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Abstract

Stroke is a leading cause of disability and mortality, and the incidence of ischemic stroke 

is projected to continue to rise in coming decades. These projections emphasize the need 

for improved imaging techniques for accurate diagnosis allowing effective treatments for 

ischemic stroke. Ischemic stroke is commonly evaluated with CT or MRI. Noncontrast CT is 

typically utilized within 4.5 hours of symptom onset to identify candidates for thrombolysis. 

Beyond this time window, thrombolytic therapy may lead to poor outcomes if patients are not 

optimally selected using appropriate imaging. MRI provides an accurate method for the earliest 

identification of core infarct, and MR perfusion can identify salvageable hypoperfused penumbra. 

The prognostic value for a better outcome in these patients lies in the ability to distinguish 

between core infarct and salvageable brain at risk—the ischemic penumbra—which is a function 

of the degree of ischemia and time. Many centers underutilize MRI for acute evaluation of 

ischemic stroke. This review will illustrate how perfusion-diffusion mismatch calculated from 

diffusion-weighted MRI and MR perfusion is a reliable approach for patient selection for stroke 

therapy and can be performed in timeframes that are comparable to CT-based algorithms while 

providing potentially superior diagnostic information.
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INTRODUCTION

Stroke is a leading cause of morbidity and mortality. The incidence of stroke in the United 

States is currently approximately 800,000 cases annually.1 Among stroke subtypes, ischemic 

stroke encompasses 87% of all strokes in the United States.2 Clinical outcome after stroke 

is dependent on timely detection and intervention. Accepted definitions and guidelines for 
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management exist.3 In spite of such guidance, variability in individual physiology, risk 

factors, time of onset, and presentation can confound evaluation. It is often difficult to 

properly assess the many factors at play, particularly when seeking to minimize delays given 

the need for timely action in patients suitable for therapy. While diffusion and perfusion 

techniques have been available for many years, more recent advancements in interventional 

therapy and results from multicenter trials have solidified their use in patient selection and 

treatment planning.

PATHOPHYSIOLOGY OF STROKE PROGRESSION

Stroke incidence and the resultant societal burden continue to increase such that now every 

40 seconds a person suffers a stroke.4 Stroke is the leading cause of disability worldwide 

and ranks fifth among all causes of death in the United States.5 The mantra ‘time is brain’ 

has been augmented with more physiologically refined concepts like the ‘tissue clock’6 and 

‘collateral clock’7 as research trials and understanding of the complex interplay between 

time, brain tissue, and collateral flow improves. This change in conceptualization was 

brought about by results from multiple trials that demonstrated the importance of penumbral 

brain tissue surrounding the infarct core. The definition of this brain tissue has changed over 

the last three decades. The importance of the penumbra was first published by Astrup in 

1977.8 He defined the penumbra in terms of the critical cerebral blood flow below which 

it can progress to irreversible infarction. Later Hossman9 in 1994 described the maintained 

functional energy status of the penumbra. By 2000 the definition was refined to a molecular 

basis by expressing the region between the infarct core and area with normal blood flow to 

have multiple penumbral layers in a gradient as the hypoxia-induced neuronal death spreads 

from the core to the periphery.10, 11 These definitions have improved our understanding of 

the physiological evolution of the penumbra as a dynamic interplay between blood flow, 

cerebrovascular reserve, and neuronal cytotoxicity with time.

The fundamental pathophysiological understanding of the penumbra is quite simple. It is 

the region of the brain in which the neurons are deprived of their vascular supply but 

can survive if early reperfusion is established.12 The viability of the penumbra can persist 

up to 24 hours in some patients, and possibly even longer in some individuals, providing 

a window for therapeutic interventions in many stroke patients.13–15 It is of diagnostic, 

therapeutic, neuroprotective, and biochemical importance for current and future studies of 

stroke care.16 The hemodynamics within the core and penumbra are distinct and form the 

basis of perfusion imaging. However, before considering perfusion imaging, it is helpful to 

describe imaging techniques to identify infarcted tissue and provides information against 

which perfusion imaging will be compared.

