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Abstract Multiple treatment options and risk assessment
in cerebrovascular diseases are the actual challenges in di-
agnostic as well as in interventional neuroradiology.
Acute ischemic stroke essentially requires rapid detec-
tion of the location and extent of infarction and tissue at
risk for making treatment decisions. In the acute setting,
modern multiparametric perfusion imaging protocols help
to determine infarct core and adjacent penumbral tissue,
and they enable the estimation of collateral flow of in-
tra- and extracranial arteries. In subacute delayed cerebral
ischemia (DCI) after subarachnoid hemorrhage (SAH) or
chronic occlusive neurovascular diseases estimation of re-
sidual and collateral flow may be even more difficult.
Prediction of sufficient or insufficient supply of brain
tissue may be essential to balance conservative against
interventional therapies. However, so far no established
reliable thresholds are available for determining tissue at
acute, subacute, chronic progressive, or chronic risk.
Reliable and reproducible thresholds require quantita-
tive perfusion measurements with a calibrated instrument.
But the measurement instrument is not at all defined-a
variety of parameter settings, different algorithms based
on multiple assumptions and a wide variety of published
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normal and pathologic values for perfusion parameters in-
dicate the problem. In the following text, we explain how
deep the problem may be enrooted within techniques and
algorithms impeding broad use of perfusion for many clini-
cal issues.
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Introduction

Structural imaging in computed tomography (CT) and mag-
netic resonance imaging (MRI) is a standard and repro-
ducible technique. Nevertheless, the imaging of anatomic
structures does not reflect the dynamic function of the cere-
brovascular system. Registration of irreversible structural
damage in parenchymal imaging marks the endpoint of
ongoing cerebrovascular decompensation. Optimal diag-
nostics should be able to detect the shift of the vascular
dynamics to a defined threshold to prevent the onset of irre-
versible damage. Diagnostics of a dynamic system must be
able to acquire and to measure dynamics.

The first technique giving temporal information of cere-
bral blood flow was intra-arterial catheter angiography.
Dynamic information like circulation time, slope of arterial
inflow, intensity of parenchymal blush over time, time of
wash-out, and venous outflow can be obtained.

In 1956, Greitz [1] analyzed brain perfusion based on
cerebral angiography. However catheter angiography is an
invasive method with potentially severe complications (i.e.,
stroke, local complications at the puncture site, etc.).

Despite the possibility of CT or MRI to obtain fascinat-
ing structural insights into the human anatomy, initially
there was a lack of visualization of in vivo function and
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Table 1 Summarizing perfusion-parameter with corresponding algorithms, units and state of calibration

Algorithm Unit Reliability/Value
Time to Peak (TTP) Time of maximum of numeric Second (s) Absolute time is defined
maximum of intensity-time
curve
T . Time of maximum of residual Second (s) Absolute time is defined
function from deconvolution
Mean transit time (MTT)=CBV/ Maximum-slope or deconvolu- Second (s) Theoretically absolute time is
CBF tion algorithm defined—but results depend on
algorithm
Cerebral blood volume (CBV) Maximum-slope or deconvolu- (ml/100 g tissue) Relatively not calibrated
tion algorithm
Cerebral blood flow (CBF) Maximum-slope or deconvolu- (ml/100 g tissue/min) Relatively not calibrated

tion algorithm

With exception of TTP, it has to be taken into account that the parameter-names do not reflect the reality as “blood flow” or “blood volume” do
suggest. The parameters are mathematical constructs and the names of those variables may help our imagination to work with it

dynamics. With faster CT and MRI imaging-techniques it
was feasible to obtain dynamic information. While circula-
tion time in angiography is well defined, results of mean
transit time (MTT) in CT or MR-perfusion depend on the
different acquisition methods (Table 1).

