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Abstract The microvascular network formed by the capillaries supplies the tissues and per-
mits their function. It provides a considerable surface area for exchanges between blood and
tissues. All pathological conditions cause changes in the microcirculation. These changes can be
used as imaging biomarkers for the diagnosis of lesions and optimisation of treatment. Among
the many imaging techniques developed to study the microcirculation, the analysis of the tissue
kinetics of intravenously injected contrast agents is the most widely used, either as positive
enhancement for CT, T1-weighted MRI and ultrasound —dynamic contrast-enhanced-imaging
(DCE-imaging) —or negative enhancement in T2*-weighted brain MRI—dynamic susceptibility
contrast-MRI (DSC-MRI) —. Acquisition involves an injection of contrast agent during the acqui-
sition of a dynamic series of images on a zone of interest. These kinetics may be analyzed
visually, to define qualitative criteria, or with software using mathematical modelling, to extract
quantitative physiological parameters. The results depend on the acquisition conditions (type of
imaging device, imaging mode, frequency and total duration of acquisition), the type of contrast
agent, the data pre-processing (motion correction, conversion of the signal into concentration)
and the data analysis method. Because of these multiple choices it is necessary to understand
the physiological processes involved and understand the advantages and limits of each strategy.
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The purpose of microcirculation imaging is to study blood
flow in the capillary networks of the tissues [1—5] and the
exchanges between the blood and the extravascular space
[6,7]. It may be used at all stages of disease management for
the early detection and characterization of a lesion and to
provide a prognosis by determining severity factors. During
recent years, this approach has been further developed in
order to optimise treatments and monitor the clinical course
of lesions during treatment [8—13].

Functional changes of the microcirculation occur before
the morphological changes that are usually observed such
as tumor growth for example [14] and provide quantitative
results that may be used as imaging biomarkers [15] to assist
decision-making.

Techniques to analyse the tissue microcirculation were
originally developed in physiology [16—18] and nuclear
medicine [19,20] and then, in the early 1980s, it was shown,
based on the work of Meier and Zierler [21], that computed
tomography (CT) could be used to study the microcirculation
during the bolus injection of contrast agent [1]. However,
acquisitions were long and restricted to a single-slice, which
limited the performance of the technique. In addition, the
fascination induced by the ever more precise visualization of
anatomical structures by cross-sectional imaging overshad-
owed the interest of functional analysis.

Thanks to the development of MRI, the study of tissue
perfusion has returned to the field of imaging [2,22—29].

It has now become possible to combine routine imaging
of the microcirculation with morphological imaging, both
by CT [12,30—32], IRM [9,33] or ultrasound [34]. This makes
it possible to obtain morphological information with a high
spatial resolution and functional information during a single
examination. Tumor angiogenesis [35] is currently a subject
of intensive study by functional imaging [36—44].

Several techniques for analyzing the microcirculation by
cross-sectional imaging have been developed, but the most
widely used strategy is the analysis of the kinetics of passage
of a bolus of contrast agent through the tissues after a bolus
intravenous injection. As the microcirculation is essential for
all tissues, imaging studies can be conducted on all organs
[45—61] and in a wide range of pathological conditions.

This article focuses on the strategy called dynamic
contrast-enhanced-imaging (DCE) used to study the micro-
circulation by analyzing positive contrast enhancement in
images [62]. The analysis can be performed both by MRI,
CT or ultrasound, but the specific aspects of these different
imaging methods developed in other reviews [63], will not
be discussed here.

Characteristics and importance of the
microcirculation

Overview

While the blood circulates in the large vessels (arteries and
veins) at high speed that does allow exchanges with the tis-
sues, the circulation in the microvasculature is very slow in
order to permit exchanges between the blood and tissues:
supply of oxygen, nutrients, heat, hormones and mediators,
etc. and removal of products including CO,, catabolites,

Boxed text 1 The main functions of the
microcirculation.

1. Supply of oxygen and nutrients (including drugs and
toxins)

2. Removal of CO, and other metabolic waste products
(catabolites, toxins)

3. Release and capture of mediators (hormones,
neurotransmitters, etc.)

4. Production of the
inflammation

5. Regulation of tissue fluids (oedema)

6. Regulation of tissue temperature and core body
temperature

7. Blood pressure control

immune response and

toxins, heat, hormones and mediators, etc. (Boxed text 1).
The term *‘blood perfusion’’, in the general sense, refers to
the passage of blood through the microcirculatory network
of an organ or tissue. The terms ‘‘capillary permeabil-
ity’” and ‘‘capillary leakage’’ refer to the passage through
the capillary wall (considered to be a semi-permeable
membrane), of a compound, which then diffuses into the
interstitial space.

Each tissue has a microcirculatory network with its own
characteristics adapted to the specific function of the organ:
e.g., continuous brain capillaries are almost impermeable to
many substances, including iodinated and gadolinium-based
contrast agents (blood-brain barrier or BBB), whereas in
contrast, the hepatic sinusoidal capillaries, with their large
fenestrae (pores) are highly permeable, including to macro-
molecules. In addition, pathological tissues have different
microcirculatory networks than healthy tissues allowing
them to be identified. For example, cancer tissues have cap-
illary networks formed by ‘‘neoangiogenesis’’ in response
to growth factors secreted by tumor cells such as the vas-
cular endothelial growth factor (VEGF) [35]. These new and
immature capillary networks have very different morpholog-
ical and functional characteristics to those of the original
healthy tissue.

Characteristics of the microcirculation

The microcirculatory network comprises vessels with a diam-
eter of less than 200 um. These are the arterioles, blood
capillaries and venules as well as lymphatic capillaries and
lymphatic collectors.

Capillaries are about 5—8 um in diameter, whereas red
blood cells have a mean diameter of 7 um. Red blood cells
circulate in single file through the capillaries and must
sometimes be deformed in order to pass through smaller
capillaries. An adult has about 100,000 km of capillaries with
an estimated total surface area of 1000 m? (equivalent to
about 3 tennis courts) over which exchanges take place. On
leaving the capillary, the blood is collected by the venules
with a diameter of 10 to 200 pm.

