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CT perfusion (CTP) images can be easily and rapidly obtained on all modern CT scanners and have become part of the routine imaging protocol of patients with aneurysmal subarachnoid haemorrhage (aSAH). There is a growing body of evidence supporting the use of CTP imaging in these patients, however, there are significant differences in the software packages and methods of analysing CTP. In. addition, no quantitative threshold values for tissue at risk (TAR) have been validated in this patients’ population. Here we discuss the contribution of the technique in the identification of patients at risk of aSAH-related delayed cerebral ischemia (DCI) and in the assessment of the response to endovascular rescue therapy (ERT). We also address the limitations and pitfalls of automated CTP postprocessing that are specific to aSAH patients as compared to acute ischemic stroke (AIS).
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1 Introduction

CT perfusion (CTP) represents the imaging modality of choice for patients’ selection in acute ischemic stroke (AIS) triage, and there is a growing body of evidence supporting its use in patients with aneurysmal subarachnoid haemorrhage (aSAH). CTP images can be easily and rapidly obtained on all modern CT scanners with very limited user input and easy accessibility of the automatically generated color-coded CTP summary maps. However, as highlighted by Chung et al. (1) in a very informative review on the use of CTP in AIS, the easy accessibility of CTP images overshadows the complexity of the underlying computational postprocessing workflow and may lead to overconfidence in interpretation thereby favoring diagnostic errors. This is especially true in aSAH, due to the high incidence of associated intraparenchymal hemorrhage and intracranial devices, which represent an additional source of artefacts and potential error.

Several studies have investigated the contribution of CTP in this specific patients’ population and have yielded conflicting results. In addition, there are currently no definite quantitative threshold values for defining tissue at risk (TAR) in aSAH patients.

In this work, we discuss the contribution of the technique in the identification of aSAH-related delayed cerebral ischemia (DCI) and in the assessment of the response to endovascular rescue therapy (ERT). We discuss CTP acquisition and post-processing, and we address the limitations and pitfalls of the technique that are specific to aSAH patients as compared to AIS.



2 Discussion


2.1 Aneurysmal subarachnoid hemorrhage (aSAH)

aSAH is rare, accounting for only 5% of all strokes (2). This condition, however, carries an exceptionally high disease-specific burden, affecting younger adults as compared to AIS and accounting for 20% of all stroke-related years of life lost before age 60 (3). According to a recent meta-analysis including 75 studies and 8,176 patients, there has been a decrease in the incidence of aSAH from 10.2 per 100, 000 person per year in 1980 to 6.1 in 2010 (4), along with the decrease in blood pressure and smoking prevalence. Similarly, advances in diagnosis and management strategies of ruptured intracranial aneurysms and SAH led to a 17% decrease of the case fatality of aSAH from 1995 to 2007 (5). In more recent years, conversely, mortality has remained unchanged, ranging from 13.7% in 2006 to 13.1% in 2018 in the United States (6). A similar trend was reported by our group: in a retrospective study aimed at investigating the time course of mortality and neurological outcome in 353 poor grade non-traumatic SAH patients between 2004 and 2018, the authors observed no significant reduction of mortality rates over the years and no changes in the incidence of unfavorable neurological outcome, which remained high (7).

Despite the intense research efforts in the field, there is still a lack of in-depth understanding and effective treatment of the processes responsible for secondary brain injury after aSAH. To date, most aSAH survivors experience long-term disability and/or cognitive dysfunction (8, 9), with a loss of productive life-years similar to AIS on a community level (5).



2.2 Delayed cerebral ischemia (DCI): definition and pathophysiology. Role of cerebral vasospasm

DCI occurs in 20%–30% of patients with aSAH and represents one of the most important causes of poor neurological outcome in this patients’ population despite aggressive treatment (10). Diagnostic criteria of DCI include the following: the appearance of focal (i.e., hemiparesis, aphasia, hemianopsia or neglect) or global (i.e., 2-point decrease in the Glasgow Coma Scale, GCS) neurological impairment, lasting at least 1 h, and/or cerebral ischemia on brain imaging, unrelated to the initial bleeding or surgical procedures (11). Cerebral vasospasm—the narrowing of cerebral arteries occurring a few days after aSAH - is recognized as a major contributor in the pathogenesis of DCI. It affects up to 70% of patients with aSAH and is symptomatic in nearly half of cases (12). Cerebral vasospasm typically begins after days 3 to 4 following aSAH and reaches a peak at days 7–10. In patients who survive, it spontaneously resolves after 3 to 4 weeks (13). This phenomenon is thought to result from prolonged smooth muscle cells contraction mediated by subarachnoid blood. Cerebrospinal fluid (CSF) oxyhemoglobin in particular, seems to play a major role in the cascade of events that take place after aSAH and that ultimately cause vasoconstriction (14, 15). A relationship between the volume of blood in the subarachnoid space and the severity of vasospasm has been demonstrated in both animal and human patients (16–18). Fisher et al. (16) were the first to investigate the relationship of the amount and distribution of subarachnoid blood seen on CT to the later development of cerebral vasospasm and reported an almost exact correspondence between the site of the major subarachnoid blood clots and the location of severe vasospasm. Accordingly, increasing grades 1 to 4 of the so-called modified “Fisher scale”, which takes into account thick cisternal and ventricular blood, are associated with a progressive risk of developing vasospasm (19). In line with these observations, experimental research has shown that targeting CSF oxyhaemoglobin reduces DCI and improves neurological outcome after SAH in animal models (20).