Under physiological conditions, normal brain perfusion
is maintained within a narrow range by autoregulation of
the cerebral vasculature. Normal cerebral blood flow (CBF)
in human gray matter is about 50-60 ml/100 g per minute
[2]. In cases of ischemic stroke due to vessel occlusion, the
survival of brain tissue depends on the minimum necessary
collateral supply from leptomeningeal anastomoses. Animal
studies have shown that at a CBF below 35 ml/100 g per
minute protein synthesis within neurons ceases completely
[3]. In this oligemic stage, brain tissue can survive as long
as CBF is not further reduced. If CBF further decreases
below 20 ml/100 g per minute, normal neuronal interaction
via synaptic transmission is no longer possible [4]. How-
ever, these neurons are still viable and the ischemic brain
tissue that is “living” under these conditions adjacent to
already irreversibly damaged tissue is defined as tissue at
risk. If CBF decreases below 10 ml/100 g per minute, irre-
versible cell death occurs [4]. Thus an instrument is needed
to measure those values in an individual patient. CT and
MRI depict changes in density or signal-intensity caused by
the passage of a contrast bolus. The resulting time-density
curves allow to calculate perfusion parameters.

Dynamic CT scanning after intravenous injection of
iodine contrast medium (CM) was already proposed in
the early days of CT. The goal was to characterize tis-
sue by extracting information from the temporal course
of enhancement. In 1980, Axel [5] described a modelling
algorithm to determine CBF by rapid-sequence CT; this was
a milestone on the way to modern perfusion-studies. The
actual techniques are still based on the idea of fast repetitive
image acquisition during the first passage of a contrast bolus
through the analysed organ [6, 7].

Comparing CT and MRI there is a fundamental physical
difference: While the relation between tissue density/con-
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trast-concentration and X-ray attenuation in CT is linear,
the attenuation of signal intensity due to the paramagnetic
effect of gadolinium in MRI follows a logarithmic curve.
Consequently, the temporal change in MRI signal differs
depending on the starting point on that logarithmic function:
While the slope of the MRI signal intensity curve changes,
the slope in CT imaging is constant. Thus, absolute quanti-
fication in MR-perfusion beside simple time determination
results to be impossible. MR-Perfusion allows a relative
intra-individual mapping of perfusion, but does not define
interindividual thresholds for normal, reduced, critical, or
insufficient perfusion. Moreover, MR signal intensity val-
ues are not absolute values as the Hounsfield units in CT.
For that reason we focus on CT-Perfusion.

Technics of Perfusion-Data Acquisition

For CT-Perfusion, a temporal sequence of CT-slices renders
the underlying necessary information (Fig. 1).

In a typical and reproducible setting, time-density curves of
the contrast-bolus passing the brain vascular structures from
arteries via parenchyma to veins will be obtained depending on
initial bolus definition and patient’s cardiovascular and cere-
brovascular conditions. Using these data, the physical principle
of fluid dynamics (Fick principle) and the dilution theory, the
parameters defining brain perfusion may be calculated.

Later on, dedicated software were developed to analyze
the time—density curves obtained from sequential CT scan-
ning. A good understanding of the basic concept of perfu-
sion analysis is essential to prevent dangerous mistakes.

Theory of CT-Perfusion

The underlying idea of visualizing cerebral perfusion is to
evaluate the distribution of a visible substance over the brain
parenchyma. Homogeneity and intensity (concentration) of
this substance are surrogate factors that provide information
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Fig. 1 Sequence of computed tomography (CT) images (interslice
time gap: 1 s). (a) The corresponding time—density curves show ar-
rival of the contrast bolus in the arteries (red = arterial input function
AIF), in the brain parenchyma (grey = tissue function 7F), and in the
veins (blue = venous outflow function VOF). (b) The schematic draw-
ing top right shows a contrast-bolus (yellow) passing the vascular com-
partments from arteries (red) to veins (blue). The well-defined bolus
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Fig. 2 Indicator dilution theory is based on the assumption that the
contrast bolus reaches maximal contrast within zero time (dotted green
line = optimal bolus). The real bolus (green curve, injection volume:
30 ml contrast, rate 5 ml/s—injection time 6 s) deviates from that op-
timal bolus—but within a certain range a broader bolus may be used
for calculations based on indicator dilution theory resulting in an ac-
ceptable error. After venous administration of the contrast bolus, the
cardiopulmonary passage, arterial input function (4/F), and the further
dilution of the contrast in parenchymal capillaries leads to flattening
and widening of the curve resulting in a reduced signal to noise ratio of
the curve compared with inhomogeneous signal of brain parenchyma.
Only if the tissue curve (7F) exceeds the basal noise (BN) a reliable
analysis is possible

