayed MDCTA acquisition (Fig. 9). Distinguishing spot signs from aneurysms or small AVMs is important because the treatment implications are vastly different.
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Fig. 9 A 92-year-old woman with a history of hypertension presents with unresponsiveness for 4.5 hours before presentation. (A) NCCT demonstrates a large left thalamic ICH with intraventricular extension. (B) Axial first-pass CTA source image demonstrates a rounded 6-mm collection of contrast within the ICH (arrowhead), which demonstrated a connection to a small lenticulostriate branch of the left middle cerebral artery, consistent with an aneurysm. (C) Axial first-pass CTA source image at a slightly higher level demonstrates 5 discrete foci of contrast pooling within the ICH, which were not connected to any vessels outside the ICH, consistent with spot signs. The largest spot sign measured 5 mm and had an attenuation of 192 Hounsfield Units (arrowhead, spot sign score 4). (D) Delayed axial CTA image obtained 34 seconds after the first-pass CTA demonstrates that the lenticulostriate aneurysm shown in B did not change in morphology and maintains the same attenuation as the vasculature outside the ICH (arrowhead). Note that there are now spot signs present in this image (arrows). (E) Delayed axial CTA image at the level of the spot signs shown in C demonstrates that they have increased in size and do not have the same attenuation as the vasculature outside the ICH (arrowhead), as contrast has pooled within it. (F) Coronal reformation of the first-pass CTA demonstrates the aneurysm (arrowhead) arising from the small lenticulostriate branch of the left middle cerebral artery (thick arrow), as well as the multiple spot signs superiorly within the ICH (arrows). The patient died shortly after the CTA was performed.




Nevertheless, the clinical benefits derived from improving (1) the spot sign’s sensitivity and negative predictive value for the prediction of hematoma expansion as well as (2) the ability to accurately make the distinction between spot signs and aneurysms or small AVMs must be carefully weighed against the additional radiation exposure incurred from performing a delayed CT examination of the head—approximately 2.5 mSv at the authors’ institution, which is slightly less than the estimated average annual radiation dose for a person living in the United States (3 mSv).











The CT angiography spot sign in secondary intracerebral hemorrhage


Although an initial report suggested that spot signs were uncommon in patients with secondary ICH and the spot sign may be a finding specific to patients with primary ICH,18 a recent study of 173 patients with secondary ICH from the authors’ institution demonstrated that, utilizing the strict radiological criteria delineated in Box 1, spot signs can be identified in this patient population.30 Indeed, spot signs were less common in secondary ICH than in primary ICH, occurring in approximately 14.5% of secondary ICH patients in the authors’ study. However, they were particularly common in patients with arteriovenous fistulae (41.7%) as well as anterior (18.2%) and middle (17.1%) cerebral artery aneurysms with intraparenchymal rupture (Fig. 10). Although the presence of a spot sign in this patient population predicted an increased risk of in-hospital mortality (44%, P value .027), this was not the case for hematoma expansion (16.7%, P value .48). However, the majority of patients in the authors’ sample underwent either surgical or endovascular intervention immediately following the CTA and, thus, hematoma expansion could not be adequately assessed in these patients.
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Fig. 10 A 16-year-old man presents with worsening headache and expressive aphasia for 3 hours. (A) NCCT demonstrates a left frontal ICH with intraventricular extension. (B) Axial CTA source image demonstrates a left middle cerebral artery aneurysm (arrowhead). (C) Axial CTA source image at a slightly higher level redemonstrates the left middle cerebral artery aneurysm (arrowhead) as well as 2 large separate foci of contrast pooling within the ICH, consistent with spot signs (arrows). The largest spot sign measured 13 mm and had an attenuation of 184 Hounsfield Units (spot sign score 3). The patient underwent immediate surgical evacuation and aneurysm clipping, and was discharged to a rehabilitation facility after a hospital stay of 13 days.










Summary


MDCTA is rapidly becoming a pivotal examination in the initial diagnostic workup of patients with hemorrhagic stroke, allowing for the prompt and accurate diagnosis of potentially treatable underlying vascular etiologies in the important minority of patients with secondary ICH, and emerging as an important triage tool in the selection of primary ICH patients for novel hemostatic therapies.
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Abstract


