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Introduction
Cerebral ischemia spans a temporal continuum from hyperacute presentation and extends
into acute, subacute and chronic phases. Imaging provides detailed information to the
clinician, which must be evaluated in light of the patient’s symptomatic presentation and
clinical examination. Imaging results in the context of the patient’s examination are valuable
in confirming diagnosis, ruling out pathology, evaluating the degree of disease progression,
helping in selection of optimal treatment and adjusting treatment based on patient response.
It also provides invaluable information on patients who may carry the burden of
cerebrovascular pathology but are clinically asymptomatic. For these patients, knowledge of
imaging finding will drive a return to the clinical exam and most certainly affect treatment
decision-making. The wide availability of imaging in the current era allows for the
possibility of serial evaluation of patients throughout their disease course. This is of
particular value in the monitoring of cerebral ischemic disorders, which inherently follow a
dynamic course. Irrespective of clinical practice settings, the evolution and refinement of
imaging techniques now permit treatment decisions to be made in real time.

‘Reason for Consultation’
One may propose that the ‘reason for consultation’ is perhaps one of the most important
guiding aspects in obtaining supportive imaging. Knowing how the specific clinical question
can be asked and appropriately answered by a specific imaging modality is fundamental to
selecting the appropriate imaging test. Whether the question is related to evaluation of the
ischemic core, penumbral tissue or areas at-risk, a specific vascular lesion or pathology
which may culminate in cerebral ischemia, understanding the advantages and limitations of
neuroimaging techniques increases the yield of imaging data gathered. Also, much like a
subspecialist consultation, obtaining ancillary imaging in an outpatient clinical setting
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requires providing a framework for the subspecialty imaging expert who is analyzing and
coordinating the studies. Providing a reason for consultation, whether it may be assessing
intracranial arterial stenosis in a specific vascular distribution, evaluating a pattern of
cerebral ischemia to better understand disease mechanism, or shedding light on ischemic
disease progression in order to modify disease management, is imperative in order to
provide the evaluating imaging expert with a focus for their study interpretation. This
promotes focus on a specific region of interest in the interpretation and will also lead to
potential adjustment of the imaging protocol if needed to best address the question of
interest. Improved patient care, more cost-effective measures and reduced need for
unnecessary repeat imaging will ultimately result that augments the clinical examination
findings and aids in patient management.

Pathophysiology of Cerebral Ischemia
The pathophysiology of cerebral ischemia extends beyond the direct effects of anatomical
changes in the arterial system leading to brain tissue. Unlike focal ischemia of ischemic
stroke, cerebral hypoperfusion and cardiac arrest may both lead to global ischemic injury
unrestricted to a specific vascular territory. The pathophysiology of ischemia is similar at the
tissue and cellular level, involving metabolic dysfunction and cell death due to hypoxia. The
regulation of tissue perfusion in the brain is modulated differently from any other organ in
the body given that nearly half of cerebrovascular resistance relies on the large arteries at the
circle of Willis, in addition to both intra- as well as extracranial vasculature 1,2. These
arteries and their end arterioles play a primary role in oxygen delivery to the brain
parenchyma through their regulation of cerebral blood flow (CBF). Many studies in animals
and humans have investigated the threshold below which a reduction in CBF manifests
neurological symptoms and those which correlate to pathologically irreversible neuronal
damage 3–5. Across studies, depending on study design, neurological symptoms and
ischemia have been reported to range in values from below nearly 20ml/100ml/minute to
between 8–12ml/100ml/min where tissue oxygenation was no longer sufficient to support
the cellular machinery 5–8. While conventionally, cerebral ischemia has been thought to
result as a direct consequence of a reduction in CBF, Ostergaard and colleagues have
recently discussed the concept of capillary transit time heterogeneity and its contribution to
the brain’s efficacy in extracting oxygen at a given CBF 9. Regional CBF changes can be
demonstrated using both computed tomography (CT) and magnetic resonance imaging
(MRI) imaging (Figure 1). A number of fatal outcomes result from the final aftermath of
tissue oxygen deprivation which on a cellular level include cell body shrinkage, chromatin
condensation, nuclear fragmentation as well as changes to the membrane phospholipid
structure 10–13. One of the members of the phospholipid structure, specifically,
phosphatidylethanolamine has been proposed to serve a regulatory role in the blebbing and
formation of apoptotic bodies as well as in mediation of cellular necrosis as its
externalization may serve in part to contribute to cytoskeletal organization 12. In
combination, an overwhelming failure of cellular energy resources ensues and results in
subsequent cell death.

