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Physicists, together with other healthcare professionals, play critical roles in the development, validation and 
translation of new imaging techniques in acute stroke. The term ‘physicist’ in this context is most appropriately 
defined to include a broad range of highly qualified individuals with advanced training, typically holding a doc-
toral degree, in biomedical engineering, biophysics, chemistry, computer science, mathematics, physics, statis-
tics, or another area. These individuals bring a comprehensive array of scientific and technical expertise to bear 
on important clinical problems in stroke. Physicists represent a critical ‘leg’ of the ‘three-legged’ team advanc-
ing MR imaging in acute stroke. As already described in this session, the other ‘legs’ consist of neurologists (or 
other clinicians) and neuroradiologists. 

Acute stroke is a relatively new application of neuroimaging. The precipitating need was the establishment, in 
1995, of thrombolysis within 3 h of onset as the first approved stroke therapy.[1] Neuroimaging was required 
to verify absence of hemorrhage before treatment. Early trials relied on computed tomography (CT) to restrict 
thrombolytic treatment to non-hemorrhagic patients. Neuroimaging assessment has remained a critical re-
quirement prior to acute stroke therapy and provides information for stroke management. The time from on-
set to thrombolysis has been extended in some situations to 4.5 h after onset,[2] however, the need for neu-
roimaging to exclude hemorrhage and to assist with patient management remains. 

MR imaging can also be used to guide treatment decisions.[3] Like CT, it can be used to screen for hemor-
rhage,[4] but in addition MR imaging has the potential to provide a rich assortment of additional imaging-
derived information on the acute stroke patient.[5,6] In Calgary, we were early proponents of 1) using high-
field (3 T) MR imaging to triage acute ischemic stroke [7-13] and 2) a team-based, multi-disciplinary, approach 
to acute stroke imaging consisting of physicists, neuroradiologists, and stroke neurologists, as well as research 
and clinical trainees. We have worked effectively in a highly collaborative environment that encourages indi-
vidual researchers to move outside of their respective areas of traditional expertise. Germane to this presenta-
tion is the concept of physicist 2.0 – an individual that is familiar with discovery science, but who, to work more 
effectively with neuroradiology and neurology, also appreciates idea translation, clinical science and, possibly, 
health outcome (Figure 1). (In parallel broaden roles are seen for neuroradiologist 2.0 and neurologist 2.0.) 

Acute stroke represents a challenging target for MR imaging. “Time is brain” – there is urgency to properly di-
agnose those suffering from acute stroke. Protocols have been proposed to reduce scan time from ~15 min in 
1999 [14] to ~6 min in 2015.[15] Decreasing imaging time is important because it is estimated that during 
stroke 1.9 million neurons die for every minute without blood flow being restored.[16] (For reference the typi-
cal adult human brain has about 22 billion neurons in the neocortex.) The need to image quickly is universally 
acknowledged, though in practice using a too abbreviated protocol may prevent a comprehensive evaluation. It 
remains unclear if fast MR protocols are indeed clinically efficacious; nonetheless, acute stroke MR imaging 
remains acquisition-time limited challenge. The physicist has an essential role is driving the development and 
evaluation of new technologies and providing additional scientific guidance to ensure their translation and clin-
ical adoption. Here, we will review examples of previous contributions and muse on future roles. 

Key Contributions to Acute Stroke Imaging - Physicist 
Rowely [17] described the key goals of acute stroke imaging as assessing: 1) parenchyma, 2) pipes, 3) perfusion, 
and 4) penumbra. The so-called four ‘Ps’ have helped organize development of techniques around these critical 
clinical needs. Specifically, in the case of parenchyma, the use of T2*-weighted techniques can identify hemor-
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rhage,[18] and diffusion-weighted imaging (DWI) can identify regions of restricted water diffusion.[19] Conven-
tional (unenhanced) and contrast-enhanced MR angiography (MRA) can image arteries (>0.5 mm in diameter) 
to identify thrombotic or embolic occlusion in the pipes,[20] as well as vessel supplying blood to the 
brain.[21,22] Blood flow in the brain tissue (perfusion) can be assessed with temporally resolved techniques 
that follow a bolus of MR contrast agent.[23,24] Finally, information about parenchyma, pipes and perfusion 
can be combined to assess the penumbral region of brain tissue that is at risk of further 
damage.[25,26,3,27,28] Historically, the primary value add of the physicist is to interpret these concepts and 
realize/improve MR imaging techniques for their assessment in humans. 