DETECTION AND TIMING OF CORE INFARCTION

Diffusion weighted imaging (DWI) sequences are the most sensitive and specific for 

identification of infarcted tissue in the acute setting.17 DWI is highly sensitive to changes 

in the diffusion of water molecules within tissue.17 In the setting of cytotoxic edema from 

acute ischemic stroke, restriction in the diffusion of water is identified as hyperintense signal 

on DWI18 and corresponding hypointensity on the apparent diffusion coefficient (ADC) 
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map.19 This ‘restriction’ of water/proton motion is due to loss of cellular energy, which 

causes loss of Na/K pump activity and results in cellular swelling that reduces diffusion of 

water within and between cells.17 The accuracy of DWI in detecting core infarction is highly 

dependent on the B value used and the number of gradient directions. Multidirectional 

DTI (diffusion tensor imaging) and the generated DTI trace image is the most accurate 

measure of acute infarct and outperforms conventional diffusion-weighted sequences.20 The 

DTI parameters for the acute ischemic stroke protocol at our center are 2D, 128×128 

matrix, 3mm slice thickness, B value=2000, 20 directions. An apparent diffusion coefficient 

less than 620×10−6 mm2/s has been shown to be the optimal threshold for detection of 

the ischemic core.21 It is important to observe that the ADC value remains darker than 

surrounding brain parenchyma during the first week, pseudonormalizes at 7–10 days, and 

thereafter becomes brighter than surrounding tissue. This late stage, when high signal is 

present on both DWI and ADC, termed ‘T2-shine through’ indicates a subacute infarct in 

which high T2 signal related to vasogenic edema outweighs the diffusion restriction. Figure 

1 demonstrates evolution of DWI, ADC, and T2 signal in an infarct in the same patient 

over the course of months. Studies have shown that lower baseline ADC was associated 

with T2 shine-through on 1-month follow-up imaging, indicating that baseline restricted 

diffusion was associated with slower recovery and ongoing slow progression of ischemia 

to infarction.22 It should also be noted that while DWI core infarcts rarely totally reverse, 

systematic reviews have shown that DWI core infarct volume can reduce in up to 26.5% of 

patients, depending on the method of follow up (FLAIR or DWI).23, 24

Clinical trials have taken advantage of FLAIR positivity lagging behind diffusion signal in 

acute ischemic stroke. FLAIR signal becomes positive in nearly 100% of patients after 6 

hours, though most patients convert within 4.5h.25 Thus DWI-FLAIR mismatch in which 

there is high signal on DWI and low signal on FLAIR approximates the 4.5h timepoint. 

Results of the MR WITNESS26 study suggested that, in patients with unknown time of 

symptoms onset, intravenous tissue Plasminogen Activator (IV tPA) administration was safe 

in patients with a DWI-FLAIR mismatch. This trial allowed treatment within 4.5 hours of 

symptom discovery, even if last known normal was up to 24 hours prior. Thus, MRI imaging 

with DWI and FLAIR can play a significant role in characterizing the tissue clock in patient 

selection, providing accurate results on core infarct size and timing of the infarct. MRI 

allows selection criteria to be personalized to patient presentation and clinical condition, and 

MRI perfusion imaging identifies salvageable brain, which can guide treatment planning and 

provide helpful prognostic information to family members who may be asked to quickly 

make difficult decisions. In addition to high sensitivity in identifying core infarct, MRI also 

does not have the ionizing radiation inherent to CT.27–29 Despite the superiority of MRI over 

CT in detecting core infarction, the most common reason for MRI not being the initial test is 

patient contraindications such as excessive patient motion, implanted devices or metal, lack 

of availability at some centers, and perceived time advantages found with CT.30

IMAGING TISSUE AT RISK

Cerebral hemodynamic homeostasis is maintained across a wide range of perfusion 

pressures. The cerebral perfusion pressure (CPP), defined as the difference between 

the mean arterial pressure (MAP) and intracranial pressure (ICP) is responsible for 
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maintaining adequate oxygen supply for tissue survival. This in turn is due to the adaptive 

vasodilation of the cerebral blood vessels that lead to an increase in blood volume 

whenever there is compromised blood flow to brain tissue. When this compensatory 

system is overwhelmed, the tissue’s ability to extract oxygen reduces, leading to metabolic 

instability. This derangement leads to cessation of electrical activity of the neurons, which 

causes neurological deficits, and is eventually followed by neuronal death. Reversible and 

irreversible cytotoxic injury forms the pathological basis of our understanding of the core 

and penumbra and its assessment with perfusion imaging.