The microvascular vessel wall consists of a single layer of
flattened cells or endothelial cells, forming the endothe-
lium. This wall may be surrounded by a few contractile
smooth muscle cells or pericytes. Exchanges of elements
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contained in the blood and the extravascular space of tis-
sues are governed by the endothelium. The smooth muscle
cells can contract, reducing the diameter of the arterioles
and capillaries, in order to regulate blood flow in this micro-
circulatory network.

Depending on their physicochemical characteristics (size,
shape, polarity, etc.) blood components may cross the capil-
lary wall by convection or transmembrane diffusion through
pores and channels in endothelial cells, or via the junc-
tions between endothelial cells, which are more or less tight
depending on the type of capillary network. The imperme-
ability of the BBB to most molecules is due to the presence
of tight junctions between the endothelial cells of brain
capillaries.

Physiological parameters of the
microcirculation

Each tissue has a specific microvascular network and
microcirculatory system of its own and many pathological
processes (ischemia, inflammation, cancer, diabetes, etc.)
can alter the architecture and system of this network. It is
therefore useful to characterize the microcirculatory net-
work by determining its physiological parameters in order
to allow diagnosis and therapeutic monitoring.
Microcirculatory parameters are generally expressed for
a given mass or volume of tissue so that different tissues
can be compared. As in cross-sectional imaging a voxel rep-
resents one volume element of tissue, the parameters of the
microcirculation (Fig. 1) are expressed per unit of volume.

Tissue blood flow

The tissue blood flow (Ft) corresponds to the blood flow
entering (and exiting) a volume of tissue (expressed in mL of
blood/min/100 mL tissue). For example, for the brain we use

Fr

(ml/min/100ml)

Vb (%)

IN 2 ° RV our

PxS
(mV/min/100ml)

Figure 1.  Main parameters of the microcirculation: the quantity
of blood that arrives per unit time in the vascular network in a
volume element of tissue (voxel) corresponds to the tissue blood
flow (Fr); the volume of blood contained in the capillaries of the
voxel corresponds to the blood volume fraction (vs); the inter-
stitial volume corresponds to the extravascular and extracellular
volume fraction (ve); the leakage rate through the capillary walls
is measured by the surface permeability x total surface area of the
capillary walls contained in the voxel (P x S). Hexagons symbolize
cells.

the term cerebral blood flow (CBF). Tissue blood flow is often
referred to by the short and ambiguous term *‘perfusion’’.

Tissue blood volume (BVT) or blood volume
fraction (vp)

The tissue blood volume (BVr) or blood volume fraction (vp)
corresponds to the volume of capillary blood contained in
a certain volume of tissue. This ratio is expressed in mL
blood/100 mL of tissue or in %. For example, for the brain
we use the term cerebral blood volume (CBV). The tissue
blood volume is often referred to by the misnomer *‘blood
volume’’.

Mean transit time (MTT)

The MTT is the mean time taken by blood to pass through
the capillary network (time between the arterial inflow and
venous outflow) (expressed in second).

Permeability—surface area product

The permeability—surface area product (P x S often written
PS) is the flow of molecules through the capillary membranes
in a certain volume of tissue (expressed in mL/min/100 mL
tissue). PS depends not only on the characteristics of the
capillary wall, but also the contrast agent used. PS is some-
times called Ktrans, but in fact the PS only corresponds to
Ktrans under very specific conditions.

Transfer constant Ktrans

The transfer constant Ktrans is a complex combination of
tissue blood flow and PS in varying proportions depending on
the circulatory system and measurement conditions [64].

Extravascular and extracellular volume fraction
(ve)
The tissue interstitial volume or extravascular and extra-
cellular volume fraction (ve) is the interstitial volume,
i.e. extravascular and extracellular volume contained in
a volume of tissue, and in which extracellular contrast
agents may accumulate if they cross the endothelial
barrier (expressed in mL of extravascular extracellular vol-
ume/100 mL of tissue or %). The distribution volume is often
called the ‘‘extravascular extracellular space’’ (EES).

The parameters of the microcirculation and the variables
of interest used to calculate them are listed in Table 1.

Notes regarding the parameters of
microcirculation

Note 1

The blood flow in a large vessel is measured by a flow rate
Q (quantity or volume of blood passing through a tube of
given surface area) expressed as volume of blood per unit
of time (for example in mL/min), and can be determined
using Doppler ultrasound by multiplying the blood velocity
(V) in the vessel by the cross-sectional area (S) of the vessel
Q=V x S. However, the blood flow in a tissue is measured
by ‘‘flow per tissue volume’’ (tissue blood flow), expressed
as a volume of blood per unit time and per unit volume of
tissue (mL/min/100 mL).
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Table 1

Quantities of interest. The unit volume of tissue is expressed per 100 mL rather than grams as cross-sectional

imaging devices provide data on tissue volumes. The use of mL overcomes the problem of conversion by density (p), which
may be unknown for the tissue of interest (lung parenchyma, bone, etc.).

Quantity Definition Unit

Cab Tracer concentration in the arterial blood mM

Cap Tracer concentration in the arterial plasma mM

Ctp Tracer concentration in the tissue plasma mM

Cvp Tracer concentration in the venous plasma mM

Ce Tracer concentration in the interstitium mM

Ct Tracer concentration in the tissue mM

Cvb Tracer concentration in the venous blood mM

Cvp Tracer concentration in the venous plasma mM

E Initial extraction fraction None (%)

Hct Hematocrit: Ca=(1-Hct)Cp None (%)

Ft Perfusion or blood flow rate per unit volume of tissue mL/min/100 mL
Ftp Perfusion or plasma flow rate per unit volume of tissue mL/min/100 mL
P Permeability per unit surface area of capillary wall cm/min

S Surface area of capillary wall per unit volume of tissue cm?/100 mL
PxS Permeability—surface area product per unit volume of tissue mL/min/100 mL

Ktrans or EFp

Constant volume transfer or extraction fraction x or plasma perfusion rate

mL/min/100 mL

Vb Total volume of blood mL
Ve Total volume of interstitium mL
Vp Total volume of plasma mL
Vs Blood volume fraction per volume of tissue None (%)
Vp Plasma volume fraction per volume of tissue None ()
Ve Interstitial volume fraction per volume of tissue None (%)
MTT Mean transit time S
HPI Hepatic perfusion index: arterial infusion/total infusion %
Adapted from the standardization article [23].
s: second.