about cerebral perfusion and potential perfusion deficits.
The mathematical algorithms for delivering colored images
encoding perfusion information are based on the indicator
dilution theory [5, 8]. Common to all approaches that aim at
the determination of cerebral blood flow is the intravenous
injection of a usually short and compact bolus of contrast
media (Fig. 2), the rapid sequential scanning of one repre-

T Lkl
45 Time [s]

seen in the arteries (red) becomes less defined (less contrast, wider)
passing through the capillaries. When it reaches the veins (VOF) it
is better visible but wider than in the arteries (AIF). (¢) In the case of
acute stroke, a perfusion deficit can be detected: In the posterior part
of left middle cerebral artery territory TF arrival is later and broader.
All curves show a second peak starting at 40 to 45 s due to recirculat-
ing contrast

sentative slice or volume of the brain with appropriate tem-
poral resolution and the application of a tracer kinetic model
to either region-of-interest (ROI)-based or pixel-based time
attenuation curves (TAC).

The schematic model of a vascular structure (Fig. 1) illus-
trates the arteriovenous passage of an intra-arterial contrast-bolus
and the corresponding time dependent intensity/density curves.

Depending on the vascular compartment analyzed, the
same bolus shows different shapes starting with a well-
defined short arterial bolus with a high slope of the curve.
First changes of bolus curve result from dilution and decel-
eration in arterioles and capillaries (pictured as broadening of
the total vessel diameter). The corresponding density curve is
broadened and flattened compared to the initial arterial curve.
In some parts of the parenchyma the bolus curve might even
be more flattened and broader due to indirect collateral flow.

In order to meet the assumptions of the indicator dilution
theory both the injection rate and the concentration of the
contrast media should be as high as reasonably achievable.
Using a total of 30 ml contrast volume at an injection rate of
5 ml/s and contrast medium with an iodine content of 350—
400 mg/ml (preheated to body temperature) is an acceptable
compromise clinical practice to achieve a high iodine flux
and subsequently high quality CT Perfusion images.

In human brain perfusion not all parameters can be as
exactly defined as in a physical experiment. To get the com-
plex physiological system of brain perfusion close to the
conditions defined in the principles mentioned above some
assumptions have to be made. Either we presume that the
contrast is diluted in a defined volume neglecting venous
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outflow, or we presume that the vascular compartment is
completely separated from the extravascular compartment.
Under assumption of a system without venous outflow the
“maximum slope algorithm” is suitable; under assumption
of a hermetically sealed system the “deconvolution algo-
rithm” can be applied. Taking the blood—brain barrier into
account and regarding only the first pass of contrast the
assumption of a sealed system may not be too far from real-
ity. Both algorithms result in a mathematically correct way
to approximate both cerebral blood flow and cerebral blood
volume. Hence, the resulting values are only approximate
ones, because based on assumptions, and therefore different
algorithms will result in different calculated values. As long
as different algorithms leading to different results for cere-
bral blood flow and cerebral blood volume are used for CT
Perfusion analysis, it will not be possible to define general
thresholds for pathologic changes in cerebral perfusion.
The clinical users of perfusion software should decide con-
certedly which approximation to reality should be used in CT
Perfusion. Otherwise the majority of our colleagues will call
the fundamental added value of CT Perfusion into question.