Imaging of Ischemia
The outcomes of cerebral ischemia are not isolated to the acute changes that occur on a
tissue, cellular and molecular level, but also encompasses the resultant subacute and chronic
lesion evolution. A number of imaging modalities may be utilized to reflect the
pathophysiological changes and outcome of cerebral ischemia at the tissue level. The
iterative refinement and versatility of these recent imaging techniques has expanded our
understanding of cerebral ischemia as a disorder from multiple perspectives. It has enabled
the use of multiple modalities in the imaging of vascular lesions, blood flow and many
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facets of cerebral perfusion, as well as parenchyma changes demonstrating ischemic lesions,
stages of evolving ischemia, consequences of ischemic injury and tissue repair that have
been invaluable in advancing therapeutic management of stroke patients. Given that each
modality offers specific strengths and limitations, understanding the strengths and
weaknesses of these techniques is imperative in choosing the appropriate method of
investigation to discern critical mechanisms and to facilitate decision-making for our
patients.

Imaging Modalities in the Assessment of Ischemia
Non-contrast CT was initially one of the only options in assessing cerebral ischemia,
however in recent years, the development of MRI and the application of multimodal
techniques with either CT or MRI have provided insight into disease pathogenesis,
mechanism and evolution. Multimodal CT typically includes non-contrast CT, CT
angiography of the both head and neck (CTA) as well as CT perfusion (CTP). Similarly,
multimodal MRI also includes a number of sequences, such as diffusion-weighted imaging
(DWI), perfusion weighted imaging (PWI), fluid attenuated inversion recovery (FLAIR),
gradient recalled echo (GRE) in addition to MR angiography of head and neck (MRA).
Figure 2 highlights the use of multimodal imaging in acute MCA stroke.

Customization of imaging protocols in patients being evaluated for cerebral ischemia, is
typically tailored by institution. Multimodal imaging offers a comprehensive view of the
patient’s condition including integrity of brain parenchyma, extent of vascular involvement
to a dynamic view of tissue viability based on status of cerebral perfusion. The choice
between CT versus MRI can be tailored to the patient and to their symptoms at presentation.
CT becomes the preferred imaging modality in patients who are unable to undergo MRI as
in the case of those who have pacemaker devices or implanted metallic objects and for
patients too unstable to sustain placement in a supine position for an extended period of
time. However, in patients who are able to undergo MRI testing, this imaging technique
while relatively more time consuming, offers the unique advantage of providing exquisite
detail of brain parenchyma with early sensitivity, which far surpasses CT approaches.
Minutes from the onset of neurologic symptoms, and presumably ischemic insult, MRI will
display new ischemic lesions as hyperintensities on DWI and corresponding ADC
hypointensity. These lesions, which reflect parenchymal cytotoxic edema, acutely are
thought to approximate the ischemic core. It is important to note that with resolution of
ischemia, it is possible for DWI lesions to become reversible 14,15. The pattern of
distribution of DWI lesions may provide invaluable insight into disease mechanism whether
thromboembolic in nature, related to a specific vascular territory occlusion or due to
hypoperfusion and borderzone ischemia 16. Mismatch between DWI and FLAIR positivity
may reveal temporal facets or the duration of ischemia17.