In addition to assessing infarct core, it is important to assess the potentially salvageable 

tissue that constitutes the penumbra. Imaging of the ischemic penumbra is possible through 

multiple techniques, the most commonly used being CT or MR perfusion imaging. There 

are multiple perfusion metrics to consider when evaluating the penumbra. These include 

cerebral blood flow (CBF), cerebral blood volume (CBV), mean transit time (MTT), time to 

drain (TTD), the time at which the deconvolved residue function reaches its maximum value 

(Tmax), and time to peak contrast concentration (TTP). Time-concentration relationships are 

summarized in Figure 2. The central volume theorem combines three parameters—MTT, 

CBV, and CBF—into a single equation that is useful in determining the two areas of infarct 

core and penumbra.31

The gold standard for core infarction is identified on DWI, but core infarction also has 

a very low rCBF and CBV. In contrast, the penumbra, despite having some reduction in 

rCBF, has no DWI signal abnormality and normal or increased CBV due to hemodynamic 

compensatory dilation of arteries and vascular contribution via surrounding collaterals. 

The different perfusion states as captured by imaging are summarized in Table 1.32 It is 

important to keep in mind the concept of ‘luxury perfusion’ of the infarct core to prevent 

false negative results in identifying infarct core if DWI is not available. This occurs due 

to the abnormal autoregulation of the cerebral vasculature during the acute and subacute 

period following an ischemic stroke. It is imperative to evaluate the infarct core on anatomic 

sequences and especially DWI, particularly in cases of luxury perfusion where the perfusion 

parameters can appear normal.33,34

MR perfusion imaging can be performed with gadolinium contrast-enhanced techniques 

using dynamic susceptibility contrast (DSC) or dynamic contrast enhancement (DCE) 

sequences, or via a noncontrast technique using arterial spin labeling (ASL) sequences.35 

Intravenous gadolinium results in T1 and T2/T2* shortening effects. In DSC, multiple T2*­

weighted images are obtained before, during and after intravenous injection of gadolinium. 

Due to the T2* shortening effects of gadolinium, the signal intensity curve of DSC perfusion 

shows a drop in signal that can be used to produce a concentration time curve.36 The area 

under the concentration time curve represents the CBV in each voxel. Other parameters 

derived from DSC are MTT, Tmax, CBF, Time to peak (TTP-representing highest signal 

loss).36 DSC is the perfusion technique most frequently used for acute ischemic stroke 

imaging, and the parameter Tmax of >6 seconds most accurately represents the total 

ischemic area, from which the core infarct identified by DWI is subtracted to calculate 

the ischemic penumbra.36 While both low CBV and very low CBF serve as good measures 

of core infarct volume, the most accurate measurement of core infarction is identified 
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on DWI.36 On the other hand, the DCE technique is T1-weighted and due to the T1­

shortening effects of gadolinium, produces a signal intensity curve with the contrast bolus 

corresponding to increased signal and perfusion metrics include measurement of vascular 

permeability.36 One metric in this technique is the contrast transfer constant (Ktrans ), which 

is a measure of both vascular permeability and microvessel density.36

ASL can be considered as an alternative to methods using gadolinium contrast agents. 