Large-arteries narrowing with consequent decreased cerebral blood flow (CBF) occurring a few days after aneurysm rupture may result in cerebral ischemia (21). Different studies have investigated the relationship between vasospasm on CT angiography (CTA) and CTP findings and there is some discrepancy in their results. Numerous works have shown an association between vasospasm and the presence of a perfusion deficit in the corresponding parenchymal territory (22–26). According to Sanelli et al. (25), aSAH patients with > 50% angiographic narrowing of a given artery tend to have a perfusion deficit with reduced CBF. Dankbaar et al. (27) investigated the effects of vasospasm on cerebral perfusion in a population of 40 aSAH patients and reported a correlation between the severity of vasospasm and the degree of the perfusion deficit: in 15 out of 23 (65%) patients with moderate to severe vasospasm, the parenchymal territory supplied by the most severely affected artery corresponded with the least perfused region. Contradictory results, however, have also been reported. Many patients with large- or medium-sized arteries vasospasm do not have any perfusion deficit (28, 29). Also, many aSAH patients with cerebral infarctions do not have evidence of vasospasm involving the large- or medium-sized vessels (30, 31). These conflicting observations have suggested that cerebral vasospasm does affect cerebral perfusion but is per se not sufficient to cause DCI.

The causal framework of DCI seems indeed to include other factors than cerebral vasospasm. These include early brain injury (<72 h) due to inflammation, oxidative stress and apoptosis; microcirculatory disturbances with loss of autoregulation; cortical spreading depolarization (32, 33); and microthrombosis (34–36) - which occur independently from large- or medium arteries narrowing (37). These seem to occur as a continuum triggered by the initial bleeding, which ultimately leads to cellular death and blood-brain barrier disruption.



2.3 CT angiography (CTA)

CTA is a rapid and non-invasive technique that has proven to be highly sensitive, specific, and accurate as compared to digital subtraction angiography (DSA) - which represents the reference standard—in detecting severe cerebral vasospasm in proximal arterial locations, while being less accurate for detecting mild and moderate distal vasospasm (38). The technique yields a very high negative predictive value, the lack of large-arteries vasospasm on day 8 or later after aSAH indicating a very low risk of DCI (21). Angiographic assessment of vasospasm is both subjective and semiquantitative, relying on the comparison of the size of the cerebral arteries to an internal standard, such as the distal internal carotid artery or to a prior baseline study. There is a general consensus on defining severe vasospasm as a greater than 50% reduction in the vessel diameter, moderate vasospasm as a 25%–50% reduction and mild vasospasm as a less than 25% reduction in the vessel lumen [see e.g., (11, 28, 39)].



2.4 CT perfusion (CTP) imaging


2.4.1 CT perfusion (CTP): technique

CTP is a functional imaging technique that allows to quantify blood flow through the brain parenchyma by using an exogenous intravascular tracer and serial imaging during its first circulation through the brain capillary bed. According to the most recent American College of Radiology recommendations (40), a minimum volume of 30 ml of an iodinated contrast medium is injected at a rate of at least 4 ml/s through a large-bore peripheral IV catheter; after a 5–7 s delay, images are acquired at 70–90 kVp and 100–200 mAs every 1–3 s for at least 50–60 s. In children, smaller injection rates and smaller volumes of contrast are recommended (41). Modern CT scanners allow for whole-brain coverage with this technique.

Rapid imaging of the brain is performed repeatedly as the contrast bolus flows through the brain, and the relative increase, peak and then decrease in density, measured in Hounsfield units (HU), allow a time-attenuation curve (TAC) to be derived for each voxel. Tracer kinetic models are then used to estimate hemodynamic parameters from the 4-dimensional data set of TACs. The most commonly used parameters are:


	•Cerebral blood volume (CBV): the total volume of flowing blood per unit of brain mass (ml/min/100 g).

	•Cerebral blood flow (CBF): the flow rate of blood through a unit of brain mass (ml/min/100 g). Measurement of CBF is usually not quantitative but rather obtained by normalization to an unaffected region of the brain. Accordingly, CBF is expressed as a percentage as compared to the reference ROI and is referred to as relative CBF (rCBF).

	•Mean transit time (MTT): the mean time for blood to perfuse a region of tissue (sec). MTT is related to CBF and CBV by the central volume principle: MTT = CBV/CBF.

	•Time to peak (TTP): the time to the maximum point of the time-signal curve (sec). It represents the time at which the maximum change in tracer concentration occurs after the passage of the bolus (42, 43).

	•Time to maximum (TMax): similar to TTP, TMax reflects the time from the start of the scan until the maximum peak of contrast material in each voxel (sec).

	•Time to start (TTS): the time from arterial enhancement to tissue enhancement (sec).

	•Time to drain (TTD): the time taken for contrast medium washout, from maximum enhancement to a defined low threshold (sec).



Each of these hemodynamic parameters is typically displayed as a color map of the brain, with a sequential scale representing the quantitative data values in each voxel. Automated postprocessing software further segment the brain parenchyma into normal tissue, tissue at risk (TAR), and non-viable tissue (NVT) based on quantitative or comparative parameter thresholds. For clinical use, indeed, the aim of CTP is to quantify tissue that is irreversibly infarcted (the infarct core, i.e., the NVT) and tissue that is hypoperfused and is thus considered at risk of infarction (the penumbra, i.e., the TAR) in the absence of reperfusion. Quantitative volume measurements of TAR and NVT are provided, along with prognostic summary maps and mismatch ratios that can be used for treatment decision (Figure 1).
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FIGURE 1
Automatic segmentation of the brain parenchyma into normal tissue, tissue at risk (TAR) and non-viable tissue (NVT) by the CTP RAPID software in a 67-year-old male with abrupt onset left-sided hemiparesis. (A,B) NECT (A) and CTA (B) demonstrate occlusion of the M1 segment of the right MCA (arrows) and hypodensity of the insular cortex (not shown) resulting in an ASPECTS score of 9. (C) The time-to-maximum (TMax) CTP colour map shows different TMax thresholds (10, 8, 6 and 4 s) for TAR estimation: the lower the threshold, the larger the TAR volume. The hypoperfusion intensity ratio (HIR) (i.e., the Tmax > 10 s/Tmax >6 s ratio) is also provided. A low HIR is considered a predictor of slow ischemic core growth. Conversely, a high HIR is associated with a rapid growth of the infarct core (44). (D) Automated quantification of TAR and NVT and calculation of mismatch ratios are provided for treatment decision. Automated identification of areas with density varying between ≥5 and ≤12 HU, presumably consistent with acute ischemic lesions, is also carried out. (E) Diffusion-weighted MRI obtained two days after mechanical thrombectomy showed a very limited area of ischemia (*) as compared to the previously observed Tmax > 6 s, indicating that reperfusion has been effective in salvaging the ischemic penumbra.


