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Abstract The five questions answered in this article re-
volve around the different parameters resulting from perfu-
sion imaging processing, and this clarifies the frequently
confusing terminology used to describe these parameters.
More specifically, the article discusses the different imaging
techniques and main mathematical models behind perfusion
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imaging, reviews the perfusion attributes of brain tissue, and
proposes a standardized parameter terminology to facilitate
understanding and avoid common misinterpretations.
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Introduction

The perfusion imaging literature may be confusing at times
considering the multiple perfusion imaging techniques [e.g.,
perfusion-CT (PCT), dynamic susceptibility imaging
(DSC), dynamic contrast enhanced, arterial spin labeling
(ASL), etc.] (Table 1), the multiple models behind the cal-
culation of the different perfusion parameters (maximal
slope method, central volume principle, deconvolution,
etc.), and the myriad of perfusion parameters that have been
reported [cerebral blood flow (CBF), cerebral blood volume
(CBV), mean transit time (MTT), time to peak (TTP), time
to maximum (7ay), TO, first moment (FMT), full-width
half maximum (FWHM), etc.]. To further add to the com-
plexity, various terms have been used to describe the same
parameter, and a single term has been used to characterize
multiple different concepts.

Through five questions, this article proposes to review and
compare the perfusion attributes of brain tissue and to propose
a standardized terminology to facilitate understanding and
avoid common misinterpretations of perfusion imaging.

What is deconvolution, and is it important?
Deconvolution methods represent a means to correct for a

fundamental limitation of perfusion maps, i.e., the influence
of the arterial input function (AIF) on the perfusion data. A

@ Springer



908

Neuroradiology (2012) 54:907-918

Table 1 Overview of the differ-
ent CT- and MRI-based perfusion
imaging techniques

Perfusion technique

Type of tracer Perfusion parameters that

CT perfused blood volume (PBV)
or MRI bookend method

Dynamic perfusion-CT (PCT)

Dynamic susceptibility (DSC)

perfusion-weighted MR imaging (PWI)

Dynamic contrast enhanced (DCE)
perfusion-weighted MR imaging (PWI)

The rows show the different per-
fusion techniques and the columns
illustrate the type of tracer
employed and the potential perfu-
sion parameters using each
approach

Arterial spin labeling (ASL)

perfusion-weighted MR imaging (PWI)

employed may be obtained
Iodine-based agents CBV
Exogenous

Non diffusible

Iodine-based agents CBF

Exogenous CBV

Non diffusible Time parameters

Parameters describing the
blood-brain barrier permeability

Gadolinium chelates rCBF
Exogenous rCBV
Non diffusible Time parameters
Gadolinium chelates rCBV

Exogenous
Non diffusible

Kirans>» Kep, Vp, and other parameters
describing the blood—brain barrier

permeability
Inflowing blood spins  rCBF
Endogenous
Diffusible

perfusion map is generated from time—concentration curves
for each voxel within parenchymal tissue. However, these
curves are influenced by two major factors: AIF and the
inherent hemodynamic properties of the tissue. Numerous
factors can cause alterations in the temporal profile (i.e.,
AIF) of contrast agent delivery to tissue, resulting in delay,
or dispersion, of the contrast bolus. Examples of such fac-
tors include impaired cardiac output, carotid artery stenosis,
and injection-related factors such as injection rate and saline
chase. The resultant alteration in the contrast bolus can
cause substantial degradation of the native time—concentra-
tion curves within individual voxels. The term deconvolu-
tion refers to the mathematical operation that minimizes the
effect of the AIF on native time—concentration curves, there-
by allowing the true hemodynamic properties of tissue to be
depicted [1, 2].

Following data acquisition, perfusion source images are
transferred to a postprocessing workstation where software
creates parametric maps for perfusion quantification and
clinical interpretation, using a mathematical algorithm.

Deconvolution-based models allow calculation of mean
capillary network transit time (MTT) and CBF by compar-
ing the shape of the time—concentration curves of the tracer
at the arterial input and at the brain tissue of interest [1, 2].
The result of the deconvolution is the tissue residue func-
tion, which represents the proportion of contrast material
remaining in the voxel over time after arrival of an instan-
taneous, infinitely short bolus of this contrast material in the
voxel. It is actually the determination of the tissue residue
function that allows calculation of quantitative information
such as the CBF and MTT, even for low injection rates [3]
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(Fig. 1). Mathematically, the height of the tissue residue
function represents the CBF in that voxel. MTT corresponds
to the arithmetic mean of the time of transit values repre-
sented in the tissue residue function [4] (Fig. 2). These
parameters are of vital importance; CBF is the single pa-
rameter that best describes the perfusion of a tissue, and
MTT is the most appropriate parameter to indicate arterial
perfusion pressure decay.