Computed tomographic perfusion (CTP) imaging is an advanced modality that provides important information about capillary-level hemodynamics of the brain parenchyma. CTP can aid in diagnosis, management, and prognosis of acute stroke patients by clarifying acute cerebral physiology and hemodynamic status, including distinguishing severely hypoperfused but potentially salvageable tissue from both tissue likely to be irreversibly infarcted (“core”) and hypoperfused but metabolically stable tissue (“benign oligemia”). A qualitative estimate of the presence and degree of ischemia is typically required for guiding clinical management. Radiation dose issues with CTP imaging, a topic of much current concern, are also addressed in this review.
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The imaging management of acute ischemic stroke remains challenging both diagnostically and therapeutically. Intravenous tissue plasminogen activator (tPA) (to be used within 4.5 hours of stroke onset based on the 2008 European Cooperative Acute Stroke Study [ECASS III]1-3) and the MERCI clot retrieval device (to be used within 9 hours of stroke onset) are the only treatments currently approved by the Food and Drug Administration (FDA) for acute stroke.3-10 The only imaging modality currently required before intravenous tPA administration is unenhanced head computed tomography (CT), used to exclude intracranial hemorrhage (an absolute contraindication) and infarct size greater than one-third of the middle cerebral artery (MCA) territory (a relative contraindication, and predictor of increased hemorrhagic risk following tPA administration).11,12 The limited time window for intravenous (IV) tPA administration (which remains 3 hours on the package insert), delays in transportation and triage, and multiple contraindications to thrombolysis, however, all limit the use of intravenous tPA to typically less than 5% of patients admitted with ischemic stroke.13


CT perfusion (CTP) expands the role of CT in the evaluation of acute stroke by providing physiologic insights into cerebral hemodynamics, and in so doing complements the strengths of CT angiography (CTA) by determining the consequences of vessel occlusions and stenoses (Fig. 1).14-17 Acute ischemic stroke is a disorder of blood flow to the brain, and its characterization and management typically require an answer to the following 4 critical questions18-20:



• Is there hemorrhage that explains the symptoms or excludes lytic therapies?



• Is there intravascular thrombus that can be targeted for thrombolysis?



• Is there a “core” of critically ischemic infarcted tissue, and if so, how large?



• Is there a “penumbra” of severely ischemic but potentially viable tissue?
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Fig. 1 Sample imaging algorithms used for acute stroke triage to endovascular therapy at Massachusetts General Hospital (MGH) and at University of Virginia. The choice and order of imaging modalities for stroke varies from patient to patient based on the acuity/severity of the clinical presentation, and from center to center based on the local practice patterns and acute scanner/treatment availability (including intraventricular thrombolysis and endovascular therapies such as urokinase and clot retrieval). At the University of Virginia, for example, the imaging algorithm is to perform CTA/CTP for all suspected stroke on a diagnostic basis—to establish the differential diagnosis, stroke subtype, and extent of ischemia—and to proceed to MR imaging in selected cases where additional workup is clinically justified. CTA, computed tomographic angiography; CTP, computed tomographic perfusion; DWI, diffusion-weighted imaging; IA, intra-arterial; ICA, internal carotid artery; INR, international normalized ratio; MCA, middle cerebral artery; N[C]CT, noncontrast computed tomography; MRI, magnetic resonance imaging; MRP, magnetic resonance perfusion; TIA, transient ischemic attack.




CTP can help to address the latter 2 of these questions, whereas unenhanced CT and CTA can address the first and second, respectively.


CTP is fast,14 increasingly available,21 safe when performed correctly,22 and affordable.23 It typically adds no more than 5 minutes to the time required to perform a standard unenhanced head CT, and does not hinder IV thrombolysis, which can be administered (with appropriate monitoring) directly at the CT scanner table immediately following completion of the unenhanced scan.24-26 Like diffusion-weighted imaging (DWI) and MR perfusion-weighted imaging (PWI), CTP has the potential to serve as a surrogate marker of stroke severity, likely exceeding the National Institutes of Health Stroke Scale (NIHSS) score or Alberta Stroke Program Early CT Score (ASPECTS) as a predictor of outcome.27-35 Because of these advantages, advanced CT imaging could have important implications for the management of stroke patients worldwide.36-39





Technical considerations of CTP





Acute Stroke CT Imaging Protocol


At a recent meeting of stroke radiologists, emergency physicians, neurologists, and National Institutes of Health (NIH) administrators in Washington, DC, sponsored by the NIH and the American Society of Neuroradiology, both the technical and clinical issues regarding advanced acute stroke imaging were discussed. A position paper of the expert consensus achieved was published simultaneously in the American Journal of Neuroradiology and Stroke.40,41 In these articles, expert recommendations for minimum required standards of CT and MR image acquisition were set forth, although standardization and validation of postprocessing algorithms and, hence, image interpretation, has yet to be reached.


CT-only imaging protocols for complete acute stroke evaluation typically have 3 components: unenhanced CT, an “arch-to-vertex” CTA, and dynamic first-pass cine CTP.