 

Figure 1: Translational continuum underlying development of new imaging techniques – starting with a dis-
covery, that is then translated through animal and human studies, becoming a clinical science approach under 
assessment and, eventually, evaluated for health outcome on patient care (b). Considerable effort is required to 
move through this continuum. At interfaces between expertise areas, there exist ‘valleys’ in the available exper-
tise (stars). Historically, these valleys map to ‘gaps’ in expertise between physicists, neuroradiologists and neu-
rologist (a). An improved team-based approach intentionally extends the breadth of individual expertise to en-
sure multi-disciplinary knowledge is available at each interface (c). For the ‘physicist 2.0’, this requires familiari-
ty not only with discovery science, but also aspects of idea translation, clinical science and, potentially, patient 
outcome. Similar broadening of expertise is required for neuroradiologist 2.0 and neurologist 2.0. 

1. Parenchyma 
The health of brain tissue can be assessed using a number of MR imaging techniques: DWI can detect very early 
changes resulting from cytotoxic edema,[19] while fluid-attenuated inversion recovery (FLAIR) and T2-weighted 
fast spin echo (T2-w FSE) imaging are sensitive to the subsequent vasogenic edema (Figure 2 and Figure 
3).[29,30,12] The MR signal in DWI is sensitive to changes in the diffusion rate of water molecules in tissue. Ap-
parent diffusion coefficient (ADC) maps can be calculated from DWI data. 
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Figure 2: Acute and follow-up (30 day) DWI, ADC 
and FLAIR imaging in two patients (a-b and c-d). 
Ischemic changes (yellow arrows) are seen on 
acute images. FLAIR imaging shows only late 
changes. 
 

Figure 3: Time course of T2-w, DWI and ADC signal 
changes over 1 month post stroke onset. DWI and ADC 
changes occur early, with T2-w changes occurring latter. 
The diffusion values in the ischemic lesion initially decrease 
due to cytotoxic edema, and then increase with vasogenic 
edema.  
 

  

Figure 4: Impact of advanced MR imaging tech-
niques: (a,b) parallel imaging and (c,d) non-EPI based 
acquisition strategies on DWI image quality. 

Figure 5: (a) T2*-w GRE imaging and (b) SWI of mi-
cro-bleeds (regions of hemorrhage). Signal difference 
is due to change in susceptibility due to blood iron. 
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DWI typically uses echo-planar imaging (EPI) to quickly acquired data and to decrease sensitivity to patient mo-
tion.[12] EPI, however, introduces significant artifacts into the resulting images, particularly near regions of 
susceptibility change (e.g., sinuses, base of brain, Figure 4). Parallel imaging and the use of non-EPI acquisitions 
strategies (e.g., Propeller [31]) can improve image quality. 

Detection of hemorrhage is critical prior to committing to thrombolysis for acute stroke.[5] A variety of ap-
proaches are available that are sensitive to the change in magnetic susceptibility due to the iron in hemorrhag-
ic blood. T2*-w gradient-recalled (T2*-w GRE) [18] and susceptibility-weighted imaging (SWI) [32] are two ap-
proaches for visualizing hemorrhage and micro-bleeds (Figure 5). 

2. Pipes 
MRA can be used to assess both the intra- and extra-cranial vessels. In the brain, MRA is used to look for oc-
cluded vessels (Figure 6) and evidence of vascular disease. 3D Time-of-flight (TOF) imaging is able to produce 
high-resolution images of the circle of Willis and distal vessels. Imaging after the injection of an MR contrast 
agent (i.e., a gadolinium chelate) has been shown to help identify thrombus and collateral filling. Extra-
cranially, both TOF and contrast-enhanced MRA (CE MRA) are used to typically investigate the carotid, basilar 
and vertebral arteries (Figure 7). More sophisticated techniques are also in use and development for character-
izing carotid artery disease.[22] 

 

Figure 6: 3D TOF projection images (a) before and (b) after injection of a MR contrast agent. (c) A thrombus 
(yellow arrow) is visualized after contrast injection in the middle cerebral artery of this patient. 
 

 

Figure 7: CE MRA of a carotid artery with disease (white arrow) at the bifurcation (a) showing evidence of 
acute infarction on (c) DWI (yellow arrows) but not on (b) T2 FSE imaging. 
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Figure 8: Early ischemic changes (black arrows) are seen on (c) CBF and (d) rTTP perfusion maps that approx-
imate the final lesion (yellow arrow) on (e) follow-up FLAIR imaging. Changes were not visualized on (a) DWI or 
(b) ADC maps. 

