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nischemicstroke isa complex of sudden symptoms of focal

or generalized brain disorder. It is the second most com-
mon cause of death and the most common cause of permanent
disability in the world, which makes it necessary to use highly
sensitive diagnostic techniques. The gold standard in ischemic
stroke imaging is magnetic resonance imaging, which enables
determination of the location, extent, and size of ischemia.

Stroke is the second most common cause of death and the most
common cause of permanent disability in the world. It is esti-
mated that about 90% of stroke incidents are ischemic strokes.
According to data from the National Health Fund, in 2022, isch-
emia was found in as many as 73,900 patients, whose median
age was 73 years. In recent years, however, an increase in the
number of strokes in increasingly younger age groups has been
observed [1].

The constantly growing number of ischemic strokes requires
the use of diagnostic techniques with sufficiently high sensitiv-
ity, which will allow for precise diagnosis and enable the imple-
mentation of treatment in a period corresponding to the ther-
apeutic window. One of these methods is magnetic resonance
imaging (MRI), which allows to determine the localization of
ischemic focus, the phase of a stroke, and the occurrence of mi-
crocalcifications. Comparing to computed tomography, in the
case of ischemia, it is characterized by greater sensitivity and
greater accuracy in determining the etiology. MRl ensures short
image acquisition time, and the variety of sequences enables
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precise assessment of the ischemic focus, which influences the
precision of the selected treatment [2].

Ischemic stroke is a sudden, local or generalized loss of brain
function lasting more than 24 hours, caused by insufficient
blood supply due to hemodynamic, embolic, or thrombotic
causes resulting from vascular, myocardial, or blood diseases.
Reduction of blood flow below 10-12 ml/100 g of brain tissue/
minute results in neuronal death and the formation of an area
of necrosis, i.e., irreversible ischemia. It is surrounded by the
penumbra, described as an area of the brain susceptible to
thrombolytic treatment. Development of a compensatory cir-
culation and a vascular bed, and the increased uptake of oxy-
gen and glucose in this area maintain the membrane potential
and the sodium-potassium pump, while preventing irreversible
brain damage [3, 4]. Due to the area of ischemia, we distinguish
complete ischemia, which involves the entire brain and may
be a consequence of sudden circulatory arrest, and local isch-
emia occurring in the event of occlusion of one of the cerebral
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arteries. The effect of the first of these is the selective destruc
tion of cells characterized by the greatest sensitivity to oxygen
deficit. These include pyramidal cells of the hippocampus, Pur-
kinje cells, pyramidal cells of the neocortex layer, and spiny neu-
rons. Destruction of all brain cells with accompanying necrosis
is, in turn, focal ischemia, which is surrounded by the aforemen-
tioned area of the penumbra. It is characterized by the co-oc-
currence of disruption of cell function and the lack of morpho-
logical damage. In this area, destruction of neurons occurs due
to disruption of cerebral blood flow and energy processes [5].

Symptoms of ischemic stroke are differentiated according to
the area affected by ischemia. The cerebral arterial system is di-
vided into anterior vascularization supplied by the internal carot-
id arteries, posterior vascularization supplied by the vertebrobas-
ilar arteries, and vascularization of the whole brain. Ischemia
located in the anterior circulation may manifest as hemiparesis
or hemiplegia, aphasia, agnosia, hemihypesthesia, pseudobulbar
dysphagia, and visual disturbances in amblyopia or disturbances
involving one eye. Circulatory disturbances from the posterior
vascularization area are characterized by the occurrence of diz-
ziness, nausea and vomiting, hearing problems, gait and balance
disturbances, diplopia, and bulbar dysphagia. Ischemia involving
the entire brain area concentrates the symptoms of ischemia
from both of the above-mentioned areas [6].