Note 2 Note 5

It is possible to express Fy in min~" or s~' by cancelling
the mL in the numerator and denominator, but it is impor-
tant to keep the mL in the expression ‘‘mL/min/100 mL’’
as a reminder that the numerator is mL of blood and the
denominator mL of tissue.

Note 3

Flow and volume parameters can be measured as a
function of plasma rather than blood. The parameters ana-
lyzed are then the tissue plasma flow (expressed in mL
plasma/min/100mL of tissue) and tissue plasma volume
(expressed in mL plasma/100 mL of tissue). The correspon-
dence between the parameters expressed for plasma and
those expressed for blood involves the hematocrit (Hct),
which is the relative percentage in volume of red blood cells
circulating in the blood relative to the total blood volume
(about 45%) (Table 1).

Note 4

The mean transit time (MTT) can be calculated as the ratio
between the tissue blood (or plasma) volume and the tis-
sue blood (or plasma) perfusion rate: MTT = v,/Ft according
to the ‘‘central volume’’ theory of Stewart and Hamilton.
Consequently, if one of the parameters vs or Fr is known in
addition to MTT the other parameter can be calculated.

While the tissue blood flow and blood volume parameters are
constant for a capillary network at any given time and are
not influenced by the type of contrast agent used, there is
a specific value of the parameter PS (permeability—surface
area product) for each contrast agent used. This accounts for
the fact that a small or lipophilic contrast agent passes more
easily through the endothelial wall of the capillaries than a
larger or hydrophilic contrast agent. Extremely large agents
such as the bubbles used in ultrasound, with diameters of
between 1 and 10mm, do not pass through the capillary
membrane. Similarly, the conventional contrast agents used
in CT and MRI do not pass through the blood-brain barrier
when this is intact, and the measurable PS for these contrast
agents is zero: analytical models are simplified when there
is no interstitial leakage to take into account.

The main quantities used in the study of the microcircu-
lation and their units are summarized in Table 3.

Methods of measuring the microcirculation

Methods for measuring the microcirculation
other than imaging

Because of the importance of the microcirculation in
medicine, many techniques have been developed for its
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study. Each technique has its own limitations. Some only
allow the study of specific superficial tissues such as cap-
illaroscopy, retinal angiography, laser Doppler flowmetry
(LDF) [65] or plethysmography; others are invasive such as
the use of isolated perfused organs or autoradiography and
require tissue samples or the sacrifice of animals, intrav-
ital microscopy [66,67] or flow measurement by thermal
diffusion, etc. Most of these techniques only provide semi-
quantitative data making it difficult to distinguish specific
physiological phenomena. For example, because of uncer-
tainties about the measurement volume in which circulating
red blood cells are detected by laser Doppler, the results
do not represent a flow, but a ‘tissue perfusion index’’
dependent both on the red blood cell velocity and their local
concentration.

Methods for measuring the microcirculation
by cross-sectional imaging

Cross-sectional imaging techniques have many advantages
for the study of the microcirculation, and in particular,
they permit the noninvasive investigation of deep structures
in vivo and can be coupled with a morphological study.

History

Since the introduction of contrast agents, the microcircula-
tion has proved to be an important part of the diagnostic
imaging strategy because of differences in tissue enhance-
ment after their injection. The terms ‘‘hypervascular’’ and
“*hypovascular’’ tissue are commonly used in radiological
reports, although these tissue enhancements are the end
result of several different factors (density of the capillary
network, blood concentration of contrast agent, extravasa-
tion of contrast into the interstitial space, etc.) that cannot
be separated on static images. The acquisition of images at
specific times after injection (arterial, portal or late phases)
has led to an improvement in the detection and character-
ization of lesions, taking into account the microcirculatory
characteristics of tissues, such as in hepatic hemangiomas
[68].

Functional analysis of microcirculatory phenomena was
originally developed in nuclear medicine [19], but there
were then limitations due to the lack of cross-sectional
imaging (resulting in the superimposition of tissues with
different characteristics). Currently, this limitation has dis-
appeared with tomography techniques (PET and SPECT),
although the low spatial resolution limits the accurate mea-
surement of the arterial reference, making it necessary to
take arterial blood samples.

Several methods for the analysis of the microcirculation
by cross-sectional radiological imaging have been developed
by adapting the principles used in nuclear medicine. The
first publications date back to the 1980s with CT scan acqui-
sitions [1]. At that time, scanners had long acquisition times
and only a small region could be examined. This analysis
was then developed by MRI, thanks to the many techniques
offered by the multiparametric nature of this technique
and the absence of radiation, before further progress was
made by CT [30] with multidetector-row helical acquisition
[69] followed by Dual Energy CT [70] and dose-reduction
techniques [71]. The analysis of the microcirculation by

ultrasound has also developed with the introduction of
bubble-based contrast agents [72,73].

Large panel of MRI methods

There are many strategies, in particular in MRI, to analyse
the microcirculation, such as intravoxel incoherent motion
(IVIM) imaging where pseudo-diffusion measured at low b-
values is used to estimate a circulating volume fraction
[2], arterial spin labelling (ASL) [74,75] during which the
circulating blood is magnetically labelled, and recently
the combination of ASL with diffusion [76]. Blood oxygen
level dependency (BOLD) imaging [77] may also be men-
tioned where the ratio of oxygenated haemoglobin and
paramagnetic deoxygenated haemoglobin [78] provides an
indirect analysis of the tissue oxygen supply [79].