The color-coded CTP maps available for interpretation on PACS or mobiles are the result of complex mathematical computation. This process requires both an arterial input function (AIF) and a venous output function (VOF), that are obtained by defining arterial and venous ROIs in the CTP source images (Figure 2). This post-processing step is typically performed automatically by the software and is crucial for obtaining valid CTP maps. Incorrect ROIs placement may indeed result in inaccurate estimation of perfusion parameter. Therefore, it is imperative to examine ROI maps to ensure appropriateness of automatically placed ROIs before interpretation (45, 47, 49).
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FIGURE 2
Automated arterial and venous ROIs placement (A) and generation of arterial and venous TACs (B) (A) appropriate placement of arterial and venous ROIs is crucial for obtaining valid perfusion maps. Arterial and venous ROIs are automatically placed by the software on CTP source images and ROI maps are then displayed, allowing assessment of accuracy before interpretation. Arterial ROIs should be placed is an artery that travels perpendicular to the axial plane to reduce partial volume effects (PVEs), in the unaffected cerebral hemisphere (45). The terminal internal carotid artery, proximal middle cerebral artery, and anterior cerebral artery are commonly used. Arteries of the posterior circulation are conversely avoided because of the relative physiological delay in bolus arrival in these anatomic territories (46). Despite appropriate placement of AIF ROI, the area under the curve (AUC) of the AIF may be underestimated due to PVEs. Therefore, the AUC AIF needs to be normalized with respect to the AUC of the VOF as measured in a large vein. Venous ROIs are commonly placed in the superior sagittal sinus or the torcular. It is indeed assumed that the VOF is unhampered by PVEs (47). (B) Normal AIF and VOF curves are shown. They display characteristics features: (1) a baseline interval, that precedes the arrival of the bolus of contrast medium. The duration of the baseline interval before arrival of the contrast material provides an indirect index of cardiac function in each patient. (2) a subsequent upslope interval that indicates rapid increase of attenuation, corresponding to the arrival of the bolus of contrast material into the ROI. (3) a rapid decrease in attenuation, as the contrast bolus leaves the ROI, with return to a near steady-state attenuation. (4) a “plateau” interval that reflects the arrival of recirculated contrast material (48). Width of the curve reflects the speed of contrast material bolus infusion. The VOF peak is typically higher than the AIF peak and is delayed by 1–2 s.


Numerous factors contribute to the shape of CTP TACs, which include the characteristics of the injection, variability in cardiac output and in the upstream extra- or intracranial arterial flow to the brain area of interest (1, 50, 51). The expected temporal profile of arrival, transit and washout of the bolus of contrast material may be altered in several conditions, that result in delay, or dispersion, of the contrast bolus, with consequent degradation of the native TACs within individual voxels (43).

Among the different methods available to calculate the perfusion parameters of interest, deconvolution has the advantage of minimizing the effect of the AIF on native TACs, thus allowing to isolate intrinsic tissue-level hemodynamic properties—referred to as “the residue function”. The software that do not use deconvolution, conversely, have been proven more prone to pitfalls related to delay, or dispersion, of the contrast bolus (43). Another important practical advantage of deconvolution is that the technique allows for much lower injection rates as compared to other techniques of analysis such as maximum slope (3–4 ml/s vs. 8–10 ml/s); therefore, deconvolution is widely used in clinical practice. Deconvolution provides the CBF, MTT and TMax. Other perfusion parameters can be estimated directly from the parenchymal TACs, without deconvolution: these include CBV as well as parameters that provide similar information to MTT [full width at half maximum (FWHM), first moment of transit (FMT), bolus arrival time (BAT), TTP, and bolus end time (BET)], or to CBF [maximal slope of the time–concentration curve (MS)], or similar to CBF and CBV [maximal value of the time–concentration curve (Cmax)] (43). However, as highlighted by Leiva-Salinas et al. (43) and mentioned here-above, such parameters are subject to inaccuracies related to the effects of the AIF on native TACs. These used to be useful when performing deconvolution was exceedingly time-consuming, but this is no longer the case with modern software.

Before deconvolution of CTP raw data, an important pre-processing step automatically performed by the software is represented by realignment. Because of the dynamic acquisition (i.e., sequential CT acquisitions during the intravenous administration of a bolus of iodinated contrast material), even slight motion can degrade CTP raw data, with consequent decreased reliability of results. To address this issue, most commercially available software packages apply built-in motion correction algorithms which can allow generation of valid TACs. The 6 rigid motion parameters are displayed in line plots, that the radiologist needs to check to make sure that motion correction has been effectively carried out (Figure 3).


[image: Figure 3]
FIGURE 3
Motion estimates. The image discloses moderate translation on the x- and z-axes, as shown by the indented rather than straight appearance of corresponding lines.




2.4.2 CT perfusion (CTP) in acute ischemic stroke (AIS)

CTP represents the imaging modality of choice to evaluate the presence of cerebral TAR in patients with AIS and the accuracy of the technique has launched a shift to imaging-based selection of potential candidates for endovascular treatment. CTP indeed allows to identify patients who may benefit from reperfusion therapy beyond the conventionally accepted time window or in whom time of symptom onset is unknown (52–54). Commonly used CTP thresholds include rCBF < 30% for NVT and TMax > 6 s for TAR (52, 53, 55). These were specifically designed for AIS. Of note, they slightly underestimate the core infarct volume, thus favoring inclusion for treatment (56, 57).