Other perfusion parameters can be calculated directly
from the parenchymal time—concentration curves (Table 2,
Fig. 3) without deconvolution. However, such parameters
are subject to a number of limitations that are not applicable
to CBF and MTT when the deconvolution operation is
employed. First, as mentioned earlier, inaccuracies can be
introduced by alterations of the AIF [5, 6]. However, in
addition, the exact physiological meaning of these simpler
parameters is difficult to determine.

Deconvolution has two additional advantages compared
to other non-deconvolution models to calculate the
perfusion attributes. First, it does not rely on simplified
assumptions regarding the underlying vascular architecture,
assumptions that can result in erroneous values in clinical
situations where they are not respected. Second and as
mentioned above, it yields quantitative results, even for
low rates of contrast material injection. Despite its advan-
tages, the deconvolution method has some disadvantages,
such as higher computational demands and more complicat-
ed and potentially time-consuming processing of data
[1-3]. However, these factors are rendered less relevant
given the increasing availability of high speed data processing
programs.
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Fig. 1 Figure depicting the concept of deconvolution. Four time—
concentration curves are shown, with time (s) depicted on the x- axis
and tracer concentration [C] on the y-axis. The two curves on the left
represent the arterial input functions. The two curves on the right show
the concentration of tracer in the tissue voxel as a function of time. The
top row (a, b) represents an idealized situation, in which an instanta-
neous, infinitely short bolus of contrast is delivered by the arterial input
function (AIF) (a) into a voxel of brain parenchyma. In this case, the
parenchymal time—concentration curve (b) reaches its maximum im-
mediately and then falls gradually as the bolus leaves gradually the
voxel via the postcapilary vein. This curve is a “residue function,”
reflecting the proportion of the tracer remaining in the tissue as a
function of time. In this exemplar model, CBF in the considered voxel
is equal to the peak of the residue function, i.e., the peak tracer

Fig. 2 Perfusion parameters
obtained from the tissue residue
function calculated by
deconvolution. In the graph, time
(s) is measured on the x- axis and
the remaining tracer within the
voxel on the y-axis. CBF is the
peak of the residue function.
MTT is the weighted arithmetic
mean of the time of transit values
represented in the tissue residue
function. Tmax is the time-to-
maximum of the tissue residue
function, i.e., the time to arrival
of contrast considering the shape
of the tissue residue function

concentration at the time when the bolus arrives in this voxel. The
bottom row (¢, d) illustrates a more realistic situation as seen in clinical
scenarios, in which the tracer is delivered over a brief but not instan-
taneous period of time, due to bolus delay and dispersion. Both in the
AIF (c) and in the parenchymal voxels (d), the tracer concentration
rises and falls more gradually. Computation of CBF in this voxel is
more complex than in the scenario depicted in the fop row because the
tracer concentration no longer depends solely on CBF but also on the
shape of the AIF. In order to derive the true hemodynamic properties of
the voxel under consideration, the effects of the AIF on the tissue
concentration curve must be removed using the mathematic operation
called “deconvolution,” which then provides the value termed the
residue function. If the actual AIF and tissue concentration curves are
both known, the CBF can be accurately calculated
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Table 2 Classification of the

perfusion parameters based on the Physiological/perfusion Perfusion parameters obtained Approximation perfusion
physiological information they information from the tissue residue function parameters measured
provide and on the way they are calculated by deconvolution directly from the time-
computed/obtained contrast curves, without
deconvolution
Volume of blood vessels in the tissue CBV
Blood flow to the tissue CBF Maximal slope
Cmax
Time it takes for the contrast MTT FWHM
to traverse the tissue capillary bed FMT
The rows show the physiological BAT
information about perfusion Delay of the contrast bolus Tmax FMT
that is estimated by each parameter BAT
and the columns, whether the
parameters are obtained after TTP
mathematical calculation or from TTP
direct analysis of the observed tis- BET

sue contrast-time curve

What are the perfusion parameters obtained
through deconvolution?