However, the most commonly used approach is the anal-
ysis of the kinetics of passage of a bolus of contrast
material through the tissues. When positive enhancement
is used (T1 effect by MRI and signal enhancement on CT
or ultrasound), the technique is called ‘‘dynamic contrast-
enhanced-imaging’’ DCE-imaging. DCE-imaging is used in CT
and US for all anatomical regions and in MRI for regions
outside the brain. When negative enhancement is used (sig-
nal drop, due to the susceptibility effects induced by the
first-pass of the bolus of concentrated contrast agent with
T2/T2*-weighted MRI sequences), the technique is called
dynamic susceptibility contrast-MRI (DSC-MRI); this was the
first technique used historically [22] and is currently used
for brain MRI. Strictly speaking, DSC-MRI cannot be used to
investigate capillary leakage and its analysis theoretically
implies that the blood-brain barrier is intact and imperme-
able to contrast agents.

Tissue kinetics of contrast agents or
DCE-imaging

General principle of DCE-imaging

DCE-Imaging is the method most commonly employed for
imaging studies of the microcirculation in tissues other than
the brain. Its principle consists in injecting a contrast agent
during the repeated acquisition of images on a same (or sev-
eral) slice(s) and collecting the signal enhancement kinetics
in the tissues (Fig. 2). The temporal kinetics of enhancement
depends on the local circulatory system, the mode of injec-
tion (injection rate, dose, concentration of contrast agent)
and type of contrast agent. It can be analyzed using different
strategies to obtain visual criteria, semi-quantitative crite-
ria or better, microvascular physiological parameters. It can
be performed by each imaging modality and is referred to
as DCE-CT, DCE-MRI and DCE-US.

Mechanisms involved in tissue enhancement
kinetics after injection of contrast agent

In order to master the principles of DCE-imaging and not be
misled by the often complex and sometimes imprecise pub-
lications in the literature, it is necessary to understand the
basic phenomena involved in the kinetics of tissue enhance-
ment. Two essential phenomena occur simultaneously:
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Injection
n
time
Image number
Figure 4. Tissue enhancement after bolus injection of contrast
agent: a: if the contrast agent remains confined in the microvas-
Figure 2. Sequential acquisition dynamic contrast-enhanced- cular network and if it is completely eliminated by the kidneys

imaging: a sequential acquisition is performed at the level of a slice
or volume during the injection of contrast agent. Acquisition must
begin before the start of injection to obtain reference images with-
out contrast agent (baseline). Acquisition then continues after the
injection.

perfusion in the microcirculatory network and accumulation
in the interstitium followed by release from the interstitium
due to capillary leakage. These two phenomena have differ-
ent time courses and kinetics but they overlap, leading to a
potential source of confusion.

Pure tissue perfusion

During pure tissue perfusion (without interstitial leakage)
(Fig. 3a) the behavior of a molecule of contrast agent can
be artificially divided into three phases (Fig. 4a):

e entry into the capillary network from the arterial system;
e followed by circulation in capillary network;

¢ finally exit into the venous network.

As all the molecules of contrast agent do not enter the
capillary network at exactly the same time, the enhance-
ment slope tells us about the tissue perfusion flow (Fig. 5-1).
This phenomenon is very fast and can only be reliably
recorded if the image acquisition speed itself is very rapid
(less than 3—5seconds per image). When the capillaries

during the first passage, tissue enhancement would show a rapid
rise after the arrival of the bolus, followed by a rapid exponential
decay to a value close to the initial value before the injection; b:
as the contrast is not immediately eliminated, the second part of
the signal decay is much slower due to the recirculation of con-
trast agent (solid line). The second passage is sometimes visible
as a second peak, which is much lower than the first peak; c: in
case of leakage through the capillary wall, accumulation of contrast
agent in the interstitium is added, with slower kinetics and the con-
trast agent is only eliminated later from the interstitium when the
concentration of contrast agent in the plasma becomes lower than
that in the interstitium (solid line). The interstitium has a reservoir
effect (capacitance); d: finally, the tissue enhancement (solid line)
is the sum of the enhancement induced by the presence of contrast
agent in the capillary network plus the enhancement induced by
the presence of contrast agent in the interstitium (dotted lines).

are filled with blood containing the maximum concentra-
tion of contrast agent, and before they start to empty, the
maximum (peak) enhancement informs us about the blood
volume fraction (provided there is no interstitial leakage)
(Fig. 5-2).

After reaching a peak, the enhancement rapidly
decreases during the evacuation of the molecules of contrast
agent derived from the bolus: the contrast agent recircu-
lates and is slowly eliminated (Fig. 4b) by renal filtration.

Figure 3.

Distribution of the contrast agent in a volume of tissue, according to the type of contrast agent and type of tissue: a: the red

cell membrane and the capillary endothelial cell membrane are impermeable to the bubbles used for ultrasound imaging and iodinated
or gadolinium-based contrast agents used in the brain (BBB). The contrast agent (stars) remains confined in the blood plasma; b: contrast
agents in the blood can diffuse into the interstitium through the endothelial wall of the capillaries and then return back to the blood.
lodinated and gadolinium based contrast agents does not enter into the cells.
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Tissue interstitial volume
= extra vascular extracellular
space fraction

Permeability x Surface

Tissue
blood

volume Interstitium

Tissue
blood flow
Plasma
e,
Tissue enhancement curve
Figure 5. Significance of different parts of the tissue enhance-

ment curve: the tissue enhancement (continuous curve) is the sum
of the plasma component (small dots) and the interstitial com-
ponent (large dots). The first part of the curve (1 rapid rise)
mainly depends on the tissue perfusion flow rate, the early peak
(2) depends on the tissue blood volume, the part after the peak
(3) depends on leakage into the interstitium and the later part
(4) depends on the tissue interstitial volume and the return of the
contrast agent into the blood compartment.