CT has limitations in the detection of very early ischemic injury in the acute setting and is
quiet restricted in ability to accurate visualize posterior fossa pathology 18. However, with
the wide availability of CT technology, in the community and some institutions alike, CT
scanning continues to prevail as the first line imaging modality. CTA and CTP, when
combined with CT, yield additional insight on early ischemia. In conjunction with a patient
presentation and clinical exam which is consistent with a vascular event, non-contrast CT
may at least be helpful in ruling out cerebral hemorrhage or an existing, non-vascular reason
for presentation such as mass related to infection, malignancy or other etiology. In the cases
of suspected cerebral ischemia where non-contrast CT did not show abnormality, repeat,
serial imaging with the evolution of the patient’s symptoms is also critical.
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The importance of serial imaging and approaching cerebral ischemia as a dynamic condition
is best demonstrated by the concept of “fogging”. Using CT, this term had long been
described referring to the temporary loss of visibility of ischemic lesion approximately 2
weeks after the onset of stroke 19,20. The area of infarction develops a similar signal
intensity as the surrounding normal tissue likely secondary to inflammatory cell infiltration
of the lesion. In 2004, O’Brien and colleagues performed an independent, blinded review of
serial MRI images for up to 7 weeks from patient presenting with symptoms of cortical
ischemic stroke and assessed for the possible presence of fogging using T2 weighted
MRI 21. While on CT imaging fogging translated into the non-visibility of the lesion at the
2-week interval, on MRI the investigators found “fogging” in 50% of patients (15 patients)
ranging temporally from 6 to 36 days following ischemic event, with a median of ten days.
In these patients with moderately to large infarcts, a reduction in severity of infarct was
suggested to lead to an underestimation of the final outcome of stroke and based on this
advised perhaps obtaining final imaging 7 weeks after ischemic event 21.

Angiographic Assessment of Vascular Lesions
Indirect features of parenchymal imaging with CT and MRI can be helpful in gleaning
information about vascular pathology. For example, a large vessel occlusion in the middle
cerebral artery (MCA) has been described as a ‘hyperdense’ MCA sign (Figure 3) on non-
contrast CT and signifies vascular occlusion. Parallel findings have also been described in
the setting of internal carotid and posterior cerebral artery occlusion 22,23. The MRI correlate
to this phenomenon of parenchymal imaging shedding light on vascular occlusion can be
demonstrated on the GRE sequence of MRI when hypointensities in the vessel correlate with
clot. More direct evidence of vascular disease can be obtained from the angiographic
components of multimodal CT and MRI which both can provide vital and detailed
information with regards to vascular pathological changes.

CTA offers multiple advantages as it is easily and efficiently performed following non-
contrast CT in an estimated ten-minute time window 24. In the hyperacute presentation of a
presumed ischemic event, CTA provides benefit in excluding patients without vascular
lesions from acute interventions. For use across the temporal continuum of disease, there are
a number of both advantages and potential limitations of CTA technology. This method is
advantageous for its remarkable speed able to capture the anatomical parameters of the
neurovascular tree, including both intra- and extracranial vasculature in approximately 15
seconds, which in itself decreases the likelihood of motion artifact and also lessens the need
for large amounts of contrast 24. Unlike flow dependent imaging techniques, specifically
MRA and ultrasound, CTA has the distinctive advantage of being able to provide
anatomically accurate information regarding vascular pathology including information
regarding degree of calcification, residual lumen dimensions as well as length of stenosis 24.
For patients who are critically ill requiring support machinery, those who are not able to
tolerate lying in a supine position for an extended period of time, or for those for whom MRI
in contraindicated, CTA is particularly advantageous. From an outpatient referral standpoint,
patients with a suspected vascular lesion who are able to tolerate CT contrast, CTA is a
particularly important in quantifying vascular lesion burden and can easily be used to
monitor intra- or extracranial lesion progression over time in a serial fashion. The limitations
of CTA technology include the inability to lend information regarding direction or velocity
or direction of flow. Such physiological and dynamic information is readily provided by
both MRA and ultrasound. Another disadvantage is related to CT beam hardening in which
heavily calcified vascular plaques can alter the precision of image reconstructions 24. The
CTA portion of multimodal imaging, unlike MRA (time-of-flight), does necessitate the
administration of iodinated contrast material and this in itself may be disadvantageous in
some patient populations whether in the inpatient or outpatient settings 24.
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The variations in MR angiography techniques are numerous. MRA protocols can be tailored
and may range from two-dimensional to three-dimensional time-of-flight (TOF) or
alternatively, contrast may be used to enhance the imaging of vascular pathology. TOF
MRA is a gradient recall echo sequence that relies on radio frequency pulsing of tissue. In
terms of 2-dimensional versus 3-dimensional versions of this technology, the latter offers the
advantage of a higher resolution albeit limited by vascular saturation artifacts. The former is
limited by signal loss in areas where flow turbulence is a component of pathology. Another
factor that may limit interpretation of TOF MRA is inadequate suppression of background
that adds to the artifactual data gathered. Relying on radiofrequency pulsation for artifact
suppression, molecules which are not easily suppressed such as methemogolbin and fat may
lead to erroneous regions of vascular obscuration or conversely false areas of perceived
flow 25. Again because TOF MRA relies on dynamic flow, it does not deliver a true
anatomic representation of vascular occlusion as can be achieved by CTA. Potential
overestimation of degree of stenosis or occlusion is demonstrated in figure 4 as both slow
flow as well as no flow render vascular signal diminution. Phase contrast MRA, which
computes the alteration in transverse magnetization between moving and stationary tissue,
may be advantageous compared to TOF MRA. Not only can this technique display the
direction of flow, it can also improve on TOF MRA by showing blood which is flowing
slowly given that saturation effects can be better avoided using this technique. One
limitation that is posed by use of phase contrast MRA is that through its processing their
results signal loss around areas of turbulent flow and areas of stenoses 25. MRA can also be
performed in conjunction with gadolinium contrast administration. Figure 5 shows an
example of contrast enhanced MRA (CE MRA) in a patient presenting with symptoms of
acute stroke. Following a bolus of intravenous gadolinium, this gradient recalled echo
sequence display opacified vessels as T1 hyperintense. The use of contrast allows for shorter
acquisition times and hence less likelihood of motion artifact, yet it does have a limitation in
that acquisition must be completed in the time window of arterial enhancement and may not
be repeated until contrast has cleared 25.