CBF

The term CBF refers to the volume of blood flowing per
brain mass for a unit of time, which is measured in the
unit milliliters per 100 g per minute. Mathematically, CBF
is represented by the peak height of the residue function
(Fig. 2). CBF is considered as the single parameter that
better reflects the perfusion of a tissue. CBF values are
absolute in the case of PCT. The abbreviation rCBF is
used when relative CBF values are obtained after decon-
volution for DSC MR perfusion weighted imaging (PWI)
(please see response to question 5, “Do all perfusion
imaging techniques lend themselves to calculation of all
parameters?”).

MTT

Mean transit time designates the average time required by a
bolus of blood to cross the capillary network and is mea-
sured in seconds. Mathematically, it corresponds to the
weighted arithmetic mean of the time of transit values
represented in the tissue residue function (Figs. 2, 4, and
5). MTT is inversely proportional to the cerebral perfusion
pressure and is the perfusion parameter that is the most
sensitive to hemodynamic disturbances (e.g., ischemia).
MTT values are absolute in the case of PCT. However,
the term rMTT is used when relative values are obtained
for PWI in a manner similar to that of the relative value
rCBF.

Of note, the parameters CBF, MTT, and CBV are math-
ematically related by the equation: CBF = CBV/MTT,
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which is also known as the central volume principle. Thus,
measurement of any two of these parameters is sufficient to
derive the third parameter.

Tm ax

The term time-to-maximum (7),,) refers to the time to
appearance of the maximum level of tissue residue func-
tion. Considering the shape of the tissue residue function,
it represents the time to arrival of contrast after deconvo-
lution (Figs. 2, 4, and 5). It is an absolute value and
expressed in seconds. It is influenced by bolus delay and
dispersion [7]. The true physiological meaning of Tmax is
elusive and the value should not be assessed in isolation
but instead in the context of other parameters such as
CBF, CBYV, and MTT. [7].

What are the perfusion parameters that can be obtained
without deconvolution?

Some parameters can be obtained directly from the paren-
chymal time—concentration curves and do not require
deconvolution. These include CBV, as well as surrogates
for MTT [full width at half maximum (FWHM), first mo-
ment of transit (FMT), bolus arrival time (BAT), TTP, and
bolus end time (BET)], surrogates for CBF [maximal slope
of the time—concentration curve (MS)], and surrogates for
CBF or CBV [maximal value of the time—concentration
curve (Cmax)] (Figs. 3, 4, and 6). These parameters used
to be useful when the computational processing associated
with deconvolution was time-consuming, which is not lon-
ger the case with modern, powerful processors.
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Fig. 3 Perfusion parameters measured directly from the time—contrast
curves, without deconvolution. In the graph, time (s) is measured on the x-
axis and the tracer concentration (arbitrary units) on the y-axis. CBV is
proportional to the area under the curve of the tissue contrast—time curve.
The slope of the curve is the maximal slope of the tissue contrast—time
curve. Cpax is the maximum value of the curve. The bolus arrival time
(BAT, or TO) is the time to the arrival of the contrast tracer. Time to peak is
the time-to-maximum of the curve. Relative time to peak (rTTP)

CBV

The term CBV refers to cerebral blood volume, which is
equivalent to the fraction of a voxel that contains blood
vessels. It is expressed in the unit milliliter/100 g. CBV
calculation from perfusion studies relies on the assumption
that the perfusion tracer is confined to the intravascular
compartment (and not diffusing into tissue). On a mathe-
matical basis, CBV is proportional to the area under the
curve of the time—contrast curve within tissue (Fig. 3). As
one might expect, the area under the curve is higher in those
voxels containing solely vessels compared to those contain-
ing a mixture of vessels and brain parenchyma (in which the
vascular volume may represent only a small percentage of
the total volume). The resulting partial volume-averaging
effect can be used to deduce information regarding the
fraction of vascular volume within the total tissue volume
and to derive a CBV map. CBV quantification requires
knowledge of the contrast enhancement profile in a refer-
ence pixel devoid of partial volume-averaging effect (e.g.,
within a large vein), which can serve as a normalization
standard against which voxels containing both vessels and
parenchyma can be compared. Such a comparison allows
quantification of a regional CBV [1, 2]. In other words,

represents the difference between the TTP and the BAT. Full width at
half maximum (FWHM) represents the width of the concentration—time
curve when it reaches half of its maximum value. First moment is the
weighted arithmetic mean of the time values represented in the time—
concentration curve. The bolus end time (BET) is the time to the clearance
of the contrast tracer. Estimates of the CBF are displayed in red and
estimates of the CBV and MTT are in black

CBYV is the volume of distribution of a purely intravascular
contrast tracer.