Magnetic resonance imaging is the gold standard in ischemic
stroke imaging, enabling localization of the ischemic focus, de-
termining the stroke phase, and the occurrence of microcalcifi-
cations. Compared to CT in the case of ischemia, it is character-
ized by greater sensitivity and greater accuracy in determining
the etiology. Due to the almost immediate reaction of neurons
to ischemia, which amounts to a loss of 1.9 million cells per min-
ute, the most important factor in the diagnosis of ischemia is
time. It should be remembered that the therapeutic window
for thrombolytic treatment is only 4.5 hours from the onset of
symptoms, while for mechanical thrombectomy it is 6 hours.
MRI ensures a short image acquisition time, and the variety of
sequences used allows for a precise assessment of the ischemic
focus, influencing the precision of the selected treatment [2].

The diffusion magnetic resonance sequence is based on water
molecules’ migration in the extracellular space. DWI reflects the
difference in the spontaneous penetration of water molecules
in brain tissue and provides information about its size, type,
and the space in which it occurs. This penetration is Brownian
motion, described as the uncoordinated movement of liquid
molecules resulting from their collisions. Diffusion magnetic
resonance imaging is one of the gradient sequences. Activation
of the gradientin a uniform magnetic field stops the movement
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of hydrogen nuclei, which results in a change in the signal. To
increase the precision of imaging, the bipolar Stejskal-Tanner
sequence is used, i.e., two bilaterally located gradient pulses
around a pulse of 180°. The sequence is described by the b-value
according to the following formula:

b=y%G*5? [A —gj

The value includes the gyromagnetic coefficient y, the am-
plitude gradient G, the gradient length 6, and the periodic dis-
tance separating both pulses A. The limitation of water diffu-
sionis presented on T2-weighted images as a hyperintense area.

Diffusion disturbance is also assessed based on the apparent
diffusion coefficient (ADC) and ADC maps, where ischemia ap-
pears as a hypointense signal. ADC for a given voxel is calculated
by the linear regression method of the b value, according to the
following equation:

ADC =

Slis the signal intensity in DWI, while Sl is the signal inten-
sity in the T2-weighted image in the absence of magnetic field
gradients [7].

Vascular obstruction caused by ischemic stroke contributes
to the disturbance of sodium-potassium pump function and
increased calcium concentration in the intracellular space. This
results in cytotoxic edema and reduced Brownian motion, and
ultimately also in reduced diffusion [2].

The high sensitivity and specificity of diffusion-weighted
magnetic resonance imagingin the first minutes after the onset
of symptoms make this method the gold standard in detecting
and differentiating ischemic stroke. For accurate diagnostic
evaluation, DWI images should be viewed together with diffu-
sion-weighted ADC maps that do not contain a T2 component.
Ischemic stroke isindicated by hyperintense restricted diffusion
signals in the DWI sequence and corresponding hypointense re-
stricted areas on ADC maps. This method of interpretation pro-
vides information on the severity and reversibility of ischemia
[7]. Diffusion-weighted magnetic resonance imaging detects
ischemic changes as early as 11 minutes after the onset of the
first symptoms, while a decrease in ADC values is observed as
early as 30 minutes after the onset of ischemia. ADC stabiliza-
tion occurs 2 to 4 weeks after the onset of ischemia, which is
due to the increasing predominance of the vascular compo-
nent of edema over the cytotoxic component [2]. The location
of ischemic changes on DWI images varies depending on the
pathogenesis of the stroke, as well as the size, site of thrombus
formation, and structure [8].

The further course of the disease and the response to the
treatment are closely related to the volume of the ischemic
area, which can be estimated based on images obtained in the
DWI sequence.
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Diffusion magnetic resonance imaging is a highly precise
method for diagnosing lacunar strokes and ischemic strokes
from the posterior cerebral vascularization area. A lesion sug-
gesting ischemia in the DWI/ADC image combination should be
differentiated from an abscess, some neoplasms (lymphomas),
encephalitis, postictal states, and transient global amnesia [2].