The major role of unenhanced CT in IV thrombolysis triage, as noted previously, is to exclude hemorrhage before treatment.42 A large, greater than one-third MCA territory hypodensity at presentation is generally considered to reflect irreversible ischemia, portending a poor outcome regardless of treatment, and therefore a contraindication to thrombolysis.43 Despite advances in resolution, coverage, and reduced radiation dose, unenhanced head CT remains suboptimal in its ability to correctly subtype stroke, localize embolic clot, predict outcome, or assess hemorrhagic risk.4,6,7,18,44-47 Early ischemic signs of stroke are often absent or subtle, and their interpretation is prone to significant inter- and intraobserver variability.34,47-51


When CTA is performed, however, the source images from the CTA vascular acquisition (CTA-SI) offer additional clinically valuable data concerning not only the caliber of the head and neck vessels but also the tissue level perfusion.52-54 The potential utility of the CTA-SI data in the assessment of brain parenchymal ischemia arises from its visualization of bulk collateral circulation—typically blood flow rather than blood volume weighted with newer generation multidetector row CT (MDCT) scanners—and is discussed in further detail in the following sections.55








CTP Acquisition


The cine acquisition of perfusion data forms the final step in the CT imaging evaluation of acute stroke. With dynamic CTP, a contrast bolus of 35 to 45 mL per imaging volume (“slab”) is administered via power injector at a rate of 4 to 7 mL/s, with a saline “chaser” of 20 to 40 mL at the same rate. Typically a more rapid injection rate results in maximal but brief peak enhancement, compatible with cine protocols having a rapid data collection of 1 image per second, whereas a slower injection rate results in a somewhat lower but more prolonged plateau of enhancement, preferable for cine protocols with a lower frequency of data collection, such as “toggle table” or “shuttle mode” protocols acquired at 1 image every 3 seconds.


Acquisition typically begins 5 seconds after the start of contrast administration. With current-generation scan protocols, routine acquisition times have increased from the 45 seconds of early protocols, to greater than 66 to 75 seconds at present.56,57 The volume of brain tissue included in a first pass cine perfusion CT study is constrained in the craniocaudal direction by the width of the CT detector. Hence, the z-axis coverage of each acquisition depends on the manufacturer and generation of the CT scanner. This limitation arises from the routine rapid cine acquisition rate of 1 image per second performed at a fixed table position (ie, no table movement). The detector configuration can be varied, so that different slice thicknesses can be obtained simultaneously. For example, with a standard 16-detector row scanner, a 2-cm slab can be obtained consisting of either 2 10-mm or 4 5-mm thick slices.58-60 With a standard 64-detector row scanner, an approximately 3.4- to 4-cm z-direction slab can be acquired, per injection.


The maximum degree of vertical coverage could potentially be doubled for each bolus using a “shuttle-mode” or “toggle table” technique, in which the scanner table moves back and forth, switching between 2 different axial cine views at 2 different levels, separated by the z-direction detector width, albeit at a reduced temporal resolution of data acquisition, so as to permit sufficient time for table motion.61 Alternatively, 2 boluses can be used to acquire 2 slabs of CTP data at different levels, doubling the overall coverage,62 but (unlike shuttle mode) requiring twice the contrast and twice the radiation dose. More recently, helical shuttle mode techniques have been developed that permit more frequent temporal sampling per level, with a continuous “ribbon” of acquisition, and hence increased z-direction coverage. For example, a 64-detector row scanner with a 4-cm detector can provide 12 cm of cranial-caudal coverage using helical shuttle mode, with a temporal resolution of less than 3 seconds between serial images at a given z-level. Finally, the newest generation of 256 to 320 or more detector row scanners can provide as much as 16 cm of vertical, high temporal resolution coverage per gantry rotation.











Comparison with MR-PWI





Advantages





Quantitation and resolution


While CTP and MR-PWI both attempt to evaluate capillary-level hemodynamics, their differences should be considered. Dynamic susceptibility contrast (DSC) MR-PWI techniques rely on the T2* effect induced in adjacent tissues by high concentrations of intravenous gadolinium; CTP relies on direct visualization of intravascular contrast material. The linear relationship between contrast concentration and CT attenuation more readily lends itself to quantitation, which is not easily achieved with MR-PWI. In addition, CTP has greater spatial (but not contrast) resolution compared with MR-PWI. These factors contribute to the possibility that visual evaluation of core/penumbra mismatch may be more quantitatively reliable with CTP than with MR perfusion (MRP) (Fig. 2).63,64
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Fig. 2 Correlation between CT and MR perfusion maps, performed approximately 40 minutes apart. Perfusion images in an 88-year-old man who was found unresponsive. CTP images (top row, from left: cerebral blood flow [CBF], cerebral blood volume [CBV], mean transit time [MTT]) and MRP images (bottom row, from left: CBF, CBV, MTT) demonstrate a large perfusion deficit in the right MCA distribution.










Availability and safety


CT also benefits from the practical availability and relative ease of scanning, particularly when dealing with critically ill patients and the attendant monitors or ventilators. CT may also be the only option for a subgroup of patients with an absolute contraindication to MR scanning, such as a pacemaker, and is a safe option when the patient cannot be screened for MR safety. For patients with borderline glomerular filtration rate (GFR 45–60) in whom perfusion data is important to patient management, the risk-to-benefit ratio of administering iodinated contrast is likely less than that of gadolinium.