In some situations, the assumption of containment of
contrast material within the intravascular compartment is
not realized. For instance, in many disease entities (e.g.,
inflammatory or neoplastic conditions), substantial break-
down of the blood-brain barrier occurs (Fig. 7). Resultant
leakage of contrast material into the extravascular space
causes an overestimation of the fractional vascular volume
and, thus, of the CBV values in PCT studies [8]. Similarly,
in DSC PWI studies, the resulting T1 shortening leads to an
underestimation of the CBV values [9].

CBV is generally agreed to be the best parameter to assess
the size of the core of an infarct and to evaluate the angiogen-
esis in brain tumors [10, 11]. CBV values are absolute when
derived by PCT. The abbreviation rCBV is used when solely
relative values are obtained after deconvolution, e.g., in the
setting of MR perfusion techniques, such as DSC PWI.

Maximal slope of the time—concentration curve
and maximal value of the time—concentration curve

The MS and Cmax parameters are calculated from dynamic
imaging without the need for deconvolution. As such, they are
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Fig. 4 Serial CT and MR
imaging studies of a 61-year-old
woman with acute right acute
MCA territory infarct successful-
ly treated with iv tPA. a Unen-
hanced CT of the head obtained
3.5 h after symptom onset shows
partial obscuration of the right
lentiform nucleus (solid white ar-
row) and a subtle loss of gray
white differentiation within the
right insula (dotted white arrow).
b MIP image from CTA of the
intracranial arteries show occlu-
sion of the distal M1 segment of
the right middle cerebral artery
(solid white arrow). ¢ Recanali-
zation MIP image of the intracra-
nial arteries performed 24 h after
tPA infusion show partial arterial
recanalization. d Follow-up T2-
weighted MR image obtained

4 days after symptom onset show
final infarct volume as well as
hemorrhagic transformation

both imperfect surrogates of CBF because neither of them is
quantitative and can only be used as relative values. Although
parameters based on deconvolution methods are preferred,
these parameters can be used when deconvolution-based soft-
ware is not available.

The MS parameter represents the wash-in of the tracer
bolus. A steep slope denotes a rapid arrival of tracer to the
tissue and therefore correlated with, in general, a greater
CBF [6]. However, this estimation of CBF is not straight-
forward because the slope of the contrast-time curve is
influenced not only by CBF but also by the rate the tracer
is delivered to the tissue through the AIF [6]. CBF values
calculated using the maximal slope model are underesti-
mated [2] (Fig. 3).

Cmax represents the maximal value of the tissue time—
concentration curve recorded during dynamic imaging.
Cmax is an estimate of the CBF, but it is not as robust as
the CBF calculated using deconvolution methods because it
is influenced by MTT (Fig. 3).

@ Springer

FWHM, FMT, BAT, TTP, and BET

The following parameters are less commonly used than
CBF, CBV, and MTT and are calculated from dynamic
imaging without deconvolution. They are all imperfect sur-
rogates of MTT because they are strongly influenced by
those factors to which PCT is made vulnerable in the ab-
sence of deconvolution, such as bolus delay or dispersion,
reduced CBF, prolonged MTT, or any combination of these
factors. As a result, they should be used only when
deconvolution-based software is not available. When avail-
able, deconvolution MTT should be preferred.

FWHM stands for full width at half maximum and is
measured in seconds. FWHM represents the width of the
time—signal curve when it reaches half of its maximum
value (Fig. 3).

FMT stands for first moment of transit and is expressed in
seconds. FMT is the weighted arithmetic mean of the time
values represented in the time—concentration curve (as MTT
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Fig. 5 Baseline perfusion parametric maps processed using different
deconvolution algorithms for the same patient as in Fig. 4. First row
shows CBF, MTT, and Tmax maps calculated using standard singular
value decomposition (sSVD). Second row shows CBF, MTT, and
Tmax maps processed using bolus arrival time delay-corrected single
value decomposition [dSVD(AT)]. Third row shows CBF, MTT, and

is the weighted arithmetic mean of the time values repre-
sented in the tissue residue function) (Fig. 3).