Perfusion-Weighted Imaging enables the assessment of tissue
blood flow in the brain and provides information on the he-
modynamic state of brain tissue. Ischemic stroke is associated
with changes in cerebral perfusion pressure (CPP), described as
the difference between mean arterial pressure and intracrani-
al pressure. As a result of ischemia, arterioles dilate to reduce
cerebrovascular resistance, which helps maintain normal cere-
bral blood flow (CBF). The consequence of the increased lumen
of the vesselsis also an increase in cerebral blood volume (CBV)
and an increase in mean transit time (MTT), i.e., the time spent
by erythrocytes in a given volume of blood. These values are
related to each other by the following relationship:

The described vasodilatory mechanism does not occur in the
case of a rapid decrease in CPP. Then, there is a significant de-
crease in CBF and a decrease in cerebral metabolic rate of oxy-
gen consumption (CMRO2), which in turn leads to neurological
deficits. The higher the CMRO, value, the greater the probabil-
ity of restoring blood flow in the tissue. Death of brain tissue
due to complete ischemia occurs within a few minutes of its oc-
currence, but if the ischemia is minor and the tissue structure
has not been damaged, it is called the “penumbra”, and there is
a probability of stopping the ischemia process using thrombo-
lytic treatment. The main role of PWI is therefore to detect po-
tentially reversible areas of ischemia based on the assessment
of perfusion maps and brain hemodynamic parameters [9].

PWI can be performed using arterial spin labeling (ASL) or the
first-pass technique (dynamic susceptibility contrast, DSC). ASL
involves marking water spins in arterial blood reaching a given
cross-section with pulsed RF pulses and selectively inverting
longitudinal magnetization in the area before the actual area.
The magnetization map reflects local perfusion, hence the ob-
tained CBF value is the ratio of magnetization values before and
afterinversion. The advantage of this method is regional assess-
ment of perfusion and no need to use a contrast agent. Unfor-
tunately, due to low SNR, long imaging time, and low sensitivity
of the assessment of CBF and MTT decrease, ASL is currently
rarely used [9].

The first-pass technique uses a T2*-weighted sequence.
During the examination, the patient is intravenously injected
with a paramagnetic contrast agent, which produces local sus-
ceptibility gradients in the bloodstream that reduce the T2*
relaxation time. As a result, the flow of contrast through the
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vessels is accompanied by a momentary loss of signal intensity.
The high speed of contrast flow through the vessels requires
the use of a fast gradient echo sequence, EPI, which allows for
measurementsin 1.5 to 2 seconds. Tissue flow is assessed based
on CBV, CBF, and MTT, which are obtained on perfusion maps,
on the paramagnetic concentration versus time curves - they
can be obtained for each voxel of brain tissue. The CBV value is
indicated by the size of the area under the curve. Low CBV and
CBF values indicate the occurrence of ischemia, while their in-
crease indicates reperfusion of ischemic tissue and is described
as “luxury perfusion” [10].

Precise imaging of early ischemic changes together with the
estimation of the penumbra zone became possible thanks to
the simultaneous assessment of ischemia in the PWIland DWI se-
quences. The area of reduced perfusionin PWIis larger than the
area of restricted diffusion in DWI, and the difference between
them is defined as the area of perfusion-diffusion mismatch and
isidentical to the area of permanent ischemia [10]

Magnetic resonance angiography (MRA) is a non-invasive exam-
ination that allows for the assessment of the vascular system.
There are contrast-enhanced MRA and phase-contrast (PC) se-
quences and the time-of-flight (TOF) technique, which do not
require the administration of a contrast agent.

Contrast-enhanced magnetic resonance angiography (CE)
requires the administration of a paramagnetic contrast agent
in the form of gadolinium. The use of a paramagnet allows for
obtaining a high SNR value of the vessel relative to the back-
ground and its good visualization due to the shortening of the
T1 relaxation time of the blood. CE MRA is characterized by low
TE and TR values and is performed based on a gradient echo se-
quence. The consequence of gadolinium application is the time
limit of acquisition, reduced spatial resolution, and the risk of
nephrogenic systemic fibrosis [11, 12].