3. Perfusion 
MR can assess the perfusion (i.e., blood delivery to brain tissue) by using endogenous or exogenous alterations 
to the MR signal from blood. Arterial spin labeling (ASL) [33] use endogenous approaches by labeling the blood 
in the neck before it flows into the brain.[34] It is less commonly used in acute ischemic stroke because the la-
bel is not persistent, making perfusion assessment challenging in older subjects, or in the presence of proximal 
arterial occlusion and/or collateral flow. Exogenous approaches follow the passage of a bolus of MR contrast 
agent, typically with an EPI sequence that is sensitive to T2* changes (a technique known as dynamic suscepti-
bility contrast (DSC) imaging).[35]  

DSC perfusion imaging can make both relative and quantitative maps of perfusion parameters, including: 1) 
cerebral blood flow (CBF, in ml/100 g brain tissue/min), 2) cerebral blood volume (CBV, in ml/100 g), 3) mean 
transit time (MTT, in s) and 4) time-to-peak (TTP, in s). Relative CBV, MTT and TTP (rCBV, rMTT, and rTTP) can 
be calculated from the signal versus time curves. Quantitative perfusion estimates (Figure 8) require conversion 
from signal to concentration and then deconvolution of the arterial input function (AIF) to obtain the contrast 
agent residue function. Because of partial volume effects in the AIF and other non-linear effects, it is generally 
necessary to rescale the results (by cross-calibration, i.e., setting normal white matter CBF to 22 ml/100 
g/min).[36] 

4. Penumbra 
A key element of any therapeutic decision in acute stroke is the identification of penumbral tissue – which is 
defined as tissue that is at risk of subsequent infarction.[37,25] No one MR imaging technique identifies pe-
numbral tissue. Typically penumbra is defined based on multiple techniques and operationally generally con-
sists of tissue that has compromised perfusion but is not infarcted. This notion is described as the diffusion-
perfusion mismatch.[25] Information from MRA (such as an intracranial occlusion or suggestion of collateral 
blood flow) and T2*-w imaging (presence of hemorrhage) can confirm or potentially modify identification of 
tissue at risk and, thus, serve as a basis for treating appropriate patients. Other, more quantitative, approaches 
[38,24] have attempted to look at thresholds in ADC maps and combinations of perfusion based thresholds. 

Future Roles – Physicist 2.0 
Physicist 2.0 will have an expanded role in MR development in acute stroke and related cerebrovascular condi-
tions. Not only will they focus on the core area of discovery science (Figure 1), but as part of appropriately as-
sembled research teams, physicist 2.0 will also influence idea translation and clinical science, as well as having a 
lesser role in health outcome assessment.  
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Figure 9: Penumbral imaging 2.2 h after stroke onset: (a) 3D TOF imaging shows an occluded right middle cer-
ebral artery, (b,c) DWI an ADC show subtle deep changes, (d-f) perfusion imaging shows difference in measured 
MR signal vs time during contrast agent passage, increased rMTT and normal rCBV. The penumbra region (tis-
sue with perfusion change but no or subtle diffusion change) suggests brain tissue is salvageable. 
 

 

Figure 10: Penumbral imaging at 7.2 h post stroke onset with (a) 3D TOF showing a right middle cerebral ar-
tery M2-branch occlusion, (b) diffusion changes and (c) a previous stroke with hemorrhage. At 3.5 days post 
onset, (c) the vessel recanalized but some evolution of infarct was seen on (e) DWI and (f) FLAIR imaging. 
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Ongoing work quantifying T1, T2 and other changes seen in animal models of acute stroke (cf., [39,40]), re-
quires further study for parenchymal characterization. Investigation of quantitative susceptibility mapping ap-
proaches may allow for better understanding of hemorrhage [41] and micro-bleeds.[42] Work on development 
of high resolution, large coverage time-resolved CE MRA techniques show significant promise for assessment of 
the pipes in the neck and brain as well as estimation of key perfusion parameters.[43] Improved MR imaging 
methods for characterizing cardiac and vascular disease will potentially allow for better assessment of stroke 
risk and recurrence.[44] Imaging, particularly at 7 T, has shown that small perforating arteries can be imaged, 
possibly, allowing for improved assessment of collateral flow pathways.[45] Development of dynamic contrast-
enhanced (DCE) T1-weighted perfusion imaging approaches [46] suitable for use with near intact blood brain 
barriers will allow for absolute perfusion measurement (in a fashion similar to CT perfusion) without a need for 
cross-calibration. DCE techniques may also allow for estimation of permeability using advanced kinetic model-
ing.[47] Novel cerebrovascular reactivity techniques may also allow for critical functional assessment of minor 
stroke.[48] The definition of penumbra (i.e., diffusion-perfusion mismatch), while useful clinically, remains in-
exact. Opportunities, thus, exist to develop more comprehensive predictive models [49] that incorporate not 
only DWI and perfusion maps, but also MRA and T2* imaging, plus the described and other emerging MR imag-
ing concepts. 