BAT, or bolus arrival time, describes the time to the
arrival of the contrast tracer as obtained from the time-—
signal curves and is thus a measure of the delay of the bolus
(Fig. 3). It is expressed in seconds.

BET, or bolus end-time, indicates the time to the clear-
ance of the contrast tracer as obtained from the time-signal
curves (Fig. 3). It is expressed in seconds.

TTP stands for time-to-peak, i.e., the time to the maximum
point of the time-signal curve and is expressed in seconds
(Fig. 3). It represents the time at which the maximum change

Tmax maps calculated using block-circulant single value decomposi-
tion (bSVD). Color scales are shown in the lower lefi corner for each
parametric map; red represents high values and blue low values. The
area of predicted ischemic penumbra as represented by the area of
prolonged MTT or Tmax (depicted in red) differs somewhat depending
on the algorithm employed

in tracer concentration occurs after the passage of the bolus
[12]. Thus, the terms Tmax and TTP appear to be very similar,
a fact that is further explained in the following section.

Can the terms “Tmax” and “TTP” be used
interchangeably?

Although Tmax and TTP are similar in some ways, they
represent distinct entities and cannot be used interchange-
ably. TTP refers to the time-to-peak of the tissue time—signal
curve (Fig. 3), which can be obtained without the

@ Springer



914

Neuroradiology (2012) 54:907-918

Fig. 6 Baseline basic time perfusion parametric maps obtained with-
out deconvolution for the same patient as in Figs. 4 and 5. FWHM full
width at half maximum, FMT first moment of transit, BAT bolus arrival
time, 77TP time to peak, BET bolus end time. Numerous time

deconvolution process. On the other hand, Tmax is the
“time-to-peak” of the residue function which can solely be
obtained after deconvolution.

In an analogous fashion, similarities exist between FMT
(i.e., the first moment of transit) and MTT (mean transit
time). However, FMT is the first moment of the tissue time—
signal curve, which can be generated without the need for
the deconvolution process. On the other hand, MTT is the
first moment of the residue function that can solely be
obtained after deconvolution.

The similarities between terms have occasionally led to
them being confused with one another in the medical liter-
ature. For instance, the TTP acronym has alternately been
employed to describe the time to maximum contrast con-
centration obtained from the time—contrast curve and the
time to maximum contrast concentration minus the bolus
arrival time obtained from the time—contrast curve [5, 6,
12-14]. In a similar vein, the MTT acronym has not only
been employed to (appropriately) refer to the MTT obtained
from deconvolution but also inappropriately used to refer to
the full width half maximum (FWHM).

Just as similar terms have been used to incorrectly indi-
cate the same parameter, so too have various terms have
been used to refer to the same entity. For instance, the terms
“time of contrast arrival,” “bolus arrival time,” “arrival time
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parameters can be obtained without deconvolution. These parameters
show an abnormal region that can either be very similar or quite
different from the one demonstrated by the deconvolution MTT map

fitted,” or “T0” all have been used to refer to the same
condition, i.e., the delay in arrival of contrast material in a
voxel obtained from the time—contrast curve.

A standardized terminology to describe the different
parameters that describe perfusion attributes is proposed in
Table 3. Use of this table would be expected to help the
reader avoid common misinterpretations and facilitate un-
derstanding of perfusion imaging.

There are two types of deconvolution, delay-sensitive
and delay-corrected. What is the difference

between these two types, does it matter, and which type
of deconvolution should you use?

One of the fundamental assumptions for applying the decon-
volution process is that the AIF is measured directly at the
inlet of the tissue, i.e., no delay exists between the arrival of
the contrast agent bolus at the site where the AIF is measured
and the brain voxel [15-19]. In practice, however, the AIF
must be obtained from an artery (usually one of the branches
of the anterior or middle cerebral artery) rather than a small
arteriole located very close to the tissue of interest. By neces-
sity, some distance must exist between the artery serving as
the source of the AIF and the tissue it supplies. Depending on
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Fig. 7 Brain tumor characterization using perfusion-weighted MRI.
Contrast-enhanced T1-weighted images, perfusion-weighted rCBV maps
and corresponding T2* susceptibility time-signal intensity curves ina 57-
year-old female patient with a left occipital glioblastoma multiforme
(GBM) (top row) and a 62-year-old male patient with a single frontal
metastasis from an urothelial carcinoma (bottom row). Enhancing portion
of both lesions shows an increased rCBYV, featured as an increased area
over the time—intensity curves. The two types of lesions demonstrate a
marked difference in terms of the signal intensity recovery at the end of

local vascular factors, e.g., stenoses, a delay can occur so that
the arrival of the bolus at the site of AIF placement and the
arrival at the tissue of interest are not simultaneous.