In patients with a clinical history of trauma or neck manipulation for whom a vascular
dissection is suspected, an additional angiography sequence is employed, namely fat-
saturated axial T1 sequence imaging of the neck, obtained pre-gadolinium bolus. Also as
compared to non-contrast MRA, more anatomic information can be gleaned from contrast
enhanced sequences given that images represent contrast in the lumen of vessels imaged 25.
In patients with a clinical history of trauma or neck manipulation for whom a vascular
dissection is suspected, an additional angiography sequence is employed, namely fat-
saturated axial T1 sequence imaging of the neck, obtained pre-gadolinium 25.

In the case of severe vascular stenosis or total occlusion, imaging clues can be helpful in
offering likely prognosis and may even predict recanalization. This finding is described as
‘tram tracking’ which indicates a minimal degree of flow in occluded lesions 26. Not only
does revascularization and recanalization play a role in the reperfusion of ischemic tissue but
collateral circulation is also thought to interplay with the vascular milieu and contribute to
the support of tissue perfusion 27,28.

Perfusion Imaging
Perfusion imaging has served an invaluable role in directing therapeutic intervention in
stroke patients. Along with DWI, the identification of ischemic core and direct comparison
with cerebral perfusion, helps identify vascular territory that is further compromised or at
risk (diffusion-perfusion mismatch model). These data may not only shed light on diagnosis
in terms of better understanding the etiology of stroke and providing a dynamic view of
tissue integrity to influencing treatment decision, for example based on this data, knowledge
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of a large territory at risk may support the decision for further revascularization therapy.
Perfusion imaging alone is limited by not detailing changes which may occur with respect to
changes in vascular collateral or compensatory changes in circulation 29, however with the
advent of new technical post processing strategies, perfusion maps may be generated from
angiographics maps and in this case information is yielded from both vascular changes as
well as tissue bed perfusion30.

Arterial spin labeling, as a non-invasive fMRI perfusion technique, does not rely on contrast
agent administration. This imaging modality captures patterns of CBF and hence perfusion
by making use of arterial water as a tracer. It is thought to offer a repeatedly reliable
measure of CBF both spatially as well as temporally, yet its use has been limited as
compared to contrast-based perfusion techniques 31. More recently, groups have been
sharing their positive experience with reproducible, and widely applicable results using this
perfusion methodology 32,33.