Disadvantages





Limited coverage


A major disadvantage of some CTP acquisitions is their relatively limited z-direction coverage of 2 to 4 cm, whereas MR-PWI is typically capable of delivering information about the whole brain. Of importance, however, the 8- to 16-cm coverage offered by most newer MDCT scanners, with or without “shuttle mode” capability, is sufficient to image the entire anterior circulation territory (approximately 8 cm cranial-caudal), which is typically the critical region for stroke evaluation.65,66








Detection of microbleeds


Another disadvantage of using CT rather than MR imaging for stroke assessment is CT’s inability to detect cerebral microbleeds. Microbleeds detected on gradient echo T2*-weighted MR imaging, however, have been shown not to be a contraindication to thrombolysis.67








Iodinated contrast


The authors’ current protocol employs 35 to 45 mL iodinated contrast material for each CTP cine acquisition, in addition to the contrast required for the CTA. This additional contrast dose could be significant in some patients, particularly in the relatively older stroke prone population at risk for hypertension, diabetes, and atheromatous disease. Total dose may be even greater if the patient subsequently requires additional contrast for endovascular intervention. However, nonionic iodinated contrast does not worsen stroke outcome.68-70








Complex postprocessing


Postprocessing of CTA and CTP images is more labor intensive than postprocessing of MR angiography (MRA) and MRP images; however, with automation, training, and quality control, 3-dimensional reconstructions of CTA datasets and quantitative CTP maps can be produced rapidly and reliably.71-73 Automated postprocessing software of CT perfusion data in acute stroke patients is increasingly simplifying the complexity of the postprocessing.74








Ionizing radiation


CTA/CTP also requires ionizing radiation, further discussed here.














Radiation dose in CTP: facts, publicity, and response


On October 8, 2009, the US FDA issued an initial notification regarding a safety investigation of facilities performing CTP scans. Because of incorrect settings on the CT scanner console of a single facility, more than 200 patients over a period of 18 months received radiation doses that were approximately 8 times the expected level. Approximately 40% of the patients lost patches of hair as a result of the overdoses.75 These incidents followed another unrelated incident in a community hospital in Arcata, California, in 2008, where a CT technologist activated a CT scan 151 times over the same region of the head of a 2-year-old.76


These incidences highlight the importance of CT quality assurance programs. Such programs should include regular reviews of CT protocols by a specialized CT physicist, testing protocols on dose phantoms, and monitoring of actual doses received by patients for each type of CT protocol.75 Radiologists and technologists should be familiar with the dose indices displayed on the CT scanner console and should include the volumetric CT dose index (CTDIvol) and the dose-length product (DLP). The CTDIvol, represents the average dose delivered within the reconstructed section. The DLP is the CTDIvol multiplied by the scan length expressed in centimeters. DLP can be used to assess the overall radiation burden in a CT study. In response to the Arcata incident, the state of California passed a landmark dose reporting law in November 2010; it mandates the report of CTDI/DLP doses in all CT studies, and that overdoses be reported to the patient, the referring MD, and the state of California. FDA initiatives during 2010 and endorsed by MITA (the Medical Industry and Technology Alliance) will likely result in dose safeguards built into CT scanner designs, dose recording for all CT studies, and tools to track the imaging history of each patient.77 Moreover, the American College of Radiology Dose Index Registry will monitor the cumulative dose information for each patient.


All CT protocols should respect the ALARA (As Low As Reasonably Achievable) principle. Expert consensus and over a decade of experience suggest that CTP studies should be performed at 80 kVp60 and no more than 200 mAs. When using such parameters, the effective radiation dose associated with a single slab CTP study is approximately equal to that of an unenhanced head CT, roughly 2 to 3 mSv.78,79 For comparison, the background radiation for a person living in Boston for a year is approximately 3 mSv. The authors’ current shuttle mode CTP scanning protocol at Massachusetts General Hospital results in a radiation exposure, CTDIvol, of 0.35 Gy, a value that is substantially below the FDA recommended maximum recommended radiation dose of 0.5 Gy. Note that this kVp setting is lower than that used for standard CT studies (120–140 kVp), and was selected primarily because the conspicuity of the iodine contrast agent is much greater at 80 kVp than at 140 kVp, resulting in improved CTP map image quality at a markedly lower radiation dose.60








CTP methodology: general principles


Perfusion-weighted CT and MR, in distinction to those of MR and CTA which detect bulk vessel flow, are sensitive to capillary, tissue-level blood flow.80 The generic term “cerebral perfusion” refers to tissue level blood flow in the brain. This flow can be described using a variety of parameters, which primarily include cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT). Definitions of these parameters are as follows.


CBV is defined as the total volume of blood in a given unit volume of the brain. This definition includes blood in the tissues, as well as blood in the large capacitance vessels such as arteries, arterioles, capillaries, venules, and veins. CBV has units of milliliters of blood per 100 g of brain tissue (ml/100 g).