The deconvolution operation can be performed according
to different methods. The classical deconvolution method is
termed “‘standard singular value decomposition” (sSVD). This
technique is robust and independent of the underlying vascu-
lar structure. However, the technique is delay-sensitive; when
a delay occurs, MTT is overestimated and CBF is underesti-
mated [20]. The use of the such falsely abnormal CBF/MTT
values may lead to overestimation of the ischemic penumbra
by including brain regions that just present a delay in the
contrast agent arrival but are not truly ischemic [17]

To overcome these difficulties, new deconvolution meth-
ods have been developed to minimize the effects of bolus
delay and dispersion [16, 19]. In “delay-corrected” deconvo-
lution (dSVD), the delay in contrast agent arrival between the
AIF and the brain tissue is corrected by shifting in time the
arterial and parenchymal time—concentration curves so that
the beginning in the concentration rise is synchronous for all
curves [16]. This method yields more stable results than the

Time to signal intensity curves

the first pass. GBM has an almost complete signal intensity recovery to
the baseline, while the metastasis has a poor return to baseline. Capillaries
of metastatic brain tumor resemble those of systemic origin instead of
those present in healthy brain tissue; they are devoid of any rudimentary
BBB architecture and are highly permeable to gadolinium, explaining the
poor return to baseline. GBM microvasculature is composed of newly
formed capillary buds that, nevertheless, retain some BBB, explaining the
preserved return to baseline

sSVD regardless of the contrast agent delay. It has been applied
successfully in perfusion-weighted MRI [21]. However, correct
application of this process depends on accurate estimation of
the delay, which is difficult on perfusion CT due to the rela-
tively poor contrast-to-noise ratio [16].

Yet another novel delay-insensitive technique is the
block-circulant deconvolution (bSVD or cSVD or o SVD)
algorithm [19]. This approach removes the causality as-
sumption that is part of standard deconvolution algorithm,
i.e., that the tracer cannot arrive at the tissue voxel earlier
than it arrives in the AIF. In practice, however, the selected
AIF is not necessarily the true AIF for that voxel. Thus,
tracer arrival in the tissue of interest can actually precede the
arrival time in the AIF that has been selected, as, for in-
stance, when the AIF is selected from a severely stenotic or
obstructed vessel [16, 19]. This method has been shown to
be remarkably insensitive to circulatory delay when evalu-
ated in phantoms and patients with stroke, both using CT or
MR approaches [16, 19]. Moreover, it is equivalent to the
standard deconvolution technique when there is no delay
between the tracer arrival in the AIF and the tissue [19]. In
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Table 3 Overview of the perfusion parameters that can be obtained from the time—concentration curve

Standardized terminology Significance

Other used terms to describe
the same concept

Mean transit time (MTT)

Average time required by a bolus of blood to cross the capillary

network—requires deconvolution

Cerebral blood flow (CBF)
time—requires deconvolution
Area under the curve

Cerebral blood volume (CBV)
Maximal slope (MS)

Cmax

Full width half maximum (FWHM)
First moment of transit (FMT)
(Bolus arrival time) BAT

Maximal slope of the curve

Maximal value of the curve

Time-to-peak (TTP)
Bolus end time (BET)

Time-to-maximum of the curve

Time to the arrival of the contrast tracer in the curve

Time to the clearance of the contrast tracer obtained from the curve

Volume of blood flowing per brain mass for a unit of

Area under the curve

Negative integral enhancement

Peak height

Width of the curve when it reaches half of its maximum value

Weighted arithmetic mean of the time values represented in the curve

Time of contrast arrival
Arrival time fitted
Time to start (TTS)

TO

Peak time fitted

Time to drain (TTD)

some studies, it has been considered the “gold standard” to
which compare the rest of methods [15].