MRA without the use of contrast can be performed using the
time-of-flight technique or the phase contrast method. PC con-
sists of the assessment of the protons of moving bloodinaplane
or space. The sequence consists of a bipolar gradient preceding
phase encoding and readout gradients. The introduction of bi-
polar gradients begins with the application of an RF pulse, after
which all protons from the examined area are in phase. The next
step is the application of half of the bipolar gradient in the flow
direction, which results in a phase shift caused by the position
of the protons, which, as a result of continuous movement, ex-
perience phase shifts relative to the protons of the surrounding
tissues. Then, the second part of the bipolar gradient is applied,
which is in the flow direction and has the same magnitude but
the opposite value. As a result, the phase shift of stationary tis-
suesis corrected, and all protons are encoded with a phase shift.
The elimination of the phase shift associated with stationary
protons and the modification of the phase of protons moving
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towards the gradient are achieved by applying the opposite gra-
dient. The deconstruction of the signal phase causes the phase
shift to be maintained only by blood protons. The phase shift of
protons is directly proportional to their velocity in the gradient
direction, which is subject to qualitative assessment based on
the visual projection of the phase shift. Due to the limitations
of modular arithmetic, angles exceeding 180° are characterized
by signal distortion (aliasing). From the equation describing the
phase shift:

AD=yV-M,

where yis the gyromagnetic coefficient, V is the proton velocity,
and AM, is the change in the magnetic moment, it follows that
the angle. The phaseis also directly proportional to the gradient
strength. In turn, the relationship between measurable velocity
and gradient strength is inversely proportional, hence a specific
gradient can be assigned a measurable maximum velocity be-
fore the aliasing phenomenon occurs. It is called the encoding
velocity, and knowledge of its value allows the selection of pa-
rameters that allow obtaining the best diagnostic values of the
examination [13].

Magnetic resonance imaging is a sensitive and specific meth-
od in the examination of intra- and extracranial vessels, de-
tecting their stenoses and dissections, and also enabling the
determination of the etiopathogenesis of stroke. Localization
of the vessel lumen occlusion allows for the implementation
of intravascular treatment within the first hours of the onset
of symptoms and determines the prognosis after the proce-
dure. CE MRA, on the other hand, allows for the detection of
atherosclerosis, which is one of the causes of ischemic stroke.
It has also been proven that CE MRA is an equivalent method to
digital subtraction angiography in the diagnosis of carotid ar-
tery stenosis. Moreover, this method is characterized by higher
sensitivity in detecting vascular occlusion compared to Doppler
ultrasonography and computed tomography angiography [14].

The time-of-flight technique uses the blood inflow effect, de-
scribed as the difference between the exposure to the RF pulse
of the spins of the stationary tissue and the exposure of the
spins of the inflowing blood [15].

Cyclically transmitted radiofrequency pulses saturate the sta-
tionary spins, and the value of the longitudinal component of
magnetization reaches a value close to 0, which results in a low
signal. In turn, the value of the longitudinal component of the
spins of the blood flowing into the imaged volume is 1, which
translates into hyperintensity of the signal. The inflow effect is
related to the speed of blood inflow into the examined volume.
Slow blood inflow is associated with the presence of blood spins
from two successive inflows in the imaged layer, while in the
case of high blood velocity, a complete exchange of fluid tissue
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occurs. The spins of the tissues surrounding the vessels do not
move, so they are constantly saturated [15].

The blood volume renewed in a given cross-section is a func
tion of the blood inflow velocity, TR, and the vessel's cross-sec-
tional area. Complete blood exchange in the imaged volume
occurs if its flow velocity is greater than the ratio of the layer
thickness and the repetition time. The lower the flow velocity,
the greater the probability of incomplete saturation when the
impulse from the blood is affected by the excitation reversal
angle and the tissue T1 time. To prevent signal loss due to the
change in the spin phase due to flow, the time-of-flight tech-
nique is performed with flow compensation. It consists of re-
ducing the zero gradient by using additional gradient flaps [15].
The combination of the time-of-flight technique and the max-
imum intensity projection allows for obtaining a three-dimen-
sional image of hyperintense cerebral vessels on a hypointense
background in the form of an angiogram.