2.4.3 Ct perfusion (CTP) in aneurysmal subarachnoid hemorrhage (aSAH)

As for AIS, in aSAH CTP is part of a multimodal CT assessment that also includes a non-enhanced CT (NECT) of the brain and a head and neck CTA (Figure 4). One important difference, however, is that detection of neurological impairment by clinical examination may not be possible in unconscious poor-grade SAH patients, which can result in an underdiagnosis of hypoperfusion and/or DCI potentially worsening outcome (58). As such, additional diagnostic methods have been implemented in clinical practice to enable earlier and more accurate diagnosis and timely treatment of impending DCI. In such clinical scenario, CTP is performed as a complement to serial transcranial color doppler (TCD) monitoring and multimodal neuro-monitoring (MMM)[see, e.g. (59)].
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FIGURE 4
Distal vasospasm and corresponding hypoperfusion in a 42-yr-old female with Fisher 4 aSAH. (A–B) Brain NECT at admission showed a large hematoma centered on the fourth ventricle, intraventricular hemorrhage and hydrocephalus. CTA (C) demonstrated a ruptured right PICA aneurysm (arrow) and an unruptured right carotid-ophtalmic aneurysm (not shown). (D–E) At day 7 after aSAH and endovascular treatment of both aneurysms, CTA disclosed vasospasm of distal right MCA branches (yellow circles in E, for comparison with contralateral MCA territory). (F) CTP revealed prolonged TTD consistent with hypoperfusion in the corresponding ipsilateral sylvian territory.


In line with the more complex pathogenesis of DCI as compared to AIS, the contribution of CTP in aSAH patients is also less clearly defined. It has been postulated that early detection of perfusion abnormalities irrespective of the presence of large-vessel vasospasm could help identify patients at risk before DCI symptoms or before evidence of cerebral infarctions on imaging studies [e.g. (60)]. To date, the studies that have investigated the contribution of CTP in this specific patients’ population have yielded conflicting results and there are currently no definite quantitative threshold values for defining TAR in aSAH patients (61, 62).

The main differences between CTP imaging in AIS and aSAH are summarized in Table 1.


TABLE 1 Ct perfusion (CTP) imaging in acute ischemic stroke (AIS) and aneurysmal subarachnoid hemorrhage (aSAH).
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2.4.3.1 Role of CT perfusion (CTP) in prediction of delayed cerebral ischemia (DCI)


2.4.3.1.1 “Early” and “late” CT Perfusion (CTP) imaging

There is a large variability in the reported accuracy of CTP in diagnosis and prediction of DCI among authors. One important factor that influences results is the time interval of CTP from aSAH. There is some inconsistency in the literature in the definition of “early” CTP imaging, varying between ≤6 h to ≤72 h after hemorrhage. However, there seems to be a consensus on the definition of “late” CTP imaging, which refers to scans obtained >72 h after aSAH, a phase when patients are known to be more susceptible to vasospasm and DCI (64, 65). Distinguishing between early and late CTP scans may thus help reduce variability.

In a retrospective single ROI-based analysis of CTP scans obtained between day 0 and day 3 after aSAH in 75 patients, Sanelli et al. (66) observed a statistically significant reduction of CBF and prolongation of MTT in patients who subsequently developed angiographic vasospasm. The authors reported mean CBF and MTT values of 31.90 ml/100 g/min and 7.12 s respectively vs. 39.88 ml/100 g/min (P < 0.05) and 5.03 s (P < 0.01). Dong et al. (67) prospectively evaluated 191 consecutive patients with aSAH and reported that patients who developed DCI displayed lower CBF and CBV and longer MTT, TTD, TTS, and TMax in CTP scans obtained within 24 h after aSAH as compared to patients who did not develop DCI. The mean TMax had the largest AUC of 0.726, and the cutoff value of 2.240 s provided sensitivity of 73.7% and specificity of 71.6% for early prediction of DCI. Similarly, in the retrospective cohort study by Starnoni et al. (68) which included 38 aSAH patients, DCI was correlated with lower mean early CBF values (55.4 ml/100 g/min vs. 63.9 ml/100 g/min in non-DCI patients) and vasospasm with lower mean CBF and MTT values. No significant correlation, however, was found between MTT and CBV and the later occurrence of DCI. More recently, Tanabe et al. (69) reported that TMax > 4 s within 72 h from hemorrhage was an independent predictor of both “unfavorable” and “catastrophic” outcome and occurrence of DCI in a retrospective cohort of 57 aSAH patients.

Other studies, in contrast, reported no significant association between early CTP findings and the subsequent development of DCI. As reported in the meta-analysis by Cremers et al. (61), CBF, CBV, MTT, and TTP on admission did not differ significantly between patients who later developed DCI and those who did not develop DCI in a number of works (70–72). More recently, similar results were reported by Takahashi et al. (73): the authors retrospectively analyzed the clinical and imaging findings of 86 aSAH patients and observed no significant differences in the average MTT within 24 h after aSAH between territories with and without DCI, or between patients with and without DCI. Similarly, Vulcu et al. (74) did not find any significant association between early (within 24 h from aSAH) CTP findings and the subsequent development of DCI in a retrospective study including 33 patients with aSAH-related neurological deterioration. The authors reported conversely a significant association with later (days 5–14. after aSAH) CTP scans, that were obtained based on acute clinical deterioration.

A few authors, lastly, reported no significant association between quantitative CTP values and DCI but observed significant results when analyzing a combination of parameters or variations of CTP parameters. Etminan et al. (75) investigated the relation of early (<12 h from aSAH) CTP and clot volume with DCI and clinical outcome and reported that odds for poor outcome were significantly higher in case of concomitant increase of early MTT and clot volumes, as opposed to exclusive early MTT or clot volume increase. In Rodriguez-Régent et al. (76), MTT and CBF values were compared between patients with DCI and patients without DCI for previously published optimal cutoff values and for variations of MTT (ΔMTT) and of CBF (ΔCBF) values between day 0 and day 4 after aSAH. The authors concluded that published optimal cutoff values did not predict DCI, either at day 0 or at day 4. Conversely, ΔMTT and ΔCBF significantly differed between patients with and without DCI, with a CBF decrease of 7.6 ml/min/100 g and an MTT increase of 0.91 s being accurate predictors of DCI.