Leakage of the contrast agent into the interstitium

If the capillary wall is permeable to the contrast agent
(Fig. 3b), the leakage of the contrast agent into the inter-
stitium is proportional to the difference in concentration
of contrast agent between the blood plasma and intersti-
tium on both sides of the capillary wall (according to Fick’s
first law). In other words, as the concentration is higher in
the plasma than in the interstitium, there are more con-
trast agent molecules which penetrate into the interstitium
across the endothelial wall than molecules contained in the
interstitium that return to the plasma: the net result is an
accumulation of contrast agent molecules in the interstitial
tissue (Fig. 4c). The accumulation rate is proportional to
the difference in concentration of contrast agent across the
capillary wall (or concentration gradient), the permeability
(P) of this wall to the agent and the total surface area (S)
of capillary walls contained in the tissue. The rapid initial
slope of enhancement induced by the perfusion is combined
with a slower slope induced by the interstitial accumulation
of contrast agent (Fig. 5-3).

Then, from the time when the plasma concentration
due to renal excretion becomes lower than the interstitial
concentration, the balance of flow of contrast agent across
the capillary membrane changes direction and the intersti-
tium is gradually emptied of molecules of contrast agent.
The decrease in signal corresponding to this release is then
combined with the purely vascular declining slope. Its kinet-
ics provides information about the tissue interstitial volume
fraction (Fig. 5-4).

The phenomenon known as ‘‘late enhancement’’ conven-
tionally used to identify fibrotic lesions (cardiac infarction
scar, cholangiocarcinoma, ovarian fibroma, etc.) [80,81]
corresponds to a progressive and significant accumulation
of contrast agent in the large interstitial spaces contained
within the fibrosis.

Finally, the net tissue enhancement visible on the images
is the sum of the two phenomena of tissue perfusion and

interstitium accumulation/release (Fig. 4d and Fig. 5). How-
ever, as the chronology and kinetics of tissue perfusion and
leakage are different, it is possible to separate and analyse
them individually by appropriate mathematical modelling.

Application of DCE-imaging — concepts
common to all DCE-imaging techniques

Although they all come under the same general term of
**DCE-imaging’’, the data acquisition and analysis proto-
cols are actually very heterogeneous. This heterogeneity
in practice is a source of confusion, which slows down the
spread and the acceptance of DCE-imaging. Protocols mainly
depend on four major components:

e the acquisition strategy, with as fundamental parame-
ters the temporal resolution of acquisition, the total
acquisition time of the sequence and the injection
mode (injection rate, dose and concentration of contrast
agent);

e the type of contrast agent (agent diffusible in the inter-
stital space for CT and MRI, and microbubble-based blood
pool agents for ultrasound);

e the data pre-processing (motion corrections and conver-
sion of the signal into concentration);

e the analysis mode (from purely visual techniques to highly
sophisticated mathematical modeling). The analysis can
be performed on regions of interest (ROI), groups of voxels
or individual voxels.

Protocols vary according to the practices of the imaging
centres, the technical means at their disposal and organ spe-
cialties. In 3D dynamic contrast-enhanced MRI of the breast,
for example, the acquisition of each volume is long (about
1 minute), the total acquisition time is also long (follow-up
for 8 to 10 minutes) and the analysis is often visual, based
on the overall shape of the enhancement and the more or
less rapid decrease in the signal (washout), while conversely,
much faster acquisition is used for cardiac perfusion imag-
ing, (temporal resolution of one image every 1 to 3 seconds)
over a very short total acquisition period (40 to 60 seconds)
during the first-pass of the bolus of contrast agent and the
quantitative parameters of cardiac blood flow and blood
volume may be extracted by mathematical modelling.

Acquisition

The acquisition mode is of critical importance in DCE-
imaging. The acquisition parameters must be adjusted
according to the organ studied and the clinical setting. They
directly affect the phenomena observed and the accessible
microcirculation parameters. There are many possible pro-
tocols, making it difficult to compare different publications.

Therefore, a certain form of standardization is necessary.

The following parameters must be set:

e temporal resolution of the acquisition;

e total measurement time;

e single-slice, multi-slice or 3D acquisition mode;

e injection of contrast agents — method of injection: bolus,
slow infusion —and volume and concentration of contrast
agent;

e flushing with saline, or not.
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It should be remembered that after the injection of a
contrast agent, the very first times of tissue enhancement
(Fig. 5) are dependent on the tissue perfusion rate; there-
after, the extravasation of the contrast agent may become of
paramount importance. Perfusion will determine the arrival
of the contrast agent in the tissues and the filling of the
capillary network; this phenomenon is fast, occurs as soon
as the bolus arrives, and requires a very high acquisition
speed in order to be analyzed. On the contrary, leakage of
the contrast agent and its interstital accumulation/release
are slower phenomena requiring a long acquisition time for
their analysis.

Mode of analysis

Note: it is of utmost importance to acquire several images
prior to the beginning of contrast injection (at least 5
images, ideally 10) to get a reference baseline that is used
to accurately quantify the enhancement (Fig. 2).

Contrast agents

The choice of contrast agent is currently limited in clinical
practice to the ‘‘extracellular diffusion’’ agents autho-
rised in humans for clinical use (small molecules in CT and
MRI, diffusing into the interstitial spaces and with rapid
renal clearance). Many other contrast agents are avail-
able for research, including macromolecular agents [82—90]
and particulate agents such as iron oxides [91—93]. Use of
macromolecular or particulate agents makes it easier to
analyse the intra-capillary flow component by restricting the
leakage rate into the interstitial fluid. These agents may also
be used to analyse the leakage of large components, which is
considered to be more specific of the tumor neovasculature
than the leakage of small molecules.

The use of bubbles by ultrasound has the advantage that
it overcomes capillary leakage phenomena, as the bubbles
remain strictly within the vascular system, simplifying anal-
ysis and making it more robust. On the other hand, bubbles
cannot be employed to measure and analyse capillary per-
meability.

Preconditioning of data

It is sometimes necessary to precondition data before per-
forming the analysis stage. This mainly comprises correction
of motion artefacts, noise suppression and conversion of the
signal into contrast agent concentration.