It is important for radiologists using CT and MRI perfu-
sion imaging for assessment of stroke patients to be aware of
whether the analysis program in use at their institution is
deconvolution based and, if so, whether the deconvolution
method is delay-sensitive (which can have a dramatic influ-
ence on the results). To minimize the possibility of inaccu-
rate results, the radiologist should always review the CTA
images acquired in conjunction with CT perfusion imaging
in order to detect possible arterial stenoses or occlusions that
may cause delay or dispersion of the bolus of contrast
material. In such situations, the AIF selection can have a
significant impact on MTT and CBF calculation (Fig. 4).
For instance, when using software based on a delay-
sensitive deconvolution approach, a delay in transit of con-
trast material due to a hemodynamically significant carotid
stenosis can cause falsely prolonged MTT values in the
territory supplied by the stenotic artery (Fig. 2). In this case,
the time—signal curve of each vascular territory can be
deconvolved by an AIF derived from its own specific parent
artery. On the other hand, when using delay-insensitive
bSVD-based software, one must be aware that the CBF
values may be slightly erroneous when the bolus arrives in
the tissue before the AIF. Therefore, in theory, for research
purposes, selecting the AIF in the healthy, non-ischemic
hemisphere would be recommended to obtain reliable quan-
titative results when using such an approach [16]. This
effect is so minimal that, in practice, selecting the ACA as
the AIF has no real influence on the accuracy of the CBF
values.
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As a general rule, the use of a delay-insensitive method is
recommended when dealing with stroke patients, a population
in which arterial stenoses are common.

Do all perfusion imaging techniques lend themselves
to calculation of all parameters?

Not all perfusion techniques give information about each of
the perfusion parameters. The type of contrast tracer, the
acquisition mode and the physical principles behind each
perfusion technique determine their capabilities, strengths
and limitations for the estimation of the perfusion attributes.

As stated earlier, CBV describes the volume of distribu-
tion of a purely intravascular contrast tracer. It is evident that
perfusion techniques that use non-diffusible tracers are very
good at CBV calculation while techniques that use diffus-
ible tracers, such as ASL, may not accurately determine
CBV.

Perfusion techniques that are based on a dynamic acquisi-
tion, i.e., use first-pass tracer methodology after intravenous
injection of a rapid bolus of contrast material, allow for the
calculation of CBV, CBF, and time parameters. Conversely,
techniques that use a static acquisition, such as CT perfused
blood volume (PBV), can only determine CBV but cannot
provide accurate measurements of time parameters or CBF.

Finally, on MR perfusion imaging, the relationship be-
tween the T1 signal increase or the T2/T2* signal decrease
and concentration of gadolinium contrast agent is not linear.
Thus, analysis of the changes in signal intensity (i.e., the
time—signal intensity curves) does not afford qualitative
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estimation of local concentrations of contrast material.
Thereby, DSC or DCE PWI does not provide quantitative
information about brain perfusion but solely semiquantita-
tive comparison of one hemisphere to the other [2]. For this
reason, only relative, and not absolute values of CBF and
MTT can be provided.

Table 1 offers an overview of the different techniques and
the perfusion parameters that may be obtained with each one.

Conclusion

In this review, we have acquainted the reader with the mean-
ing of various terms used in perfusion imaging as well as
explained how the choice of data analysis technique influen-
ces the parameters that can be accurately measured, i.e., which
sequence of letters in the alphabet soup are available. Radiol-
ogists should be familiar with the different imaging techniques
available to assess brain perfusion and the information they
can provide. The knowledge of the different mathematical
models for perfusion characterization at one’s institution is
also vitally important since choice of technique has a direct
impact on the quality and reliability of the parametric maps.
Finally, a better understanding of the terminology for the
parameters that describe brain perfusion may, hopefully, avoid
confusion and facilitate comparisons when analyzing research
studies involving perfusion techniques.

Key Learning Points

— The perfusion imaging literature may be confusing
at times considering the multiple perfusion imaging
techniques, the multiple models behind the calcula-
tion of the different perfusion parameters, and the
myriad of perfusion parameters that have been
reported.

— Radiologists should be familiar with the different
imaging techniques available to assess brain perfu-
sion and the information they can provide and more
specifically with the method they are using at their
own institution.

— It is critical to know whether one’s perfusion process-
ing software uses devonvolution or not.

— Software that does not use deconvolution is subject to
pitfalls related to alterations in the temporal profile of
contrast agent delivery to tissue, resulting in delay, or
dispersion, of the contrast bolus.

— There are different deconvolution methods currently
available, some delay-sensitive and some delay-insen-
sitive. Whether one type of deconvolution is superior
to the other is still an active area of research.
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