To most achieve the full impact of these discoveries, efficient paradigms for translation and for clinical evalua-
tion need to be developed. This will require physicist 2.0 to be active members of multi-disciplinary research 
consortia and networks, and to participate fully in the development of acquisition and reporting standards. Fi-
nally, current and future imaging techniques need to account for the emergence of tele-stroke and related 
methods for distributed stroke care, as well as new interventional methods of stroke therapy.[50,51] 

Selected References 
1. NINDS rt-pa Stroke Study Group. Tissue plasminogen activator 

for acute ischemic stroke. N Engl J Med. 1995; 333: 1581. 
2. Del Zoppo GJ, Saver JL, Jauch EC, Adams HP. Expansion of the 

Time Window for Treatment of Acute Ischemic Stroke With 
Intravenous Tissue Plasminogen Activator: A Science Advisory 
From the American Heart Association/American Stroke 
Association. Stroke. 2009; 40: 2945. 

3. Donnan GA, Davis SM. Neuroimaging, the ischaemic 
penumbra, and selection of patients for acute stroke therapy. 
Lancet Neurol. 2002; 1: 417. 

4. Kidwell CS, Chalela JA, Saver JL, Et Al. COmparison of mri and 
ct for detection of acute intracerebral hemorrhage. JAMA. 
2004; 292: 1823. 

5. Chalela JA, Kidwell CS, Nentwich LM, Luby M, Butman JA, 
Demchuk AM, et al. Magnetic resonance imaging and 
computed tomography in emergency assessment of patients 
with suspected acute stroke: a prospective comparison. 
Lancet. 2007; 369: 293. 

6. Donnan GA, Dewey HM, Davis SM. MRI and stroke: why has it 
taken so long? The Lancet. 2007; 369: 252. 

7. Frayne R. Technical challenges of clinical 3 T imaging.  
American Society of Neuroradiology, 40th Annual Meeting; 
2002; Vancouver, British Columbia, Canada. 

8. Frayne R, Sevick RJ, Demchuk AM, Hill MD, Buchan AM. High-
field MR and MRA in Acute Stroke.  XIII International 
Workshop on Magnetic Resonance Angiography; 2001; 
Madison, Wisconsin, USA2002. 

9. Frayne R. Stroke Imaging.  Society of Magnetic Resonance 
Technologists Annual Meeting; 2003; Toronto, Ontario, 
Canada. 

10. Frayne R, Goodyear BG, Dickhoff P, Lauzon ML, Sevick RJ. 
Magnetic resonance imaging at 3.0 Tesla: challenges and 
advantages in clinical neurological imaging. Invest Radiol. 
2003; 38: 385. 

11. Frayne R. Acute stroke imaging - MR: Technical.  23rd 
International Congress of Radiology; 2004; Montreal, Quebec, 
Canada. 

12. Lauzon ML, Sevick RJ, Demchuk AM, Frayne R. Stroke imaging 
at 3.0 T. Neuroimaging Clin N Am. 2006; 16: 343. 

13. Harris AD, Coutts SB, Frayne R. Diffusion and perfusion MR 
imaging of acute ischemic stroke. Magn Reson Imaging Clin N 
Am. 2009; 17: 291. 

14. Sunshine JL, Tarr RW, Lanzieri CF, Landis DM, Selman WR, 
Lewin JS. Hyperacute stroke: ultrafast MR imaging to triage 
patients prior to therapy. Radiology. 1999; 212: 325. 

15. Nael K, Khan R, Choudhary G, Meshksar A, Villablanca P, Tay J, 
et al. Six-Minute Magnetic Resonance Imaging Protocol for 
Evaluation of Acute Ischemic Stroke: Pushing the Boundaries. 
Stroke. 2014. 