This technique exploits the inherent motion of blood flow in the brain and has gained 

popularity in cerebral perfusion and collateral flow imaging. ASL uses a radiofrequency 

pulse to spin-label a percentage of flowing protons in water molecules in the bloodstream, 

and these are used as the radiotracer and compared to a control acquisition.37 The latter is 

subtracted from the former to obtain perfusion imaging and visualize the ischemic penumbra 

surrounding the core infarct. While still early in its clinical adoption, ASL has been shown 

to increase stroke detection by 5% when used together with DWI and perfusion imaging 

in areas with small stroke lesions.38 ASL has been found to have an association with good 

neurological outcome and reduced Modified Rankin Score on hospital discharge.38

STROKE IMAGING IN THERAPEUTIC TRIALS

Early trials that studied the use of IV tPA in stroke management were NINDS39 followed by 

the MR WITNESS26, EXTEND40 and WAKE-UP41 trials that used DWI-FLAIR mismatch 

as a patient selection criteria for treatment. The NINDS trial was a 2-phase trial. This trial 

studied the 24hr and 3-month outcome in patients that were administered IV tPA within 3 

hours of stroke onset. Results proved better 3-month outcome in these patients compared to 

the placebo group. MR WITNESS trial used DWI-FLAIR mismatch in patients with stroke 

within 4.5 to 24 hours after onset, and found that IV tPA was safe in treating patients within 

4.5 hours of arrival. A longer time interval of 4.5 hours to 9 hours for IV tPA use was 

tested in the EXTEND trial. This trial utilized abnormal perfusion imaging to select patients 

for treatment with a mismatch ratio of at least 1.2. This trial reported a significant benefit 

for functional independence at 90 days but had higher rates of symptomatic intracranial 

hemorrhage. The limitation of this study was that it was stopped early due to the release of 

the results of the WAKE-UP trial therefore losing its clinical importance and results were 

not applicable to lacunar stroke. Results of the WAKE-UP trial showed the benefit of using 

IV-tPA within 4.5 hours if used in conjunction with MRI DWI-FLAIR.

Multiple randomized control trials have confirmed the substantial benefits of mechanical 

thrombectomy compared to medical therapy alone, although this did not occur until after 

several trials with negative results provided useful lessons for the design of subsequent 

trials. Among these early negative trials, the most important were Mechanical Retrieval and 

Recanalization of Stroke Clots Using Embolectomy (MR RESCUE)42 and International 

Management of Stroke (IMS III)43. MR RESCUE studied the outcome difference in 

thrombectomy versus standard care in patients using pre-treatment imaging of the penumbra 

volume. It included 118 patients with an anterior circulation ischemic stroke that were all 

treated with IV-tPA. The primary outcome of mRS at 90 days was found to be the same in 

both treatment groups, showing that penumbral imaging as a diagnostic test for treatment 

selection was not associated with a superior outcome. A major limitation of this study was 
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apparent prolongation of time to treatment, which was often attributed to utilization of MRI 

over CT. While a valid critique in general, minimization of delays was accomplished in 

subsequent trials that demonstrated benefit of mechanical thrombectomy for large vessel 

occlusion. This was affected by improvements in efficiency in stroke care delivery and 

progress made in endovascular devices rather than avoidance of MRI-based evaluation.

2015 proved to be a turning point in stroke care with publication of the results of the 

MR CLEAN trial.44 This was followed by the ESCAPE, REVASCAT, SWIFT PRIME and 

EXTEND IA trials, all of which confirmed the benefit of mechanical thrombectomy for 

large vessel occlusions in the internal carotid artery or M1 segment of the middle cerebral 

artery.45,46,47,48 These trials were subsequently assessed in a patient-level meta-analysis 

known as the HERMES study, which is summarized in Table 2.49 Of these positive trials, 

SWIFT PRIME and EXTEND-IA used perfusion imaging for patient selection. In addition 

to standard and angiographic imaging, ESCAPE also included collateral status.45 The 

consensus after these trials was the clear benefit of mechanical thrombectomy for treatment 

of large vessel occlusion (LVO) within 6 hours of last known normal.49 The combined 

HERMES cohort included a total of 1287 patients with a mean age of 68 years.49 There 

was a significant benefit for the functional independence outcome (46% versus 26.5% (OR, 

2.49; 95% CI, 1.76–3.53; p < 0.0001)).49 HERMES results showed that beyond 7.3 hours, 

the benefit of treatment seemed to decline, although benefit could exist for some patients.49