Routinely, aside from the technique of arterial spin labeling MRI perfusion, both multimodal
imaging modalities, CT and MRI, require contrast agent for visualization of perfusion
portion of the study. In CT technology, labeling is achieved by use of iodinated contrast
agents while MRI relies on a gadolinium-based contrast agent. CBF and blood volume may
then be extrapolated based on the anatomical mapping and distribution of contrast flow
through vasculature and cerebral tissue beds. With the use of contrast comes the risk of
allergic reaction, contrast extravasation, nephrotoxicity and their limited use specifically in
patients with compromised renal function, but not in patients without concomitant renal
disease. Albeit a small risk, there appears to be lower risk and less adverse allergic reaction
with gadolinium when compared to iodinated contrast agents 34. With regards to risk for
contrast extravasation, owing to the high volume of material administrated and the rapid rate
at which it is infused, iodinated contrast is associated with a higher overall probability of
occurrence 34. The controversy of risk for developing contrast material–induced
nephropathy (CIN) associated with iodinated contrast agents and nephrogenic systemic
fibrosis (NSF) as in patients given gadolinium contrast is essentially only an issue for
patients with renal disease. Renal disease exists within a spectrum and patients within this
spectrum can be managed based on the following guidelines based on the severity of their
disease: In patients with glomerular filtration rate (GFR) values between 30 and 60 ml/min,
the recommendation is typically for the administration of gadolinium as their risk for NSF is
low and the risk for CIN at this stage of their renal disease exists. In patients not dependent
on hemodialysis and with GFR <30, the risk for both CIN as well as NSF exist. If the need
for contrast material is essential and would change their medical management whether it be
in diagnosis, allowing for prognostication or in altering the course of therapeutic
management, CT with iodinated contrast is preferred as patient may be prophylactically
treated with sodium bicarbonate and N-acetylcysteine and well hydrated prior to the
procedure to decrease the risk of CIN. Additionally, even if CIN occurs in such chronic
renal disease patient, dialysis may be used to treat. In the case of NSF, while occurring at a
frequency of 5% in these patients, the outcome can be lethal 34. Lastly, patients whom are in
renal failure and are hemodialysis dependent, there exists a large risk of developing NSF
with exposure to gadolinium contrast, as such, in these patients, iodinated contrast is
preferred. Given that there does not appear to be an adverse consequence of iodinated
contrast administration to worsening renal function, the only risk is in the form of volume
overload or overhydration. Therefore, in this cohort of patients, there is no restriction on
iodinated contrast administration if it is clinically necessary and it need not be coordinated
with dialysis schedule 34.

Patients who are pregnant also fall under a high-risk category for contrast administration. In
the case of pregnancy, although it is unlikely for gadolinium to adversely harm the fetus or

Nour and Liebeskind Page 6

Neurol Clin. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mother, given the theoretical possibility for gadolinium to become retained, uneliminated
then unconjugated and therefore toxic in the amniotic fluid, most academic institutions in
the United States recommend against its use. The risk of iodinated contrast material however
is known to be a state of hypothyroidism for the fetus which is amenable to therapeutic
correction at delivery, and as such guidelines recommend CT with iodinated contrast in
pregnant patients if their medical condition necessitates it 34.

Nuclear Neuroimaging
Although no longer logistically a first line option particularly in hyperacute presentations of
stroke, nuclear imaging provides valuable information with regard to tissue fate. In the early
setting example, investigating regional CBF as well as nuclear imaging including positron
emission tomography (PET) and single-photon emission computed tomography (SPECT)
has served well as surrogate prognostic markers for patient outcomes 35–38. Nuclear
neuroimaging can be used as an important tool in imaging of the hypoperfused, yet possibly
salvageable ischemic penumbra in acute stroke. This can be performed by imaging by
evaluation perfusion and metabolism, the neuronal integrity or through the use of hypoxic
markers 39. 15O-PET as a methodology has been very effective in simultaneous assessment
of perfusion as well as oxygen metabolism taking into account CBF and cerebral metabolic
rate of oxygen 39. Studies have also demonstrated the use of SPECT in assessing the
ischemic penumbra using of tracers such as 99mTc-hexamethylprpyleneamine oxime
and 99mTc-ethyl cysteinate dimer 40–42. Imaging neuronal integrity to yield information
about the ischemic penumbra has been demonstrated by the use of a central-type
benzodiazepine receptor as a marker given that changes in the expression of this receptor in
the cerebral cortex can serve as a marker of irreversible neuronal damage 43. It is important
to note that in animals models, this receptor was not thought to be expressed in the
cerebellum or in the subcortical parenchyma 44,45. Hypoxic markers have also been used to
follow the active changes in the brain parenchyma following ischemia in acute stroke,
specifically 18F-labeled misonidazole in conjunction with PET imaging 46–48. SPECT, being
more widely available, has been suggested as a valuable technique for identifying patients at
high risk of reperfusion injury following ischemia. This is extrapolated from that fact studies
such as the one performed by Ueda and colleagues demonstrated the use of SPECT
technology to evaluate the risk of hemorrhagic transformation following reperfusion
therapy 49,50.