Motion Artifacts

Especially in severely ill or disorientated patients, motion
artifacts can result in unusable data. A pixel first located in
the brain tissue may shift by movement to a location in an
artery, resulting in a mixture of tissue and arterial function.
Therefore, it is crucial to identify and correct motion artifacts.

Technical Parameters and Radiation Exposure

As mentioned above, perfusion CT consists of repeti-
tive scanning of a specific volume. The examined volume
depends on the width of the CT detector and usually is
limited to a partial volume of the brain. Usually temporal
sampling is 1 scan/s with 80 kV and 120 m as for a total
scanning time of 40—45 s. In our setting of a single slice
perfusion CT of patients after subarachnoid hemorrhage a
35 s acquisition time is sufficient. Radiation exposure under
these conditions is 1.35 mSv (calculation: CT-Perfusion is
based on two slices of 1 cm thickness. Based on an interscan
interval of 1 s and scan duration of 35 s the total current-
time-product is 4200 mAs). With a scan-distance of 20 mm
(collimation 4 x 5 mm) the dose-length product is 588 mGy
x cm with a Computed Tomography Dose Index (CTDI ) of
294 mGy. The effective dose is the result of multiplication
with the weighting factor for the supraorbital head (“Euro-
pean Guidelines on Quality Criteria for Computed Tomog-
raphy” (http://www.drs.dk/guidelines/ct/quality/htmlindex.
htm Appendix I table 2) of 0.0023: 1.35 mSv).
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For comparison, the diagnostic reference levels for
diagnostic CT-scans of the neurocranium (http:/www.
bfs.de/SharedDocs/Downloads/BfS/DE/fachinfo/ion/drw-
roentgen.pdf;jsessionid=B798D68703E2CEO0BA77BE674
FDDD3106.1 cid349? blob=publicationFile&v=1) pub-
lished by the German “Bundesamt fiir Strahlenschutz” give
a CTDI , of 65 mGy, resulting in a dose length product of
950 mGy x cm compared to 588 mGy x cm for CT-Perfu-
sion in a 2 cm field. With the advent of CT scanners capable
of continuously imaging almost the entire brain with repeti-
tive low dose spiral scans (up to 14.4 cm z-axis coverage,
leading to the term “volume perfusion CT” (VPCT)), a huge
amount of anatomic vascular information is obtained with
every VPCT scan (Fig. 3). Increasing the z-axis coverage
of perfusion CT scans can improve the diagnostic sensitiv-
ity for detecting ischemic lesions [9, 10]. So far, diagnostic
evaluation of VPCT examinations typically focused on func-
tional abnormalities detected on perfusion parameter maps
(i.e., cerebral blood volume, cerebral blood flow, mean tran-
sit time, and time to peak) whereas vascular reconstructions
are not routinely obtained. With the advent of CT scanners
allowing volumetric perfusion CT examinations of almost
the entire brain, time-resolved 4-dimensional CT angiogra-
phy (4D CTA) of the cerebral vasculature can be obtained
in the same setting from the same data, to noninvasively
study cerebral hemodynamics. Thus, occlusion of intracra-
nial vessels, thrombus burden, and collateral blood flow can
be visualized from the same VPCT source data that are used
for perfusion parameter map analysis [11-14].

Usually, VPCT data are acquired using a periodic spiral
approach consisting of 30 consecutive spiral scans of the brain
(96 mm in z-axis, 1.5 s mean temporal resolution) for a total
examination time of 45 s after injection of a short contrast
bolus. For VPCT, we typically use 80 kV, 200 mAs, rotation
time 0.3 s, maximum pitch 0.5, collimation 2x64x0.6 mm,
36 ml of highly iodinated contrast media at a flow rate of 6 ml/s
followed by a 30 ml saline chaser at 6 ml/s. VPCT data are rou-
tinely reconstructed with a slice width of 5 mm every 3 mm for
perfusion analysis and with a slice width of 1.5 mm every 1 mm
for 4D CTA analysis. For VPCT, radiation exposure under the
abovementioned conditions is approximately 5.2 mSv.