CBF is defined as the volume of blood moving through a given unit volume of brain per unit time. CBF has units of ml of blood per 100 g of brain tissue per minute (ml/100 g/min).


MTT is defined as the average of the transit time of blood through a given brain region. The transit time of blood through the brain parenchyma varies depending on the distance traveled between arterial inflow and venous outflow, and is measured in seconds. Mathematically, mean transit time is related to both CBV and CBF according to the central volume principle, which states that MTT = CBV/CBF.81,82


“Core” is typically operationally defined as brain likely to be irreversibly infarcted at presentation, despite early recanalization (and which indeed may be at increased risk for hemorrhagic transformation with early robust reperfusion), and “penumbra” as the functionally ischemic but potentially salvageable “at-risk” brain parenchyma83; the latter is to be distinguished from “benign oligemia” reflecting hypoperfused but functionally viable tissue. “Mismatch” is defined as the difference in volume and location between core and penumbra, although as currently measured in routine practice, “penumbra” often includes regions of benign oligemia as defined by other transit time measures such as TTP or Tmax (time to peak, or maximal, enhancement). A mismatch of greater than 20% is typically, arbitrarily, considered to represent a clinically significant penumbra for both research and clinical management; major trials using this definition include the Diffusion-weighted imaging Evaluation For Understanding Stroke Evolution (DEFUSE) trial and the Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET).84,85








CTP theory and modeling





Mathematical Models for CBF and MTT Calculation


The two major mathematical approaches involved in calculating CBF and MTT are the deconvolution and nondeconvolution-based methods (for a comprehensive review see Konstas and colleagues79). Deconvolution techniques are technically more demanding and involve more complicated and time-consuming processing, whereas nondeconvolution techniques are more straightforward, but depend on simplified assumptions regarding the underlying vascular architecture. As a result, the interpretation of studies based on nondeconvolution methods may be less reliable in some situations.86-88





Nondeconvolution-based models


Nondeconvolution methods are based on the application of Fick’s principle of conservation of mass to a given Region of Interest (ROI) within the brain parenchyma. After a time-density curve (TDC) is derived for each pixel, CBF can be calculated based on the concept of conservation of flow using the maximal slope method.89 The ease of the computation of this differential equation, however, is highly dependent on the assumptions made regarding inflow and outflow in the region. The no venous outflow assumption of nondeconvolution methods is clearly an oversimplification, and these methods yield relative, rather than absolute, perfusion measurements, making interpatient or interinstitutional comparison of results difficult. A recent study suggested that the maximal slope method yields the same results with deconvolution methods in terms of therapy decision making in acute stroke.90








Deconvolution-based models


When a contrast bolus arrives in an artery supplying a given region of the brain, it undergoes delay and dispersion. Deconvolution attempts to correct for this effect. Deconvolution of the arterial input function and tissue curves can be accomplished using a variety of techniques. Singular value decomposition (SVD) has yielded the most robust results from all the deconvolution methods used to calculate CBF91 and has gained widespread acceptance. The creation of accurate quantitative maps of CBF, CBV, and MTT using deconvolution methods has been validated in several studies.58,59,92-96 Once CBF and CBV are known, MTT can be calculated from the ratio of CBV and CBF, using the central volume theorem.81,97


Commercial software suppliers use different mathematical methods. In the past, some have incorporated the maximal slope method whereas others have typically used deconvolution techniques. Although deconvolution methods are theoretically superior to nondeconvolution methods, the full clinical implication of using these different models has yet to be established and standardized by the stroke imaging community.


The creation of accurate, quantitative maps of CBV, CBF, and MTT using the deconvolution method has been validated in several studies.58,59,91-96,98 Specifically, validation has been accomplished by comparison with xenon,96,99 positron emission tomography (PET),100 and MRP101-103 in humans, as well as with microspheres in animals.58,59,94














CTP postprocessing





General Principles


In urgent clinical cases, perfusion changes can often be observed immediately following scanning by direct visual inspection of the axial source images at the CT scanner console. Soft copy review at a workstation using “movie” or “cine” mode can reveal relative perfusion changes over time. It has been suggested that arterial-phase CTP source images (CTP-SI) closely correlate with CTP-CBF and venous-phase CTP-SI with CBV; hence a visual inspection of the CTP-SI can determine penumbra, core, and mismatch.104 However, advanced postprocessing is required to appreciate subtle changes and to obtain quantification.


Axial source images acquired from a cine CT perfusion study are networked to a free-standing workstation for detailed analysis, including construction of CBF, CBV, and MTT maps. Postprocessing can be manual, semi-automated, or fully automated.


The computation of quantitative first-pass cine cerebral perfusion maps typically requires some combination of the following user inputs (Fig. 3).



• Arterial Input Function (AIF): A small ROI is placed over the central portion of a large intracranial artery, preferably an artery orthogonal to the imaging plane to minimize “dilutional” effects from volume averaging. An attempt should be made to select an arterial ROI with maximal peak contrast intensity.