Imaging the Sequelae of Ischemia: Evolution and Repair
Hemorrhagic transformation as one of the later consequences of acute ischemic stroke has
been a challenge from an imaging standpoint. This entity is different from primary
hemorrhagic stroke, which will not specifically be addressed in this chapter. The
transformation of ischemic parenchyma to areas of intracerebral hemorrhage has been
described in the past to occur both with and without patient exposure to medical therapy in
the form of intravenous tPA or in the form of endovascular intervention 51. In terms of
approaches to imaging, non-contrast CT, for example, has been demonstrated to be unclear
in the differentiation between primary hemorrhage and hemorrhagic transformation of an
ischemic lesion 52. Much like in SPECT studies in the case of nuclear neuroimaging, using
imaging modalities as a guide to patients who may be at risk for hemorrhagic transformation
following reperfusion owing to reperfusion injury, will be clearly beneficial in guiding
treatment decision making in the acute setting. Factors that may play a role in the incidence
of hemorrhage may include integrity of parenchymal tissue, the severity and extent of
ischemia, the level of reperfusion achieved following vascular occlusion as well as
alterations in serum blood sugar, namely hyperglycemia. In the setting of MRI assessment,
predictors of hemorrhagic transformation include extensive DWI hyperintensity with
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associated ADC hypointensity and concomitant low CBF 53–55 as well as perhaps the
finding of focal FLAIR hyperintensity in the ischemic lesion 56. An important predictor of
ischemia reperfusion injury is a disturbance in the permeability of the blood brain barrier
(BBB), and such an imaging modality that may identify this finding would be very
informative in guiding decisions for revascularization given the concomitant risk of
hemorrhagic transformation following reperfusion 57–61 . These derangements can be
demonstrated using either CT or MRI techniques.

Imaging of suspected cerebral ischemia extends far beyond a go-no go decision during the
hyperacute treatment. Special guidance must be employed in the interpretation of early serial
imaging following contrast-enhanced studies accounting for the phenomenon of contrast
retention, an example of which is shown in figure 6. In CT imaging this may translate into
hyperdensity while on T1-weight MRI, this may be visualized as a hyperintensity. This
phenomenon on CT imaging may be confounded with possible hemorrhagic transformation.
For this reason, clinicians have been evaluating alternative imaging techniques in order to
avoid misinterpretation during serial imaging, one of which is dual-energy CT which was
shown to be both sensitive and specific in differentiating between iodinated contrast material
staining and hemorrhage following initial ischemia 62.

A second outcome of ischemia, followed by reperfusion, may be reperfusion injury in the
form of tissue death in spite of successful recanalization resulting from proposed radical free
oxide damage shown in multiple models of stroke 12,63–65 and clinically demonstrated using
voxel-based analysis of tissue fate in recent studies 66. Another MRI technique was has been
investigated in animal models 65 for its effectiveness in assessing reperfusion injury is
diffusion tensor imaging (DTI) which features the changes in brain parenchyma based on the
assessment of changes in the features of diffusion of water molecules taking into account
both magnitude as well as directionality of change and such exquisitely sensitive particularly
in white matter 65,67,68.

Serial imaging in the evolution of stroke can yield very valuable information to the
outpatient clinician, which in combination with the patient’s clinical exam, may serve to
predict and oversee functional recovery while guiding therapeutic management and
monitoring for cerebrovascular disease reoccurrence. Functional recovery from deficits
related to ischemic event is thought to stem from both a reorganization of brain cells as well
as the strengthening of brain plasticity 69–72. Repeat imaging taken into context with initial
neuroimaging evaluation yields insight into the fate of tissue in the initial peri-infarct zone
and ischemic penumbra. MRI images in figure 7 demonstrate the significant evolution of
parenchymal findings from initial presentation to 5 days following ischemic stroke in a
patient with MCA occlusion.