Motion correction

The occurrence of movements during dynamic acquisition is
a major problem that could lead to poor quality of DCE-
imaging kinetics. These may be voluntary or involuntary
movements of the patient despite restraining methods, but
also physiological movements (breathing, heartbeat, and
peristalsis). The need for precise temporal sampling gen-
erally rules out the use of synchronization techniques and
the total acquisition time (sometimes several minutes) pre-
cludes breath holding. A motion correction process is needed
to improve the quality of results. This may involve rigid
registration techniques [94], although these cannot take
into account the deformations of organs during movements,
or non-rigid registration techniques [95]. Registration in
DCE-imaging is tricky as the series can be long (with large
movements), but mainly because the signal changes during

time due to the kinetics of the contrast agent [96,97]. It is
often easier to perform a localized registration (e.g. on a
tumour, kidney or the heart) than trying to perform regis-
tration on the whole acquisition volume.

Noise filtering

DCE-imaging data generally have a low signal to noise ratio
as acquisitions are rapid. However, as the data are highly
correlated because of the enhancement kinetics, it is pos-
sible to use filter methods, in particular by using principal
component analysis [98].

Conversion of the signal into concentration

To perform quantitative analyses using enhancement curves,
it is necessary to calculate the equivalence between the
enhancement values of a voxel at any time and the concen-
tration of contrast agent present in this voxel.

This is directly performed by a CT-scanner, as the atten-
uation measured in Hounsfield units is proportional to
the iodine concentration. However, the problem is much
more difficult with MRI as the signal if affected by many
phenomena: T1 relaxation, T2 and T2* relaxations, entry-
slice phenomena, etc. Many strategies have been developed
to minimise this problem including the use of saturation
bands, T1 mapping [99—101], optimisation of the dose and
concentration of injected contrast agent [102], optimisation
of the flip angle [103,104], multi-echo acquisition [105], etc.
The subject is complex and beyond the scope of this article.

Data analysis

Overview

The analysis of tissue enhancement curves can be performed
on regions of interest (ROIs) on groups of pixels with similar
kinetics (clusters) or voxel-by-voxel. It may be qualitative,
semi-quantitative or quantitative. Visual qualitative analysis
is the simplest, but quantitative analysis provides access to
the functional parameters of the microcirculation making it
possible to compare different patients or the same patient
at different times in order to evaluate the effectiveness of
treatment.

Softwares dedicated to the analysis of DCE-imaging
sequences are becoming available to perform these anal-
yses. This software is either included in manufacturers’
workstations or developed in research laboratories. The con-
tinuous improvement of these computer programs offers a
simpler and more rapid and robust analysis of the microcir-
culation.

Modes of analysis of enhancement kinetics

Qualitative or visual analysis. Enhancement kinetics
can simply be analyzed visually on the native images or on
images after subtraction of the image acquired before con-
trast injection, as for breast MRI (Fig. 6), focusing mainly on
the speed of the filling phase (wash-in), peak intensity after
this filling phase (peak), and the kinetics following this first
phase (rapid decrease or washout, plateau or slow continua-
tion of accumulation) [106]. This mode of analysis is very
simple and rapid. It is effective for the characterization of
certain tumors, in combination with morphological criteria.
However as it does not give numerical results it is impossible
to compare different patients or measure the effectiveness
of treatment in the same patient.
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Figure 6. Visual analysis — breast MRI: a simple visual analysis
shows that the black curve rises rapidly after injection with a peak
on the acquired image after 2 min (rapid wash-in) and rapid descent
(fast washout), while the grey curve rises more slowly (slow wash-
in) to reach a plateau that persists during the observation period.
The first kinetics is usually seen in cases of malignancy whereas the
second kinetics is generally observed in the case of a benign tumor.

Computers can be used to automate the shape-
recognition process of the enhancement for each pixel in
order to create enhancement maps and detect areas of
interest (e.g. hypervascular areas) in the images [107]. A
method known as ‘‘three time point analysis’’ was devel-
oped to automatically characterize wash-in and washout
behavior in breast MRI [108,109].

Semi-quantitative analysis (without a physio-
logical model). Semi-quantitative  parameters
without model. Several descriptive or ‘‘heuristic’’
parameters can be analyzed from the tissue enhancement
curve (Fig. 7), such as the slope of filling (maximum slope),
the maximum enhancement (peak height) that can be
expressed in % and the time to peak. The washout slope is
generally more difficult to measure.

Semi-quantitative parameters with heuristic
models. Descriptive parameters can be affected by
the instability of the curves due to the presence of noise
and motion in the images. Use of a purely descriptive (or
heuristic) mathematical model to fit the curve provides a
more precise definition of the parameters [110].

Area under the curve. The area under the curve
(AUC), i.e. the integral under the enhancement curve, is
a commonly used parameter, as it is more robust to noise
and does not require a mathematical model [111]. The area
under the curve can be measured during the early period
(e.g. 90seconds) and it is then called the initial area under
the curve (IAUC).

Relative semi-quantitative parameters.  The raw
semi-quantitative parameters do not take into account the
intra-arterial kinetics of the contrast agent although this can
be very different in each patient depending on the injection

tissue enhancement curves. Two tissues are compared on this graph,
the peak height of curve 2 is less than that of curve 1, the time to
peak is longer for curve 2 and the slope of curve 2 is lower than
that of curve 1. This analysis is simple and rapid although it may be
hampered and subjective if the curves are noisy as it is then difficult
to define the summit of the peak. This type of analysis is useful when
it is possible to use an internal reference (e.g. contralateral brain
or myometrium). In the above example obtained by a perfusion scan
of the brain from two symmetrical insular regions of interest, curve
2 corresponds to an area of ischemic brain after an acute stroke,
and curve 1 corresponds to the contralateral normal brain used as
reference.

protocol (volume, concentration, speed, etc.) and physio-
logical conditions of the subject. They can be normalized
by comparing them with those of a reference tissue such as
muscle, the myometrium or a portion of the same tissue rec-
ognized to be non-pathological (e.g. the contralateral brain
to a lesion as on Fig. 7) or even to the arterial enhance-
ment curve. This normalization is performed by calculating
ratios in order to obtain relative parameters. For the area
under the curve, for example, the term relative AUC (AUCr)
is used.