• Venous Outflow Function (VOF): A small venous ROI with similar attributes is selected, most commonly at the superior sagittal sinus. The purpose of the VOF is to serve as a reference for normalization of the quantitative CTP parameter values, relative to an averaged maximum intravascular contrast measurement. Because veins (particularly the posterior superior sagittal sinus) are typically larger than arteries, the venous TDC is not as subject to partial volume average as is the arterial TDC.



• Baseline: The baseline is the “flat” portion of the arterial time density curve, prior to the upward sloping of the curve caused by contrast enhancement. The baseline typically begins to increase after 4 to 6 seconds.



• Post-Enhancement Cutoff: This refers to the “tail” portion of the TDC, which may slope upwards toward a second peak value if recirculation effects are present. When such upward sloping at the “tail” of the TDC is noted, the data should be truncated to avoid including the recirculation of contrast. The perfusion analysis program will subsequently ignore data from slices beyond the cutoff.





[image: image]

Fig. 3 CTP post processing. (Left) Appropriate ROI placement on an artery (anterior cerebral artery, running perpendicular to the plane of section to avoid volume averaging) and on a vein (the superior sagittal sinus, also running perpendicular to the plane of section and placed to avoid the inner table of the skull). (Right) the time-density curves (TDC) generated from this artery (A) and vein (B) show the arrival, peak, and passage of the contrast bolus over time. These TDCs serve as the arterial input function and the venous output for the subsequent deconvolution calculation.




It is worth noting that major variations in the input values described may not only result in perfusion maps of differing image quality, but potentially in perfusion maps with variation in their quantitative values for CBF, CBV, and MTT.73,74,105 As previously noted, special care must be taken in choosing an optimal VOF, because that VOF value may be used to normalize the quantitative parameters.


Although the precise choice of CTP scanning level is dependent on both the clinical question being asked and on other available imaging findings, an essential caveat in selecting a CTP slice is that the imaged level must contain a major intracranial artery. This caveat is necessary to assure the availability of an AIF, to be used for the computation of perfusion maps using the deconvolution software.











Correction for delay and dispersion of the AIF: why it matters


Calculation of CBF requires knowledge of the AIF, which in practice is estimated from a major artery, assuming that it represents the exact and only input to the tissue voxel of interest, with neither “delay” nor “dispersion.” There are several clinical situations, however, where the AIF TDC will lag, and the tissue TDC will lag behind the AIF curve (“delay”). AIF delay can occur due to extracranial causes (atrial fibrillation, severe carotid stenosis, poor left ventricular ejection fraction) or intracranial causes (proximal intracranial obstructive thrombus with poor collaterals). Moreover, in such cases the contrast bolus forming the AIF can spread out over multiple pathways proximal to the tissue ROI (“dispersion”).


Delay and dispersion do not have the same hemodynamic significance or clinical implications in acute versus chronic vascular conditions. In chronic vascular conditions such as an extracranial stenosis, delay and dispersion can result in grossly underestimated CBF and overestimated MTT,106-108 most notably in regions of nonischemic hypoperfusion (benign oligemia). These changes indicate the hemodynamic significance of the stenosis, but can be misleading clinically in that inexperienced readers may interpret them as the hallmark of an acute ischemic stroke (especially when the distinction between true ischemia and benign oligemia is unclear). As a result, they need to be corrected for. In acute ischemic stroke, however, delay and dispersion are integral to the underlying pathophysiological hemodynamics, and therefore need not necessarily be corrected for so that appropriate clinical interpretation is possible.109 In practice, many acute stroke patients have associated chronic carotid stenosis, and hence the “truth” lies somewhere in between. Although it can be argued that delay and dispersion should be corrected for so that MTT and CBF maps more accurately reflect physiologic ground truth, such correction can make MTT and CBF maps look too “normal.” In any case, commercial software packages with delay-sensitive deconvolution algorithms can overestimate penumbra (ie, MTT or CBF lesion volume) and consequently final infarct volume, whereas penumbra estimated with delay-insensitive software generally correlates better with final infarct volume.87,88 Delay-sensitive methods might also overestimate CBV lesion size in some patients with concomitant intra- or extracranial severe hemodynamic delay (Fig. 4).57
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Fig. 4 Example of a false-positive CBV map “core” lesion, which was not present in maps that were postprocessed using newer generation, delay-insensitive software. Patient is a 61-year-old with atrial fibrillation, congestive heart failure, and an ICA thrombus that recanalized following intra-arterial thrombolysis. (A) Admission CT-CBV map processed using “first-generation” delay-sensitive software shows a large right MCA territory low blood volume lesion (white outline). (B) CT-CBV map appears normal when postprocessed using newer generation, delay-insensitive software. (C) Follow-up CT appears normal. (D) ROIs for the TDCs shown in E and F (arrow). (E) Normal arterial input and venous outflow curves. (F) Delay in tissue TDCs on the ischemic compared with the contralateral side, due to proximal vascular obstruction and flow through collateral pathways in the setting of atrial fibrillation and low cardiac output.