More consistent results are found when using CTP imaging during a later time-window, from 3 to 14 days after aSAH. This time-period is indeed known to be associated with a higher incidence of vasospasm and DCI (64, 65). Wintermark et al. (26) retrospectively evaluated 35 NECT-CTA-CTP, TCD, and DSA examinations of 27 aSAH patients performed because of a clinical suspicion of vasospasm after a median delay of 7 days after hemorrhage (range, 5–14 days), and reported that MTT with a threshold of 6.4 s was the most accurate parameter for the diagnosis of angiographic vasospasm, with a very high NPV of 98.7%.

In the past two decades, along with the greater insight into the pathophysiology of aSAH complications, most studies focused on the association between CTP and DCI rather than vasospasm. In a retrospective study including 96 patients with aSAH, Sanelli et al. (77) reported that CTP between days 6 and 8 after aSAH yielded a sensitivity of 78% and a specificity of 66% for the development of permanent neurological deficits and a sensitivity of 88% and a specificity of 59% for the development of DCI. Kunze et al. (78) retrospectively evaluated 53 patients with aSAH who underwent CTP between days 3 and 10 after aSAH and additionally at any other time point when cerebral vasospasm was suspected, and reported that CTP had higher accuracy, sensitivity and negative predictive value than TCD for predicting vasospasm, with TTP being the most accurate parameter (sensitivity 0.93). Killeen et al. (79) reported sensitivity and specificity values of 84% and 73% respectively for the detection of infarction and/or permanent neurological deficit in a retrospective ROI-based study of 97 consecutive aSAH patients between day 6 and day 8 after aSAH. Shi et al. (80) analyzed quantitative and semi-quantitative CTP parameters (CBV, CBF, MTT, TTP, rCBV, rCBF, and MTT and TTP difference (ΔMTT, ΔTTP) were compared between the DCI and non-DCI (NDCI) groups at three time points: whereas only a weak correlation was observed with baseline CT, more significant results were observed with CTP imaging performed on days 4 and 7 after aSAH. Similar conclusions were drawn in the previously cited work by Vulcu et al. (74), who reported that MTT, TTP, and TTD were significantly prolonged and CBF decreased in patients with DCI compared with the not symptomatic hemisphere and with the baseline CTP.

Lastly, Hofmann et al. (81), similar to Rodriguez-Régent et al. (76), analyzed the heterogeneity of MTT rather than absolute values, using the coefficient of variation of MTT in late CTP imaging, and reported that this parameter correlates significantly not only with the initial World Federation of Neurosurgical Societies (WFNS) or Fisher grade, but also, and most importantly, with a worse neurological outcome after 6 months. The heterogeneity of MTT is here considered an indicator of the capillary transit time heterogeneity (CTH), i.e., the microvascular blood distribution across capillaries, which is known to decrease the oxygen supply to cerebral tissue thereby causing hypoxia. MTT heterogeneity has thus been reported to possibly play a crucial role in causing DCI (82, 83).

The results of the above-mentioned studies are summarized in Tables 2, 3.


TABLE 2 Role of “early” CT perfusion (CTP) in prediction of delayed cerebral ischemia (DCI).
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TABLE 3 Role of “late” CT perfusion (CTP) in prediction of delayed cerebral ischemia (DCI).
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2.4.3.1.2 CT Perfusion (CTP) parameters as predictors of delayed cerebral ischemia (DCI)

According to a recent meta-analysis aimed at assessing the accuracy of early CTP parameters for predicting DCI, including fifteen studies with 882 aSAH patients, the most accurate predictor was MTT (62). A similar conclusion was drawn in studies that were not included in the meta-analysis by Han et al. (62). Etminan et al. (75), for instance, reported that MTT measured within 12 h from hemorrhage was able to detect patients at a higher risk of DCI and poor neurological outcome at six months. In the previously cited work by Wintermark et al. (26), MTT considered alone represented the most sensitive parameter for diagnosing vasospasm. The authors also report that TTP was not discriminative, and highlight that, as opposed to MTT, TTP values are calculated without any AIF, which renders TTP very sensitive to extracerebral or precerebral variables, such as cardiac output, extra- or intracranial arteries stenosis, or the intravenous injection of the iodinated contrast material bolus. MTT was also significantly correlated with arterial diameter and neurological deficits in Laslo et al. (86). Similarly, in a previous animal model, MTT increase 1 h after experimental SAH in rabbits independently predicted mortality within 48 h of SAH and MTT on day 2 predicted development of moderate- to severe delayed vasospasm. Han et al. (62), nonetheless, in line with the previous meta-analysis by Cremers et al. (61), observed that the CTP thresholds employed in the studies they analyzed were incomparable. Also, a number of studies have considered variations and heterogeneity of MTT as predictors of DCI rather than MTT alone (76, 81).

In contrast with these observations, Takahashi et al. (73) reported that average MTT did not show any significant correlation with the subsequent development of DCI. Other works in the literature showed that other CTP parameters than MTT were most significantly associated with DCI. Pham et al. (85) prospectively evaluated 38 patients during two weeks after aSAH and observed that qualitative assessment of TTP color-coded maps performed best for prediction of secondary infarction with 93% sensitivity and 67% specificity. The CTP parameter with the highest sensitivity (93%) for the detection of angiographic vasospasm, although with a low specificity (27%), was TTP also in the study by Kunze et al. (78). In Dong et al. (67), the most accurate parameter for early prediction of DCI was the mean TMax. In agreement with Dong et al. (67), Tanabe et al. (69) in a retrospective study on 57 aSAH patients reported that cortical cerebral flow insufficiency, defined as TMax > 4 s—within 72 h from hemorrhage—was an independent predictor of both “unfavorable” and “catastrophic” outcome and DCI occurrence. More recently, our group used prolongation of TMax > 4 s to define hypoperfusion regardless of the presence of cerebral vasospasm and in the absence of intracranial hypertension. We observed that detection and treatment of cerebral hypoperfusion on CTP scans performed because of altered MMM or clinical findings that did not fulfill standard DCI criteria resulted in a significant reduction in the number of DCI- related infarctions (59).