The results of the 5 trials included in HERMES answered the question of utility of stroke 

intervention within six hours, but they also shed light on the need to address patients in 

extended timeframes. This led to two subsequent trials, DAWN50 and DEFUSE-351, that 

expanded guidelines for the treatment of acute ischemic stroke. The DAWN trial was a 

prospective trial of 206 patients, whose last known well was between 6–24 hours.50 Patients 

were categorized into three subgroups based on patient age, infarct volume, and NIHSS 

score.50 Patients were randomized to mechanical thrombectomy using the Trevo device plus 

standard medical care versus only medical care.50 The trial was stopped early due to the 

early evidence that thrombectomy in this late window was highly efficacious in patients 

with a mismatch between clinical status and infarct size measured using diffusion-weighted 

MR or CT perfusion and post processing with the RAPID software.50 After adjusting 

for baseline characteristics it was found that the absolute difference in the primary and 

secondary endpoints of utility weighted mRS and functional independence at 90 days were 

2.1 (1.2–3.1) and 36 (24–47), respectively.50 This large difference in positive outcomes 

in the mechanical thrombectomy group and no significant difference between secondary 

complications of intracranial hemorrhage changed the possibilities for the management of 

strokes in the late window period.50 DEFUSE-3 criteria for mismatch were initial infarct 

volume <70ml plus the ratio of hypoperfused/infarct >1.7 and a mismatch of hypoperfused­

core of at least 15ml in patients last known well 6–16 hours.51 A good functional outcome 

was more frequent in the thrombectomy group (45% versus 17%, p<0.0001), and the trial 

was stropped after an early interim analysis triggered by the positive results of DAWN.51 A 

sub study of the DEFUSE-3 trial compared the outcomes between males and females and 

found that females were found to have smaller cores, slower progression of infarct and better 

collateral circulation.51 This shows the difference in hemodynamic properties between sex 

that contributes to cerebral perfusion.52
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PERFUSION PROCESSING WITH AN EYE TOWARD TREATMENT

The penumbral imaging selection criteria utilized in DAWN and DEFUSE-3 have been 

adapted for clinical use. While these two trials had similar criteria, there were differences, 

and the post-processing of these diagnostic studies images is carried out by software that 

varies across medical centers. As such, criteria for the hypoperfusion threshold and methods 

for processing images have not been standardized to date.

The current guidelines for acute stroke management include IV tPA within 4.5 hours of 

stroke onset using noncontrast CT to exclude intracranial hemorrhage and contraindication 

to treatment. A study done on 225 patients that were ineligible for thrombectomy was 

done to test outcome of treatment with tPA between 4.5 to 9 hours window period 

showed 35.4% of patients with mRS 0–1 at 90 days (versus 29.5% in placebo group), 

but no difference in functional independence and significantly higher risk of symptomatic 

intracranial hemorrhage during this extended window period.40 For patients presenting with 

emergent LVO, guidelines have been established to determine candidacy for mechanical 

thrombectomy based on imaging findings, clinical status based, and symptom timeframe.53 

Thrombectomy is currently recommended up to 24 hours from last known normal which has 

been extended from the earlier guidelines. During the <6 hours interval, a CT ASPECTS 

≥6, DWI MRI ASPECTS ≥6, small infarct volume (<70ml) with a target mismatch ratio and 

moderate to good collateral circulation is a good indication for mechanical thrombectomy.53 

Studies have shown that patients with a large infarct core and mismatch ratio that are 

deemed ineligible for thrombectomy might still benefit from treatment if carefully chosen 

according to individual patient characteristics and perfusion characteristics, and this will be 

assessed in future trials.52, 53 Guidelines suggest that in patients presenting with an LVO 

within 6–24 hours, the decision for thrombectomy should be based on DWI-PWI mismatch 

and CT perfusion criteria from DAWN and DEFUSE-3 trials. In patients that do not fit these 

criteria but have a favorable CT-ASPECTS of 6–10 and good collaterals, thrombectomy may 

also show favorable long term outcomes53.