(Reproduced from Schaefer PW, Mui K, Kamalian S, et al. Avoiding “pseudo-reversibility” of CT-CBV infarct core lesions in acute stroke patients after thrombolytic therapy. The need for algorithmically “delay-corrected” CT perfusion map postprocessing software. Stroke 2009;40(8):2875–8; with permission.)





Several approaches have been used to minimize the effects of delay and dispersion in deconvolution methods.108,110-112 A detailed description is beyond the scope of this article. (For a review of the methods used for correcting for delay, see Konstas and colleagues.78)








Clinical applications of CTP


Current indications for performing CTP imaging of acute stroke include: (1) when DWI is unavailable, (2) when the (a) diagnosis, (b) type of stroke, or (c) extent of ischemia is uncertain based on the clinical examination and other imaging, or (3) for postaneurysmal subarachnoid hemorrhage (SAH) vasospasm risk assessment (given cumulative radiation dose issues, performing more than 2 or 3 serial CTPs per admission is ill advised). Although to date there is no high level of evidence to suggest that perfusion scanning has a direct role in the decision to administer IV or intra-arterial (IA) thrombolytic therapy, potential future indications for perfusion imaging in the first 9 to 12 hours after stroke onset include: (1) exclusion of patients most likely to hemorrhage and inclusion of patients most likely to benefit from thrombolysis, (2) extension of the time window beyond 4.5 hours for IV and 6 hours for anterior circulation IA thrombolysis, (3) triage to other available therapies, such as hypertension or hyperoxia administration, (4) disposition decisions regarding neurologic intensive care unit (NICU) admission or emergency department discharge, and (5) rational management of “wake-up” strokes, for which precise time of onset is unknown.113


The results of the 2008 ECASS expanded the 3-hour time window for intravenous thrombolysis and revealed that although safe and effective up to 4.5 hours after stroke onset, treatment benefits roughly half as many patients as those treated within 3 hours.1-3 Hence, the ratio between the hemorrhagic risks of treatment versus the potential clinical benefits becomes a more critical consideration as the time window for therapy is expanded with newer intravenous and IA techniques. It is the mismatch between the size of the infarct core (proportional to hemorrhagic risk) and the size of the ischemic penumbra (proportional to potentially salvageable tissue), as determined by CTP, that provides an imaging measure of this risk-to-benefit ratio. Evidence suggests that core/penumbra mismatch may persist for up to 24 hours in some patients.114,115


Despite this evidence, some large clinical trials that used mismatch as patient selection criteria, such as the Desmoteplase In Acute ischemic Stroke (DIAS)-2 trial, which used both CTP and MRP up to 9 hours after stroke onset, have failed to show a benefit of treatment.116 The failure of DIAS-2 to demonstrate a role of mismatch imaging for patient selection in IV thrombolysis may have been, in part, related to technical differences between CTP and MRP, and the lack of standardization and validation of these methods (see later discussion).








Image interpretation: infarct detection with CTA-SI


Several groups have suggested that CTA source images, like DWI, may sensitively delineate tissue destined to infarct despite successful recanalization.26,32,117 The superior accuracy of CTA-SI in identifying infarct “core” compared with unenhanced CT has been unequivocally established in multiple studies.45,117-120 Theoretical modeling indicates that early generation CTA-SI—assuming an approximately steady state of contrast in the brain arteries and parenchyma during image acquisition—are predominantly blood volume weighted rather than blood flow weighted.52-54103 However, newer, faster MDCT CTA-SI protocols, such as those used in 64-slice scanners, with injection rates up to 7 mL/s and short preparation delay times of 15 to 20 seconds, change the temporal shape of the “time-density” infusion curve, eliminating a near-steady state during the timing of the CTA-SI acquisition. Hence, with the current generation of CTA protocols on faster state-of-the art MDCT scanners, the CTA-SI maps have become significantly more flow weighted.55


With early-generation CTA protocols, in the absence of early recanalization, CTA-SI typically defines minimal final infarct size and, hence, like DWI, can be used to identify “infarct core” in the acute setting (Fig. 5).26 Coregistration and subtraction of the conventional, unenhanced CT brain images from the axial, postcontrast CTA-SI should result in quantitative blood volume maps of the entire brain.15,53,54 CTA-SI subtraction maps, obtained by coregistration and subtraction of the unenhanced head CT from the CTA-SI, are particularly appealing for clinical use because, unlike quantitative first-pass CT perfusion maps, they provide whole brain coverage. A pilot study from the authors’ group, on 22 consecutive patients with MCA stem occlusion who underwent IA thrombolysis following imaging, demonstrated that CTA-SI and CTA-SI subtraction maps improve infarct conspicuity over that of unenhanced CT in patients with hyperacute stroke. Concurrent review of unenhanced CT, CTA-SI, and CTA-SI subtraction images may be indicated for optimal CT assessment of hyperacute MCA stroke.
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Fig. 5 An acute right MCA distribution basal ganglia infarction is more conspicuous on the CTA source images (CTA-SI, top right, arrow) than in the unenhanced CT (top left). Subsequent DWI (bottom left) and unenhanced CT (bottom right) confirm the presence of infarction seen on the CTA-SI. In the setting of a proximal large vessel occlusion without early robust recanalization, low blood pool and poor collateralization on CTA-SI are predictive of infarction.