2.4.3.1.3 Quantitative and semi-quantitative measurements of CT perfusion (CTP)

Although some methodological differences exist in the literature, measurements of CTP parameters in research studies are mostly based on regions of interest (ROIs) (60, 67–69, 71, 72, 74, 76, 80, 84, 87–91). Semi-quantitative measurements are frequently used, to avoid confounding factors related to inter-individual variation, physiological conditions, and observer-dependent postprocessing differences (61).

Some differences among authors concerning the location of the ROIs are likely related to advances in CTP imaging during the past two decades. One important drawback of early CTP imaging was the limited anatomical coverage, whereas modern CT scanners allow for whole-brain coverage. It is therefore not surprising that in the earliest CTP studies ROIs were drawn on only one or two slices typically at the level of the basal ganglia [e.g.,: 2008 (25, 60, 71, 77, 87)]. More recent studies present nonetheless some differences concerning ROIs location. In Sun et al. (91), perfusion was measured in ROIs that were drawn in the basal ganglia and in the cortex of the ACA and MCA territories bilaterally. The PCA territory was excluded from analyses due to the reported incidence of partial volume effects of large veins in the posterior fossa with consequent high variability in quantitative values (87, 92). The PCA territory was also excluded by Shi et al. (80). The PCA territory was conversely included in Duong et al. (67), who drew ROIs on the maximum-intensity-projection map of five slices in the cortical flow territories of the ACA, MCA, PCA, basal ganglia, and cerebellum. In Starnoni et al. (68), ROIs were manually drawn in the subcortical white matter of both ACA and MCA rather than in cortical territories. In Malinova et al. (65), whole-vessel territories of ACA, MCA, and PCA were drawn and included in the VOIs. Hofmann et al. (81), conversely, used automated definition of ROIs in the anterior, middle, and posterior cerebral artery territories as well as the anterior and posterior borderzones.

The existing literature differs also concerning semi-quantitative measurements. These can be obtained by using interhemispheric (lowest to highest) ratios (87), relative CTP values obtained by comparing values of the most affected cerebral hemisphere with the less affected cerebral hemisphere (84), ratios for corresponding ROIs of the two cerebral hemispheres (71, 80, 91), or absolute variations of CTP parameters (76).

Tables 2, 3 also detail the method of analysis of CTP data and indicate the CTP parameter that best predicted DCI in each study.




2.4.3.2 Role of CT perfusion (CTP) in the assessment of response to treatment

The past two decades have witnessed important technical advances not only in CTP imaging but also in ERT methods. Despite the considerable heterogeneity among the neurointerventional community regarding vasospasm endovascular management (93–95), CTP imaging has become part of the multimodal assessment of patients who undergo ERT. CTP is performed serially with the aims of assessing local response to treatment and to rule out the appearance of new areas of hypoperfusion that would warrant further treatment (Figure 5). To date, only a few studies have investigated such effects. Steiger et al. (39) investigated the effects ERT on CTP parameters in 98 patients who suffered from DCI, by comparing the T4 volume (i.e., TTP delay of more than 4 s) and the TTP delay of the ischemic core compared to a reference ROI before and after treatment with milrinone and norepinephrine–based hyperdynamic therapy. They observed that patients suffering of secondary neurological decline had T4 volumes of 40 cc and an average focal TTP delay of 2.5 s, and that following ERT median T4 volume was reduced to 10 cc and average focal TTP delay to 1.7 s. More recently, Guenego et al. (96) investigated the effects of mechanical angioplasty of 48 arterial segments in 8 patients with medically refractory cerebral vasospasm and reported a significant decrease of brain hypoperfusion (81% of the mean TMax as measured in pre-defined ROIs in the ACA and MCA territories) along with an increase of vessel diameter (+81%).
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FIGURE 5
CTP imaging in the response assessment to ERT in a 26-year-old male with fisher 4 aSAH. (A) At day 11 after aSAH, CTP revealed a moderately increased TMax consistent with hypoperfusion of both ACA territories (arrows). (B) CTP following ERT on day 12 demonstrated almost complete regression of hypoperfusion. No new areas of hypoperfusion appeared. (C) DSA confirmed vasospasm of multiple intracranial arteries and in particular of the A2 segment of the left anterior cerebral artery (arrow). ERT consisted in intra-arterial injections of nimodipine and selective angioplasty of supraclinoid internal carotid arteries and M1 segment of the left middle cerebral artery as in Guenego et al. (96). (D) On MRI one month after aSAH, only two small infarcts of the left centrum semi-ovale were demonstrated.





2.4.4 Limitations of CT perfusion (CTP) imaging

CTP has several limitations that need to be considered when interpreting CTP results.

One drawback of CTP imaging is its relatively limited spatial resolution, and consequently a limited sensitivity in detecting lacunar or small subcortical infarcts. In one study, CTP had a sensitivity of only 62% in comparison to diffusion-weighted MRI. The technique, however, was more sensitive than NECT, which displayed even lower (i.e., 19%) sensitivity values (97). In addition, although small infarcts are usually not detected by conventional CTP thresholds, visual inspection of in particular MTT, TTP, TMax and TTD maps has been shown to yield moderate sensitivity and high specificity for detection of these lesions (Figure 6) (97–99). Sensitivity for infratentorial lesions is, however, low (97).


[image: Figure 6]
FIGURE 6
Limited sensitivity of CTP in detecting small ischemic lesions. A 38-year-old male with Fisher 1 aSAH (arrow in A) due to rupture of an ACom aneurysm treated with endovascular coiling developed abrupt onset paresis of the left inferior limb on day 8 after aSAH. Automated results of both the RAPID (C) and SyngoVia (not shown) CTP software did not reveal any significant decrease of CBF or CBV (F) and no significant increase of Tmax. On inspection, however, Tmax and TTD were moderately increased (arrows in D and E). Diffusion-weighted MRI (A) revealed three foci of acute ischemia in the right ACA territory (arrows in B).