Capitalizing on the strengths and avoiding the limitations of the available imaging
techniques provides incredible insight on the pathophysiology of ischemia and ultimately
guides tailored therapeutic approaches.

Ischemic Disorders, the Continuum from Acute to Chronic
Clinically, cerebral ischemia exists on a continuum ranging from the most acute or
hyperacute presentation as in the case of ischemic stroke with focal hypoperfusion or cardiac
arrest leading to a sudden onset decrease in global cerebral perfusion. Neuroimaging plays a
pivotal role in the assessment of ischemic patterns, determining the age of ischemia,
understanding disease mechanism and thereby guiding therapeutic management, response
and longitudinal follow-up. In ischemic stroke, the categories of disease with variable
underlying mechanisms include small vessel, large vessel and thromboembolic disease as
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well as the category termed cryptogenic although unconfirmed, likely a permutation of the
major mechanisms.

Aside from parenchymal imaging, as discussed previously as part of multimodal imaging,
angiography can provide crucial information in identifying disease pathology and specific
mechanisms. This is of particular importance in the diagnosis of stroke resulting from as
moyamoya, vasculitis and fibromuscular dysplasia as well as stroke resulting from venous
pathology such as cerebral venous thrombosis. Moyamoya is a pattern of arterial occlusive
disease with an increased incidence in Asian patients, and those with sickle cell and
neurofibromatosis. This occlusive vasculopathy is progressive in nature typically that begins
by affecting the internal carotid artery then evolves to involve the anterior and middle
cerebral arteries proximally with compensatory dilation in collaterals 25. The manifestations
of this vascular disease in children versus adults appears to be more ischemic in nature in the
former, and presenting with parenchymal hemorrhage in the latter 73. Figure 8 demonstrates
multimodal MRI imaging in an adult diagnosed with moyamoya, presenting with acute
hemorrhage. The imaging modality which is instrumental in making the diagnosis is MRA,
which can both demonstrate the vaso-occlusive phenomenon as well as demonstrating the
dilation of collaterals 74,75. Yamada et al., in their evaluation of 26 patients found this
imaging technique to yield 73% sensitivity and 100% specificity in diagnosing the
disease 76. The pattern of collaterals also has been reported to correlate with the onset of
subsequent vascular events and as such MRA has also been instrumental in guiding the
treatment of these patients as part of evaluation for revascularization therapy 25. In the case
of vasculitis, for which etiology is broad, parenchymal imaging may reveal both ischemic
and hemorrhagic lesions and MRA may be clinically useful although less sensitive than
digital subtraction angiography imaging (DSA) 77. MRA may also serve an important role in
delineating the mimicking pathology conditions such as vascular hypoplasia or dissection,
although important to note that as a limitation of TOF MRA slice artifacts may be mistaken
for alternating stenoses 25.
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Imaging of Cerebral Ischemia Synopsis

Cerebral ischemia manifests itself widely in terms of patient symptoms. Along with the
clinical exam, imaging serves as a powerful tool throughout the course of ischemia from
acute onset to evolution. A thorough understanding of imaging modalities, their strengths
and limitations is imperative for capitalizing on the benefit of this complimentary source
of information in understanding mechanism of disease, making therapeutic decisions and
monitoring patient response over the duration of time.
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Key Points in Imaging of Cerebral Ischemia

• Cerebral ischemia spans a temporal continuum from hyperacute presentation
and extends into acute, subacute and chronic phases.

• Serial imaging of patients throughout the dynamic course of ischemia is highly
informative.

• Selection of an appropriate imaging modality to answer the clinical question and
to compliment the clinical exam is crucial.

• A number of neuroimaging modalities exist which yield information regarding
the integrity of brain parenchyma, changes in tissue demands and metabolism,
severity of vascular pathology and neuronal repair over the duration of time.