16. Saver JL. Time Is Brain—Quantified. Stroke. 2006; 37: 263. 
17. Rowley HA. The four Ps of acute stroke imaging: parenchyma, 

pipes, perfusion, and penumbra. AJNR Am J Neuroradiol. 
2001; 22: 599. 

18. Kidwell CS, Saver JL, Villablanca JP, Duckwiler G, Fredieu A, 
Gough K, et al. Magnetic resonance imaging detection of 
microbleeds before thrombolysis: an emerging application. 
Stroke. 2002; 33: 95. 

19. Lutsep HL, Albers GW, Decrespigny A, Kamat GN, Marks MP, 
Moseley ME. Clinical utility of diffusion-weighted magnetic 
resonance imaging in the assessment of ischemic stroke. Ann 
Neurol. 1997; 41: 574. 

Proc. Intl. Soc. Mag. Reson. Med. 23 (2015)    



20. Yang JJ, Hill MD, Morrish WF, Hudon ME, Barber PA, Demchuk 
AM, et al. Comparison of pre- and postcontrast 3D time-of-
flight MR angiography for the evaluation of distal intracranial 
branch occlusions in acute ischemic stroke. AJNR Am J 
Neuroradiol. 2002; 23: 557. 

21. Willig DS, Turski PA, Frayne R, Graves VB, Korosec FR, Swan JS, 
et al. Contrast-enhanced 3D MR DSA of the carotid artery 
bifurcation: preliminary study of comparison with 
unenhanced 2D and 3D time-of-flight MR angiography. 
Radiology. 1998; 208: 447. 

22. Yuan C, Mitsumori LM, Beach KW, Maravilla KR. Carotid 
atherosclerotic plaque: noninvasive MR characterization and 
identification of vulnerable lesions. Radiology. 2001; 221: 285. 

23. Warach S, Dashe JF, Edelman RR. Clinical outcome in ischemic 
stroke predicted by early diffusion-weighted and perfusion 
magnetic resonance imaging: a preliminary analysis. J Cereb 
Blood Flow Metab. 1996; 16: 53. 

24. Butcher K, Parsons M, Baird T, Barber A, Donnan G, Desmond 
P, et al. Perfusion thresholds in acute stroke thrombolysis. 
Stroke. 2003; 34: 2159. 

25. Neumann-Haefelin T, Wittsack HJ, Wenserski F, Siebler M, 
Seitz RJ, Modder U, et al. Diffusion- and perfusion-weighted 
MRI. The DWI/PWI mismatch region in acute stroke. Stroke. 
1999; 30: 1591. 

26. Schlaug G, Benfield A, Baird AE, Siewert B, Lovblad KO, Parker 
RA, et al. The ischemic penumbra: operationally defined by 
diffusion and perfusion MRI. Neurology. 1999; 53: 1528. 

27. Coutts SB, Simon JE, Tomanek AI, Barber PA, Chan J, Hudon 
ME, et al. Reliability of assessing percentage of diffusion-
perfusion mismatch. Stroke. 2003; 34: 1681. 

28. Kidwell CS, Alger JR, Saver JL. Beyond mismatch: Evolving 
paradigms in imaging the ischemic penumbra with multimodal 
magnetic resonance imaging. Stroke. 2003; 34: 2729. 

29. Lansberg MG, Thijs VN, O'Brien MW, Ali JO, De Crespigny AJ, 
Tong DC, et al. Evolution of apparent diffusion coefficient, 
diffusion-weighted, and T2-weighted signal intensity of acute 
stroke. AJNR Am J Neuroradiol. 2001; 22: 637. 

30. Harris AD, Pereira RS, Mitchell JR, Hill MD, Sevick RJ, Frayne R. 
A comparison of images generated from diffusion-weighted 
and diffusion-tensor imaging data in hyper-acute stroke. J 
Magn Reson Imaging. 2004; 20: 193. 

31. Pipe JG, Farthing VG, Forbes KP. Multishot diffusion-weighted 
FSE using PROPELLER MRI. Magn Reson Med. 2002; 47: 42. 

32. Mittal S, Wu Z, Neelavalli J, Haacke EM. Susceptibility-
weighted imaging: technical aspects and clinical applications, 
part 2. AJNR Am J Neuroradiol. 2009; 30: 232. 

33. Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J, 
Hernandez-Garcia L, et al. Recommended implementation of 
arterial spin-labeled perfusion MRI for clinical applications: A 
consensus of the ISMRM perfusion study group and the 
European consortium for ASL in dementia. Magn Reson Med. 
2014. 