Quantification of CT-Perfusion Maps

In acute stroke, of course, there are more than only temporal
aspects that predict patient’s clinical outcome. Standardized
quantitative perfusion might be a promising way to depict
nonviable tissue and tissue at risk of irreversible infarction
more precisely and therefore to predict clinical outcome
after thrombectomy better than rigid time frames alone
[15]. Today, successful neurointerventional recanalization
of occluded vessels is not the question in acute stroke, but
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CBF reduced / CBV > 0: penumbra

Fig. 3 Volume perfusion computed tomography (VPCT) of a patient
with an acute large right hemispheric infarction: area of reduced cere-
bral blood flow (CBF) (a); areas of prolongation of the time to peak
(TTP) (b) time—density curves resulting from 3D-maximum intensity
projection (MIP) (c¢) possible visualization of a penumbra (d-f) where-

indication for recanalization might be better defined with the
help of universal thresholds of perfusion parameters [16].
In subacute or more chronic cerebrovascular diseases
(like cerebral perfusion disturbancies after subarachnoid
hemorrhage (SAH)) definition of threshold may be even
more important. In a retrospective analysis of 319 patients
after SAH over a 4 year period [17], an excellent correla-
tion between the long-term outcome of patients with SAH
and the perfusion parameter MTT was shown [18]. More
recently, data from another study showed that the perfusion
parameter time to drain (TTD) is extremely helpful to rec-
ognize early perfusion changes in cerebral vasospasm and
strongly correlates with spastic stenosis according to 4D
CTA and conventional angiography [19]. Thus, the results
of CT-Perfusion should be taken into account for decisions
regarding further treatment (i.e., endovascular spasmolysis)
in patients diagnosed with delayed cerebral ischemia (DCI).

Conclusion

CT-Perfusion is a diagnostic technique widely used in acute
ischemic stroke and gaining more importance for other clini-

density curves

follow-up 1 day

as nonviable tissue is coded red, brain parenchyma with reduced CBF'
but not yet severely reduced cerebral blood volume (CBV) is coded
yellow. The threshold values for the color coding, however, can be set
manually. (g) The non-enhanced computed tomography (CT) from the
following day shows the demarcated infarct

cal settings as DCI after SAH or in neuro-oncology. Depict-
ing cerebral perfusion changes using CT Perfusion increases
diagnostic and therapeutic certainty in the acute setting. Sim-
ilar to stroke MRI, CT-Perfusion enables the identification
of tissue at risk by the mismatch between infarct core and a
potentially larger area of critical hypoperfusion [20, 21]. Use
of CT-Perfusion in the setting of subacute or chronic neuro-
vascular diseases gains increasing relevance.

The clinical application remains far below the potential of
CT-Perfusion could have as a reliable measurement instru-
ment. A clear definition of X-ray parameters and bolus appli-
cation is a requirement. As usual quality and reliability are
the result of optimized conditions (contrast bolus with high
injection rate and high iodine concentration). An accurate
data handling including identification of artifacts and using
motion correction (if necessary) is crucial. Radiation expo-
sure may be minimized by using dose reduction protocols
and confinement to absolute necessary number of slices.

Up to today different algorithms for estimation of perfu-
sion parameters are applied based on completely different
assumptions. Maximum slope model and deconvolution
model are the most used algorithms. The underlying assump-
tions behind these algorithms induce different results from
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different software tools. One solution of that problem
would be to define only one algorithm to calculate perfu-
sion parameters based on clearly defined X-ray parameters
and bolus-dynamics. A more practical or realistic solution is
conversion formulas between the different algorithms.

In the future, better standardization techniques for abso-
lute values in CT-Perfusion are necessary, due to the rising
number of patients undergoing intra-arterial thrombectomy
in acute ischemic stroke [22-24].
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