Studies have been performed to externally validate the criteria set in the DAWN and 

DEFUSE-3 trials. Results from one such study of patients with unknown time of stroke 

onset showed that patients that were deemed ineligible for treatment based on DAWN and 

DEFUSE-3 selection criteria had a favorable mRS of <2 after undergoing thrombectomy, 

showing that stringent volume thresholds might exclude potential patients with a favorable 

outcome.56 A retrospective study was conducted on 1705 patients with imaging profiles 

compatible with DAWN/DEFUSE-3 criteria and extended the criteria to include lower 

NIHHS scale and lower CT-ASPECT score. Results showed that among these patients, 

5.6% were eligible by either of the trial criteria and 11.1% were eligible by the extended 

criteria.57 This further supports the need for a wide volume threshold on imaging or more 

accurate measurement of core volume to avoid missing target patients for treatment using 

endovascular thrombectomy.

A limitation to instituting strict thresholds guidelines for perfusion imaging is the difference 

in software used for the post processing of imaging obtained on CT or MRI. A study 

done to compare two different processing software packages—RAPID® (iSchema View) 
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and Olea Sphere®(Olea Medical)—showed differences between the measured volumes 

of hypoperfused tissue (median 91.0 ml versus 102.2 ml; p < 0.05) and abnormality 

on ADC (median 30.0 ml versus 23.9 ml; p < 0.05).58 It is important to note that 

different MRI software may affect patient evaluation, particularly with respect to mechanical 

thrombectomy candidacy. Semi-automated MRI perfusion-diffusion mismatch calculation 

will help clinicians to correctly stratify patients for treatment options, particularly those that 

are eligible for mechanical thrombectomy, and will be a goal for future innovation.59

ELEMENTS OF AN MRI PROTOCOL FOR ACUTE ISCHEMIC STROKE 

EVALUATION

While CT is often utilized for its fast acquisition time, MRI provides superior diagnostic 

accuracy that may warrant its selection, particularly when utilizing truncated rapid protocols 

at centers with well-developed workflows. Such a protocol can be acquired in less than 

6 minutes and includes DWI, fluid attenuated inversion recovery (FLAIR), susceptibility 

weighted imaging (SWI) or gradient recalled echo (GRE), and can be coupled with MRI 

perfusion imaging and MR angiogram (MRA) while still remaining within 10 minutes. 

Figure 3 provides images from a patient selected for mechanical thrombectomy following 

use of this protocol at our center. Compared to slightly less scanning time for CT protocols, 

MRI can be considered superior given that it is most sensitive for the detection of early 

stroke. One study has tried to implement an MRI Stroke protocol to obtain MRI imaging 

in stroke patients in less than the normal time of 20 mins for a conventional MRI brain 

protocol.60 This study proved that with an efficient work team and fast imaging technologies 

it is fairly possible to obtain MRI imaging with superior quality and reproducibility than 

CT.60 Further efficiency gains can be accomplished by developing a truncated protocol that 

emphasizes rapid acquisition. At our institution, the rapid acute stroke protocol includes 

axial GRE, DWI, FLAIR, DSC perfusion, and postcontrast MRA; this is all acquired 

in fewer than ten minutes, which is comparable to the CT-based algorithm that includes 

noncontrast CT, CTA, and CT perfusion. At our institution, 1.5T scanners are most often 

utilized due to greater availability for acute stroke patients, yet even greater efficiency gains 

can be achieved with 3T scanners that require even less time to complete the protocol.

CONCLUSION

Imaging of the penumbra is a highly debated topic. Research is still underway for validating 

a standardized threshold for patient selection using MRI perfusion imaging despite 

variations in software and post-processing algorithms. Future research must concentrate 

on ways to address the time and financial constraints of implementing an MRI stroke 

protocol for patient selection for endovascular thrombectomy. Large scale randomized 

controlled trials to validate standardized threshold values for imaging as well as testing 

mechanical thrombectomy outcomes in patients with stroke onset beyond 24 hours will 

be of vital importance for patient care. A collaborative effort between neuroradiologists, 

interventionalists, and neurologists will not only lead to better and faster implementation of 