The 3D time-of-flight technique allows for a precise assess-
ment of the arteries and veins supplying the brain, and conse-
quently for the diagnosis of stenosis or occlusion of the vessel
and for the determination of the artery whose vascularization
range includes ischemic changes. Overestimation of the degree
of vascular stenosis in distal parts due to turbulent flow and
poor visualization of vessels located parallel to the imaged layer
means that TOF is not routinely used in the diagnosis of ischemic
stroke.

Imaging of ischemic stroke using nuclear magnetic resonance
imaging enables precise determination of the cause, location,
and extent of ischemia. Moreover, the use of diffusion-weight-
ed imaging as one of the elements of the treatment plan in
patients with symptoms of acute ischemic stroke significantly
shortens the diagnostic protocol and consequently increases
the chance of implementing endovascular treatment. Magnetic
resonance angiographic sequences, on the other hand, enable
precise determination of the artery whose stenosis/occlusion
caused ischemia, as well as assessment of otherintracranial and
precerebral arteries, the changes of which pose a potential risk
of another stroke incident.

Kruk M, Pawlewicz A, eds. Udar niedokrwienny w Polsce i na
Swiecie[in:] NFZ o zdrowiu. Udar niedokrwienny mézgu. Departa-
ment Analiz, Monitorowania Jakoéci i Optymalizacji Swiadczer.
Warszawa; 2023. 13-16.

Cappelli S, Surur A, Galindes J, Crespo G, Marangoni M, Cabral
D. Usefulness of magnetic resonance imaging in the diagnosis of
acute stroke. Rev Argent Radiol. 2023;87(1):11-22.

Wnuk M, Stowik A, eds. Udar mézgu na dyzurze. Poznan: Terme-
dia; 2016. p.7-25.

/ /



Kraft P, ed. Przemijajqce napady niedokrwienne i niedokrwienny
udar mézgu [in:] Budrewicz S, ed. Udar mézgu. Wroctaw: Edra
Urban & Partner; 2020. 23-75.

Rejdak K, Stowik A. Patogeneza udaru niedokrwiennego mézgu
— mozliwosci neuroprotekcji i stymulowania plastycznosci mézgu.
Pol Przegl Neurol. 2018;14(4):230-9.

Mazur R, Swierkocka-Miastkowska M. Udar mézqu — pierwsze
objawy. Choroby Serca Naczyn. 2005;2(2):84-7.

Cichocka M. Techniki obrazowania rezonansu magnetycznego
(MR). Inzyn Fiz Med. 2015;6(4):337-42.

Bang QVY, Li W. Applications of diffusion-weighted imaging in di-
agnosis, evaluation and treatment of acute ischemic stroke. Precis
Future Med. 2019;3(2):69-76.

Copen WA, Schaefer PW, Wu O. MR Perfusion Imaging in Acute
Ischemic Stroke. Neuroimaging Clin N Am. 2011;21(2):259-83.

/

Holdsworth SJ, Bammer R. Magnetic resonance imaging tech-
niques: fMRI, DWI and PWI. Semin Neurol. 2008;28(4):395-406.
Kuo AH, Nagpal P, Ghoshhajra BB, Hedgire SS. Vascular mag-
netic resonance angiography techniques. Cardiovasc Diagn Ther.
2019;9(1):28-36.

Shin T. Principles of Magnetic Resonance Angiography Techniques.
Investig Magn Reson Imaging. 2021;25(4):209-17.

Wymer DT, Patel KP, Burke WF, Bhatia VK. Phase-Contrast MRI:
Physics, Techniques, and Clinical Applications. Radiographics.
2020;40(1):122-40.

Dhamija RK, Donnan GA. The role of neuroimaging in acute
stroke. Ann Indian Acad Neurol. 2008;11(1):12-23.

Wheaton AJ, Miyazaki M. Non-Contrast Enhanced Angiography:
Physical Principles. J Magn Reson Imaging. 2012;36(2):286-304.