(From Schaefer PW, Mui K, Kamalian S, et al. Avoiding “pseudo-reversibility” of CT-CBV Infarct core lesions in acute stroke patients after thrombolytic therapy. The need for algorithmically “delay-corrected” CT perfusion map postprocessing software. Stroke 2009;40(8):2875–8; with permission.)





In another study, CTA-SI preceding DWI imaging was performed in 48 consecutive patients with clinically suspected stroke, presenting within 12 hours of symptom onset.32 CTA-SI and DWI lesion volumes were independent predictors of final infarct volume, and overall sensitivity and specificity for parenchymal stroke detection were 76% and 90% for CTA-SI, and 100% and 100% for DWI, respectively.


Finally, it is again worth underscoring that with the newer, more flow-weighted CTA protocols, not every acute CTA-SI hypodense ischemic lesion is destined to infarct, and much of the CTA-SI hypodense lesion may reflect “at-risk” ischemic penumbra, or even benign oligemia.121,122 In the presence of early complete recanalization, sometimes dramatic sparing of regions with reduced blood pool on CTA source images can occur (Fig. 6). Recent reports highlight some limitations of CTA-SI as an indicator of infarct “core.” A recent study reported that in 28 patients with MCA territory stroke, scanned within 3 hours and recanalized following thrombolytic treatment, the ASPECTS on follow-up DWI strongly correlated with CTP-CBV (r2 = 0.91) and only weakly correlated with CTA-SI (r2 = 0.42), highlighting the flow-weighted nature of CTA-SI maps.120





[image: image]

Fig. 6 “Reversal” of CTA-SI lesion in a 57-year-old man with a right M1 thrombus who had complete recanalization 120 minutes following IA thrombolysis. Despite a large right MCA territory lesion on CTA-SI (left), there is only a small deep gray lenticular infarct on the postlysis, follow-up unenhanced CT (right, arrow). Sparing of the ischemic territory in this case is consistent with the concept that the CTA-SI lesions—especially with newer, faster multidetector row CT scanners—are flow weighted, rather than volume weighted.


(From Sharma M, Fox AJ, Symons S, et al. CT angiographic source images: flow- or volume-weighted? AJNR Am J Neuroradiol 2011;32:359–64; with permission.)











CTP interpretation: ischemic penumbra and infarct core


CTP maps cannot and should not be interpreted in a vacuum. Accurate CTP image interpretation requires correlation with the clinical presentation, noncontrast CT (NCCT), CTA, CTA-SI, and CT-MTT/CBV/CBF data. A qualitative estimate of the presence and degree of ischemia is typically what is required for guiding clinical management, and this can be accomplished with a variety of vendor platforms, despite the current lack of complete standardization with regard to acquisition, postprocessing, and interpretation algorithms.


That said, an important ultimate goal of advanced stroke imaging is to provide an assessment of ischemic tissue viability that transcends an arbitrary “clock time.”123-125 The original theory of penumbra stems from experimental studies in which two thresholds were characterized.126 One threshold identified a CBF value below which there was cessation of cortical function, without increase in extracellular potassium or reduction in pH. A second, lower threshold identified a CBF value below which there was disruption of cellular integrity. With the advent of advanced neuroimaging and modern stroke therapy, a more clinically relevant “operationally defined penumbra,” which identifies hypoperfused but potentially salvageable tissue, has gained acceptance.123,127-129





Ischemic Penumbra


Cine single-slab CT perfusion imaging, which can provide quantitative maps of CBF, CBV, and MTT, has the potential to describe regions of “ischemic penumbra,” ischemic but still viable tissue. In the simplest terms, this “operationally defined penumbra” has been described in the early literature as the region of CBF or MTT/CBV mismatch on CTP maps (a specific, threshold dependent, but not necessarily ideally sensitive definition) in which the CBV lesion reflects the infarct “core” and the CBF or MTT lesion reflects the surrounding region of hypoperfused “penumbral” tissue (which typically consists of both benign oligemia and true ischemia, depending on the precise degree of blood flow reduction). Many studies that have investigated the role of CTP in acute stroke triage have assumed predefined threshold values for “core” and “penumbra” based on human and animal studies from the PET, MR, single-photon emission CT (SPECT), or xenon literature, and determined the accuracy of these in predicting outcome.62
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