34. Chalela JA, Alsop DC, Gonzalez-Atavales JB, Maldjian JA, 
Kasner SE, Detre JA. Magnetic resonance perfusion imaging in 
acute ischemic stroke using continuous arterial spin labeling. 
Stroke. 2000; 31: 680. 

35. Calamante F, Gadian DG, Connelly A. Quantification of 
perfusion using bolus tracking magnetic resonance imaging in 
stroke: assumptions, limitations, and potential implications 
for clinical use. Stroke. 2002; 33: 1146. 

36. Ostergaard L. Cerebral perfusion imaging by bolus tracking. 
Top Magn Reson Imaging. 2004; 15: 3. 

37. Heiss WD, Thiel A, Grond M, Graf R. Which targets are 
relevant for therapy of acute ischemic stroke? Stroke. 1999; 
30: 1486. 

38. Grandin CB, Duprez TP, Smith AM, Mataigne F, Peeters A, 
Oppenheim C, et al. Usefulness of magnetic resonance-
derived quantitative measurements of cerebral blood flow 
and volume in prediction of infarct growth in hyperacute 
stroke. Stroke. 2001; 32: 1147. 

39. Kaur J, Tuor UI, Zhao Z, Petersen J, Jin AY, Barber PA. 
Quantified T(1) as an adjunct to apparent diffusion coefficient 
for early infarct detection: a high-field magnetic resonance 
study in a rat stroke model. Int J Stroke. 2009; 4: 159. 

40. Yang YM, Li CC, Yin LK, Feng X. Normalization of T2 relaxation 
time and apparent diffusion coefficient in relation to the 
inflammatory changes in the substantia nigra of rats with focal 
cerebral ischemia. Acta radiologica (Stockholm, Sweden : 
1987). 2014. 

41. Wang S, Lou M, Liu T, Cui D, Chen X, Wang Y. Hematoma 
volume measurement in gradient echo MRI using quantitative 
susceptibility mapping. Stroke. 2013; 44: 2315. 

42. Liu T, Surapaneni K, Lou M, Cheng L, Spincemaille P, Wang Y. 
Cerebral Microbleeds: Burden Assessment by Using 
Quantitative Susceptibility Mapping. Radiology. 2012; 262: 
269. 

43. Lebel RM, Jones J, Ferre JC, Law M, Nayak KS, Frayne R, et al., 
editors. Time-resolved contrast-enhanced angiography with 
parallel imaging and compressed sensing. ISMRM; 2012; 
Melbourne, Australia. 

44. Esposito-Bauer L, Saam T, Ghodrati I, Pelisek J, Heider P, Bauer 
M, et al. MRI plaque imaging detects carotid plaques with a 
high risk for future cerebrovascular events in asymptomatic 
patients. PLoS One. 2013; 8: e67927. 

45. Van Der Kolk AG, Zwanenburg JJ, Brundel M, Biessels GJ, 
Visser F, Luijten PR, et al. Intracranial vessel wall imaging at 
7.0-T MRI. Stroke. 2011; 42: 2478. 

46. Koh TS, Tan CK, Cheong LH, Lim CC. Cerebral perfusion 
mapping using a robust and efficient method for 
deconvolution analysis of dynamic contrast-enhanced images. 
Neuroimage. 2006; 32: 643. 

47. Heye AK, Culling RD, Valdés Hernández MDC, Thrippleton MJ, 
Wardlaw JM. Assessment of blood–brain barrier disruption 
using dynamic contrast-enhanced MRI. A systematic review. 
NeuroImage: Clinical. 2014; 6: 262. 

48. Mikulis DJ. Functional cerebrovascular imaging in brain 
ischemia: permeability, reactivity, and functional MR imaging. 
Neuroimaging Clin N Am. 2005; 15: 667. 

49. Rose SE, Chalk JB, Griffin MP, Janke AL, Chen F, Mclachan GJ, 
et al. MRI based diffusion and perfusion predictive model to 
estimate stroke evolution. Magn Reson Imaging. 2001; 19: 
1043. 

50. Kidwell CS, Jahan R, Gornbein J, Alger JR, Nenov V, Ajani Z, et 
al. A trial of imaging selection and endovascular treatment for 
ischemic stroke. N Engl J Med. 2013; 368: 914. 

51. Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, 
Thornton J, et al. Randomized Assessment of Rapid 
Endovascular Treatment of Ischemic Stroke. N Engl J Med. 
2015. 

Proc. Intl. Soc. Mag. Reson. Med. 23 (2015)    