• Taken into the appropriate context with well-informed selection of imaging tests
clinicians can effectively gain insight into disease mechanism, tailor therapeutic
decision-making and monitor patients for progression of disease over time.
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Figure 1. Demonstration of CBF using MRI and CT
Regional changes in CBF are shown throughout cerebral parenchyma (A) CT of patient
presenting with acute right MCA stroke with blue color demonstrating most severely
decreased CBF in ischemic hemisphere. (B) MRI of patient presenting with acute left MCA
stroke with purple color demonstrating most severely decreased CBF in ischemic
hemisphere.
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Figure 2. Multimodal CT and MRI
The informative nature of multimodal imaging using both CT and MRI is shown. (A)
Multimodal CT of an 88-year-old gentleman with history of heart failure status post
pacemaker placement, diabetes, hypertension, hyperlipidemia and hypothyroidism
presenting acutely with left-sided hemiplegia. Initial non-contrast CT with no obvious
hypodensity to suggest parenchymal ischemia while CTA demonstrates clear right MCA
signal cutoff and CTP shows decreased perfusion to the right hemisphere with areas most
severely affected represented in red. (B) Multimodal MRI of an 82-year-old woman with
history of hypothyroidism later found to have cardiac arrhythmia presenting acutely with
right-sided hemiplegia. Ischemic lesion is represented by DWI hyperintensity corresponding
with ADC hypointensity. FLAIR also demonstrates hyperintense signal providing
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information with regards to the age of the lesion, likely several hours from onset of
ischemia. GRE sequence hypointensity represents hemorrhagic transformation with
surrounding edema. PWI clearly demonstrates extent of decreased perfusion throughout the
left hemisphere which extends beyond the burden of the ischemic lesion demonstrated on
DWI/ADC/FLAIR, most severely represented by red color. TOF MRA demonstrates abrupt
cutoff of the distal left M1 segment with decreased number of left M2 branches.
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Figure 3. Hyperdense MCA Sign
Hyperdensity (arrow) of right MCA artery shown on non-contrast CT signifies vascular
occlusion of the artery.
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Figure 4. TOF MRA May Overestimate Degree of Vascular Stenosis
Relying on flow, rather than anatomical representation of vascular occlusion, TOF MRA
may overestimate the degree of vascular stenosis in patients. Shown is TOF MRA of a
patient presenting with acute infarction involving multiple areas in the left M2 territory with
MRA demonstrating Occlusion of the posterior division left M2 division of MCA artery
with paucity of vessels demonstrated (arrow). Imaging also suggests a flow-dependent
degree of stenosis in right MCA, which was not clinically symptomatic during his
presentation (arrow).
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Figure 5. Contrast-Enhanced MRA
The clarity of the neurovascular tree imaged using CE MRA is demonstrated in this figure.
Opacified vessels are T1 hyperintense.
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Figure 6. Contrast Retention and Hemorrhage
(A) Non-contrast CT of a patient presenting with right MCA stroke. No obvious signs of
hypodensity present on initial left hemiplegic presentation at onset of acute ischemia. (B)
Non-contrast CT following interventional angiography and mechanical revascularization
therapy showing multiple foci of hyperdensity in which it is difficult to differentiate between
hemorrhagic transformation versus post-procedural contrast retention. (C) Non-contrast CT
6 days following ischemic event showing less burden of hyperdensity than previously
demonstrated at initial presentation following angiography.
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Figure 7. Serial MRI Imaging of Stroke Evolution
(A) FLAIR sequence throughout the cerebral parenchyma at initial presentation of acute
ischemic stroke as a result of left MCA occlusion. (B) At 5 days following ischemic insult,
FLAIR sequences demonstrate the evolution in intensity of lesion burden and the
completion of infarction throughout the affected territories (C) GRE hypointensity showing
stability of initial hemorrhagic transformation over time.
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Figure 8. Multimodal MRI of Moyamoya Disease
Imaging of a 44 year-old woman with history of moyamoya presenting with numbness,
tingling and weakness in the right upper extremity. GRE hypointensity shows left basal
ganglia hemorrhage. CE MRA and TOF MRA images demonstrate MRAs of the neck and
head demonstrate occlusion of bilateral supraclinoid internal carotid arteries with distal
reconstitution secondary to vascular collaterals as well as narrowing of bilateral internal
carotid arteries.
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