Another limitation of using CTP thresholds is the inability to detect NVT after recanalization or even in patients with persistent arterial occlusion who present a late increase in blood flow in irreversibly damaged tissue due to improved perfusion via collateral blood vessels (100, 101). As highlighted by Demeestere et al. (102), the infarcted tissue will not be identified as NVT on CTP if CBF exceeds the threshold for ischemic core detection. Thorough inspection of NECT images for subacute or established infarction is thus mandatory for CTP interpretation (Figure 7). This is especially true in aSAH patients with DCI undergoing serial ERT and serial imaging.


[image: Figure 7]
FIGURE 7
False-negative CTP results in a 41-year-old male with extensive ischemia of the anterior cerebral cortex due to subfalcine herniation following rupture of a right parieto-occipital AVM. NECT of the brain (A) shows a subacute right parieto-occipital hematoma with associated intraventricular hemorrhage (arrows). Midline shift has regressed following right hemispheric craniectomy (*). Axial T2-weighted TSE images (B,C) reveal swelling and increased signal intensity of the cortex in the ACA territory bilaterally consistent with ischemia. On CTP, the infarcted cortex displays increased CBF (D) and CBV (E) with no obvious TMax (F) abnormality resulting in negative computation of both NVT and TAR by the software.


Late-stage infarcts, while frequently obvious on NECT, may also display confusing CTP features (103). Results of automated CTP measurements may not allow to distinguish late-stage from relatively recent infarcts, nor may qualitative assessment of color-coded maps, again rendering correlation with NECT images essential to avoid misinterpretation (Figure 8).


[image: Figure 8]
FIGURE 8
Confusing CTP features of acute superimposed on late-stage ischemic changes in an 89-year-old male with abrupt onset of left upper and lower limb paresis. (A) NECT of the brain demonstrates right rolandic and left middle frontal cortical hypodensities consistent with late-stage ischemic changes (*) and ill-defined, moderate hypodensity of the cortex and subcortical white matter of left superior frontal gyrus (arrows). (B) MRI performed 4 days after the CT scan demonstrates restricted diffusion consistent with acute ischemia (arrows). (C,F) The RAPID software discloses no corresponding NVT or TAR but demonstrates moderate left parietal hypoperfusion which is conversely MRI-negative. (D,E) Qualitative assessment of the SyngoVia CTP maps reveals changes in the Tmax and CBF in both recent and chronic lesions (arrows), which may be therefore difficult to distinguish on the basis of CTP only.


One important technical pitfall may occur in the presence of severe stenosis of large arteries or other conditions such as low cardiac output or cardiac arrhythmia which are responsible for a reduced upstream arterial flow (104). A delay in the arrival of the infused bolus of contrast material results in truncation of TACs, i.e., ending earlier than appropriate TACs. This occurs because of the relatively short imaging time of CTP and precludes calculation of diagnostic CTP maps (104).

Stenosis of intracranial arteries may also lead to confusing CTP results by causing hypoperfusion that may be misclassified as ischemic penumbra in the acute setting (105, 106). The most consistent and reproducible CTP finding is MTT prolongation, while CBF and CBV maps show variable changes (106, 107). These pitfalls stress the importance of thoroughly assessing not only NECT of the brain but also concurrent head and neck CTA to evaluate for regions of arterial stenosis.

The technique is sensitive to beam-hardening artefacts, which may be especially pronounced in aSAH patients with treated aneurysms and intracranial devices. Although easy to recognize on NECT, artefacts in the skull base or orbits represent a potential source of overestimation of penumbral volume (55, 104).

Iterative metal artifact reduction algorithms (iMAR, Siemens Healthcare) have been introduced during the past decade and have shown to significantly reduce metal artefacts in different body parts (see, e.g., (108, 109), and most importantly in brain NECT and CTA after coiling or clipping [see, e.g., (110–112),]. More recently, the iMAR algorithm has been applied also to CTP, with favorable results (113). Hakim et al. (113) compared the CTP maps generated from 58 datasets both with and without iMAR in 32 patients with aSAH, and showed that application of iMAR reduced artifacts and significantly improved image quality. The authors, however, observed that the performance of iMAR may differ depending on the type and size of metal and recommend iMAR application only in patients with strong metal artifacts. It is interesting to note that an increase of metal artefacts, with no improvement of image quality after application of the iMAR algorithm, has been observed on both source images and color-coded CTP summary maps in association with the use of orbit shields, which are therefore not recommended in CTP (114).

Finally, it seems important to mention that a potential limitation is represented by discordance between commercially available software. Multiple software products that produce perfusion maps and estimate volumes of NVT and TAR are available. However, substantial differences exist between vendors (115, 116), that may influence patient selection for reperfusion therapy in the setting of AIS triage and may be responsible for bias and confounding in longitudinal follow-up of aSAH patients (Figure 9). Kudo et al. (115) reported an important variability in both the qualitative and quantitative results of CTP in AIS patients by using different software, even when using identical source data, which the authors attributed to differences in tracer-delay sensitivity.


[image: Figure 9]
FIGURE 9
Discordance between software. 66-year-old female with Fisher IV aSAH (* in A and B) and associated subdural hematomas (arrows in A), who underwent surgical treatment of an ACom aneurysm and endovascular repair of a left PCom aneurysm. NECT of the head (A,B) on day 7 after aSAH revealed ischemic lesions of the head of the right caudate nucleus and left temporal pole (bold arrows). The left temporal lesion was correctly identified by both the RAPID and SyngoVia software. The RAPID software, however, failed to identify the right caudate nucleus lesion. The latter appeared as an area of decreased CBF and CBV on the SyngoVia CT perfusion maps (bold arrow in C). CTA revealed narrowing of the A1-A2 and M1 segments bilaterally consistent with vasospasm (arrows in D).


The CTP limitations discussed here above are summarized in Table 4.


TABLE 4 Limitations of CT perfusion imaging.