MRI perfusion imaging but also improved success of mechanical thrombectomy in eligible 

patients.
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Figure 1. 
A middle-aged man presented with altered mental status and was found to have bilateral 

thalamic infarcts on DWI (A). White box demonstrates region of interest for subsequent 

cropped axial images of the right deep gray structures. Sequential studies with DWI (B, 

D, G, J), ADC (C, E, H, K) and FLAIR (F, I, L) sequences are shown. Imaging on the 

day of the infarct (A, B, C) demonstrates hyperintense DWI signal with hypointense ADC 

signal. Of note, FLIAR imaging was not performed at this time. At one week, DWI (D) 

demonstrates more pronounced hyperintensity with clear corresponding hypointensity on 

ADC (E) and hyperintensity on FLAIR. At six weeks, very little DWI (G) hyperintensity 

persists, which matches corresponding ADC (H) that is now hyperintense, consistent with 

T2 shine-through confirmed on FLAIR (I). At three months, All DWI (J) hyperintensity 
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has resolved, with some hypointensity seen in the area of the chronic infarct. ADC (K) and 

FLAIR (L) both demonstrate hyperintense signal.
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Figure 2. 
A concentration-time curve demonstrates the central volume principle, plotting time on the 

x-axis against tracer concentration on the y-axis. Area under the curve (AUC) quantifies 

to cerebral blood volume at a given time. Beginning of arrival of tracer (BAT) is the 

time at which contrast agent enters the arterial input. Time to peak (TTP) represents the 

time between the tracer injection and maximum tissue enhancement. Mean transit time 

(MTT) is the total time the contrast takes to move from the arterial to venous phases. Peak 

concentration (MPC) is the highest measured tracer concentration.
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Figure 3. 
A retirement-aged man presented with right hemiplegia and sensation loss, raising concern 

for left MCA occlusion. Symptom onset was greater than six hours at the time of 

presentation. Maximum intensity projection in the coronal plane of time of flight MRA (A) 

confirms occlusion of the left M1 segment (arrow). DWI (B) shows infarct in the caudate 

head and lentiform nuclei (arrow), as well as scattered areas of restricted diffusion in the left 

MCA territory (arrowheads). These areas are confirmed with corresponding hypointensity 

on ADC (C). Perfusion imaging summary image (D) demonstrates a large volume of 

tissue with elevated Tmax>6s, indicated by green shading. From this, volume of infarct, 

indicated by magenta shading, is subtracted to calculate penumbra. This patient’s calculated 

core and penumbra were favorable for mechanical thrombectomy. Digital subtraction 
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angiography in the Towne’s projection during injection of the left ICA (E) confirms left M1 

occlusion (arrow). Complete recanalization was achieved, seen on repeat angiography after 

thrombectomy (F). Stability MRI obtained 24 hours after treatment (G) again demonstrates 

infarct in the left deep gray structures, although there has been reversal in previously 

visualized areas of restricted diffusion in most other areas of the left MCA territory.
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Table 1:

Distinguishing abnormal perfusion states of the core and penumbra using perfusion imaging.

PERFUSION PARAMETER CORE* PENUMBRA

MTT or Tmax ↑ ↑

CBF ↓↓ ↓

CBV ↓↓ Normal/↑

*
Core infarct can also demonstrate so-called “luxury perfusion” in which infarcted tissue has normal perfusion imaging appearance.
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Table 2:

Summary of the 5 trials included in HERMES

TRIAL Treatment window Vascular imaging Perfusion imaging criteria (If used)

MR CLEAN 6 hours CTA No

ESCAPE 12 hours CTA No

REVASCAT 8 hours CTA or MRA Perfusion CT-CBV
ASPECTS or perfusion
CT-SI ASPECTS in patients >4.5 hours from onset

SWIFT PRIME 6 hours CTA or MRA Perfusion CT or perfusion MRI
Core<50mL, mismatch >1.8

EXTEND IA 6 hours CTA Perfusion CT
Core <70mL
Absolute mismatch volume >10 mL
Mismatch ratio >1.2
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