[image: Table 4]




2.5 Additional considerations and conclusions

Despite the heterogenous results concerning the contribution of CTP in aSAH, and despite the lack of a standardized method of data analysis, the use of CTP imaging has been growing in this patients’ population during the past two decades. As highlighted by Sanelli et al. (77), there are several advantages in using CTP in this critically ill population, despite its limitations. First, the technique is widely available. Second, it has relatively short acquisition times, especially as compared to MRI, which is of the utmost importance in unstable ICU patients (117). High-field MRI has additional limitations, the main ones being susceptibility to ferromagnetic material or contraindications due to the equipment needed by an ICU patient during image acquisition (117). Also, it allows one-stop NECT, CTA, and CTP acquisition whereas MR angiography and dynamic-susceptibility-contrast (DSC) MR perfusion cannot be achieved during the same examination. Another advantage of CT in aSAH patients is that the technique is less invasive than DSA and can be performed repeatedly. CTP has also proven more accurate than cerebral ultrasound perfusion imaging (UPI), a technique that was introduced during the past two decades showing promising results (118). In a recent work on 30 aSAH patients, cerebral UPI has shown to enable detection of cerebral hypoperfusion, with the left-right difference of TTP values being the most sensitive finding (119). Concomitant assessment of cerebral vasospasm by using TCD, also, has proven to be less accurate than CTA (120, 121), thus rendering the replacement of CT by ultrasound in this patients’ population unlikely.

CTP is performed in aSAH with the aim of identifying patients at risk of DCI. While unable to reliably predict DCI if performed in an “early” (<72 h from aSAH) phase, the technique has proven more informative when performed in a later (>72 h) time-window. In addition, it seems important to highlight the crucial role of CTP on admission as a baseline reference for subsequent CTP studies.

Very importantly, the technique has proven an informative tool in the assessment of the response to ERT, with cerebral perfusion in the setting of secondary cerebral ischemia following aSAH being measurably improved by ERT (39, 96).

Many authors advocate for standardization of methods of analyzing CTP and for defining CTP thresholds for both NVT and TAR in aSAH. While validated in AIS, automated measurements from voxelwise analyses seem to present major limitations in aSAH due to the high incidence of DCI-unrelated parenchymal damage in this patients’ population. Intraparenchymal hemorrhage, hydrocephalus or intracranial devices may indeed be responsible for severe artefacts that render automated measurements unreliable.

In assessment of response to ERT, an additional limitation of voxelwise analyses is the dynamic nature of vasospasm, which may regress in one territory following selective treatment on one CTP scan while at the same time affecting a new arterial territory, with unchanged values of the total volume of brain parenchyma considered at risk (TAR) on subsequent CT scans. ROI-based analyses seem thus more appropriate in this specific clinical setting, allowing to specifically evaluate the CTP changes in a given arterial territory while excluding areas of damaged brain tissue that would result in false-positive CTP findings.

While most research studies are indeed ROI-based, qualitative assessment of color-coded maps seems a valid alternative in clinical practice but requires thorough inspection of corresponding NECT and CTA images to avoid misinterpretation. In addition, lower TAR thresholds (i.e., TMax > 4 s) seem more appropriate in aSAH as compared to AIS. AIS thresholds underestimate both the infarct core and hypoperfusion, with the aim of favouring patients’ selection for thrombectomy. CTP in aSAH, differently, needs to be as sensitive as possible in the detection of TAR.

Given the discordance between commercially available software and differences in methodological analyses, standardization seems difficult to achieve but consistency is mandatory across aSAH patients in each single institution, allowing for accurate follow-up and between-patient comparison.

Despite these complexities, the use of CTP imaging in routine aSAH care as a complement to TCD and MMM seems indispensable, in that it is easy and rapid to perform and allows individualized treatment in particular of unconscious patients based not only on vascular assessment but most importantly on brain tissue functional status.
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Clinical condition

Acute ischemic stroke (AIS)

Aneurysmal subarachnoid hemorrhage (aSAH)

Patients’ characteristics

Aim of CTP

Patients presenting with new-onset focal neurological deficit.

Providing volume estimates of the ischemic core (NVT) and
ischemic penumbra (TAR)

Unconscious patients in whom neurological examination is
limited. CTP imaging may be performed based uniquely on
abnormal TCD or MMM findings.

Identifying areas of hypoperfusion (TAR) before ischemic

necrosis occurs.

Common findings on CTP

One area of ischemic necrosis (i.e., the ischemic core) which is
irreversibly damaged and is therefore referred to as NVT is
surrounded by the ischemic penumbra, that is at risk of infarction
(TAR) but potentially salvageable if recanalization is achieved.
According to the concentric four-compartment brain ischemia
model (63), an area of mild, “benign” hypoperfusion surrounds the
ischemic penumbra, and is referred to as oligoemia. The fourth
compartment is represented by the unaffected brain parenchyma.
A typical case of AIS is shown in Figure 1.

One or more than one area of hypoperfusion (TAR)
andlor oligoemia may be seen affecting different arterial
territories (Figure 5).

Recommended method of analysis of
CTP data

Automated volume measurements of NVT and TAR based on
voxelwise analyses and calculation of mismatch ratios.

+ Qualitative assessment of color-coded CTP maps.
+ ROLbased analyses.

CTP thresholds for TAR and NVT

rCBF < 30% for NVT and TMax >6 s for TAR.

No validated threshold.

Commonly associated findings on
brain NECT that may limit
CTP accuracy

None.

+ Intraparenchymal hemorrhage.

Intraventricular hemorrhage.

Hydrocephalus.

Intracranial devices (ventricular drain and brain oxygen and
intracranial pressure monitoring systems).

Commonly associated findings
on CTA

‘Thrombo-embolic occlusion of one arterial segment.

Vasospasm of one or more arterial segments.
No obvious vasospasm.

CTP-based subsequent
treatment decision

Endovascular thrombectomy.

I ial injection of

The table summarizes the main differences between these two clinical conditions.
TCD, transcranial color doppler; MMM, multimodal neuromonitoring; NVT, non-viable tissue; TAR, tissue at risk; 1CBF, relative cerebral blood flow; TMax, time to maximum; NA,

not applicable.
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The table lists the main studies that have investigated the accuracy of “late” CTP parameters in predicting DCLThe term “late” refers to >72 h after aSAH.