Arterial input functions

Quantitative analysis is performed using mathematical
models that take into account the enhancement kinetics of
the artery supplying the area studied (Table 3). By taking the
arterial supply into account, it is possible to obtain represen-
tative quantitative parameters that can be compared from
one patient to another or for the same patient between two
examinations. Theoretically, the parameters obtained by
DCE-imaging should be independent (within certain limits)
of the injection mode and the patient’s physiological status.
These models mainly focus on studying the perfusion rate
[1,5,112], capillary permeability [6,7,20,24,26,113,114], or
both [89,90,115—125].

Tofts-Kety model. Originally developed by Tofts and
Kermode for the study of multiple sclerosis [6], the Tofts
model is currently the model most widely used in studies and
is generally recommended in consensuses [126]. Although it
does not give results that precisely correspond to a physio-
logical reality, the results are robust as only two parameters
are used to fit the enhancement curve. This model makes it
possible for a centre, with identical acquisition conditions,
to obtain reproducible and similar results.

It is nevertheless necessary to know its limitations
and not give it a physiological interpretation or make
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comparisons between centres not using exactly the same
procedure.

This model only has two fitting parameters Ktrans and
ve. It describes the entry of the contrast agent in the tis-
sue without distinguishing between entry into the capillary
network and entry into the interstitium. The transfer coeffi-
cient, Ktrans is an unknown combination between the tissue
perfusion flow rate and PS, which varies according to physio-
logical conditions and the conditions of acquisition [23,64].
The blood volume fraction is considered to be negligible,
which is realistic in the brain with a blood volume fraction of
3to 5%, but unrealistic in tissues such as the liver or tumours,
which may have a blood volume fraction of 30 to 50%. The
measured ve therefore corresponds to a combination of ve
and vs also in unknown proportions. To overcome this limi-
tation the extended Tofts-Kety model has been developed.
It uses therefore three parameters which are Ktrans, ve and
vs, leading to more realistic results at the expand of less
robustness [159].

This model is not suitable for analyzing data acquired
with a rapid temporal resolution, as the use of only two
parameters generally does not allow a satisfactory fit of the
first part of the curve with rapid kinetics.

Table 2 Physiological models.

Finally, the results are very dependent on the mode
of acquisition [127] and cannot be used for comparisons
between centres using different acquisition protocols.

Physiological models.  There are many strategies
(Table 2) that consist in performing a pharmacokinetic anal-
ysis based on modelling of tissue compartments.

The first models were developed to analyse the first
passage of contrast agent at high temporal resolution, in
order to assess tissue perfusion, or to study the later
state of dynamic equilibrium at low temporal resolution, to
assess interstitial leakage. Recent models take into account
all the parameters of the microcirculation. These models
are derived from a general formula taking into account
exchanges between the arterial blood, the plasma and the
interstitial space in which the parameters not available in
the data are ignored by the model. A very precise general
review on this subject has been published by Sourbron and
Buckley [128].

The general formula for a two-compartment model
(Fig. 8), where, to simplify, the capillary compartment
and interstitial compartment are considered to be homo-
geneous, can be defined at any time (t) for a unit volume of
tissue (voxel) by the three following equations that describe:

| — Tissue perfusion models — first-pass analysis®
Deconvolution
Axel
Ostergaard — Sorensen
Steepest slope method
Miles

Il — **Permeability’’ models®
Models neglecting the tissue blood volume
Tofts — Kermodes or Tofts-Kety, Brix1, Larsson
Patel
Models taking the tissue blood volume into account
Without return
Patlak, Miles, Shames — Brash

[1]
[112]

(5]

[6,7,24,158]
[113]

[20,26,114]

With return: Extended Kety or Tofts General Kinetic Model (GKM)

Larsson

[159]

Il — Complete models with exchanges — (perfusion and permeability)®

Without return — (3 parameters)
Cuenod — Pradel — de Bazelaire
With return — (4 parameters)

Adiabatic approximation of tissue homogeneity (AATH)

St Lawrence and Lee

Two-compartment exchange model
Brix2
Comprehensive model: Cuenod — Balvay
2CX Sourbron — Buckley
Larsson

Distributed parameter model (DP model)
Koh — Dennis Cheong — Bisdas

Physiologically based pharmacokinetic (PBPK) modelling

Brochot — Bois

[89,90]

[115]
[116,117]
[118,119]
[120,121]
[122]

[123,124]

[125]

2 For models studying tissue blood flow (perfusion), a high temporal resolution often requires the use of a delay parameter (Bolus
Arrival Time) to account for the travel time of blood between the artery where the AIF is measured and the tissue.
b ¢*permeability’’ models are only valid if the temporal resolution is low, acquisition sufficiently long (Table 3) and if permeability is the

main phenomenon.
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Schematic representation of the interaction between the different compartments of a voxel. Exchanges are characterized

by transfer constants: transfer constant between the artery (arterial input function) and tissue (Fy) and transfer constants between the
plasma and interstitium (P x S) (leakage of plasma into the interstitium and return from the interstitium to the plasma): a: in the case of
an impermeable capillary wall; b: in the case of a permeable capillary wall. These diagrams, constructed from Fig. 3, make it possible to
pose the equations governing the interaction between the different compartments. The contrast agent has no access to the compartments
occupied by red blood cells and cells but their volumes must be taken into account as they are contained in the voxels measured by cross-
sectional imaging. A delay (Bolus Arrival Time) should be introduced to take into account the time lag between the passage of the bolus in

the artery where the measurement is made and the tissue.

the quantity of contrast agent in the voxel of tissue:

Gt = dp + e +dbc + Jeell

the change in the quantity of contrast agent in the voxel
plasma:

dqp/dt = (FTp X cIap) - (FTp X qtp/th) —(PS x qtp/th)

+ (PS x Qe/Ve)

the change in the quantity of contrast agent in the voxel
interstitium:

dge/dt = (PS X Qtp/Vip) — (PS X Gie/Ve)

where: g is the quantity of contrast agent contained at time
t in one voxel of tissue, qy, the quantity of contrast agent
contained in the plasma present in the voxel, q. the quan-
tity contained in the voxel interstitium, qgcr and qeey the
quantities contained in the formed elements of the blood
and tissue cells (given that these quantities are zero for the
contrast agents used), q,, the quantity of contrast agent in
the plasma contained in one voxel of arterial blood, Fr, rep-
resents the plasma flow rate entering and exiting a voxel, PS
represents the transcapillary leakage factor in the form of
the permeability—surface area product contained in a voxel
(the PS values of leaving the capillary and return in the capil-
lary are assumed to be equal in order to resolve the equation
system), vy, is the volume of plasma contained in the voxel
and v, the volume of the voxel interstitium.

By using computers, this equation system can be solved
for the tissue enhancement curve by taking into account
the arterial input function (AIF). The computer tests dif-
ferent values of the desired parameters in order to obtain
the best fit of the curve modelled with the actual measured
tissue enhancement curve using techniques to minimise dif-
ferences (least squares methods).

It is important to note (Table 3) that only certain micro-
circulatory parameters may be determined depending on
the measurement conditions (temporal resolution and total
acquisition time). It is therefore important to adapt the
selected model to the measurement conditions. Conversely,
it is important to design the acquisition protocol based
on the desired parameters to be measured. Table 3 pro-
vides a guide for these two tasks. All parameters become
accessible with the highest temporal resolution and longest
total acquisition time (box on the top right of the table)
(if the signal to noise ratio is sufficient and if the differ-
ence between the tissue perfusion value and PS is sufficient)
with complete four-parameter models including perfusion
and permeability. Measurements of tissue blood volume and
capillary permeability only require a relatively low frame
rate for acquisition of 3D volumes with ‘‘extended Kety-
GKM’’ type models if the acquisition is long (right bottom
box) [159], or *‘Patlak type’’ models if the acquisition is a bit
shorter (middle bottom box) [20,26,114]. On the contrary,
measurement of tissue blood flow requires a rapid acquisi-
tion rate reducing the volume of tissue that can be analyzed
with so-called *‘first-pass’’ models (top left box) [5].

The rational choice of model [118,129,130] may require
curve fitting quality criteria [118,131,132]. Indeed, pitfalls
include the use of an over-parameterized model providing
values for parameters whose information is not contained
in the data or the use of under-parameterized models that
corrupt the measured parameters by trying to incorporate
the information contained in the data, but not taken into
account by the too simplistic model.

Arterial input function.  Although different teams all
agree that the quantitative analysis of the microcirculation
requires knowledge of the kinetics of the contrast agent in
the afferent artery to the tissue of interest (AIF) in order to
fit the models, the methods of collecting this AIF vary con-
siderably. There is a debate about whether the AIF should be
measured from each examination for a given patient, or if an
average AIF (population AIF) can be used interchangeably to
fit all patients. Individual measurements have the advantage



1198

C.A. Cuenod, D. Balvay

Table 3 Accessible microvascular parameters according to acquisition conditions. The chosen model for fitting the
enhancement curve takes into account the arterial input function (AIF) and must be adapted to the acquisition conditions.
The complete models may be used to extract all the parameters, but they can only be applied for the case shown in
the top right box when acquisition is achieved with a high temporal resolution (typically less than one acquisition every
5seconds) over a long total duration (typically greater than 5 minutes). The evaluation of measurable parameters in the
data can be achieved by using quality criteria for fitting the enhancement curve by different models [118,130].

Acquisition length Short 60s Intermediate Long > 600s
Frequency
High 1—3s FT v, FT vy FT vy
MTT MTT MTT
(first passage) PS O PS ve
oo (complete model)
Intermediate v, O v, O
PSO PS ve
(Patlak) (extended
Tofts-Kety)
Low 30—60s

s: second; MTT: mean transit time; S: fractional blood volume; PS: Permeability—surface product; ve: fractional interstitial volume; the
empty boxes represent the missing parameters that can not been estimated using the acquisition parameters.

that they provide precise blood kinetics taking into accounts
each patient’s hemodynamic parameters, but they are ham-
pered by the fact that it is difficult to accurately measure
the AIF. If the measurement is poor, it can lead to a signif-
icant error in the fitted parameters and induce variability
in the results. Positioning a ROl on the afferent artery, for
example, is not always feasible: there may not be a visible
artery in the investigated area, as for example during single-
slice ultrasound, or the artery can be too small to contain
an ROl without causing a partial volume effect (leading to
an artificial reduction in the first passage peak height and
area under the arterial enhancement curve).

AIF measurement in a large artery. Given the fact
that the arterial blood from the heart is distributed homo-
geneously throughout the arterial tree, a large artery (such
as the aorta or the iliac or the carotid artery) can be used
to obtain a proxy of the AIF for the tissue of interest. As
there is a delay between the time of passage of the bolus in
the artery where the measurement of the AIF is made and
its arrival in the afferent arteriole of the tissue, a param-
eter called the Bolus Arriving Time (BAT) must be added
in models using high temporal resolutions (Fig. 8). Four-
parameter models thereby become 5-parameter models.
There are also very slight changes in contrast agent kinet-
ics between a large vessel and a more distal artery; as it
is difficult to correct for these differences they are usually
ignored.

For studies on drugs, it is recommended that the individ-
ual AIF is measured [126]. However, given the requirement
for high spatial and temporal resolution, the reliability of the
AIF measured for the target organ must be studied before
designing the imaging protocol [133]; it is recommended
to perform the same measurements twice on a sample of
healthy subjects [134] to assess the reproducibility of the
analyses.

AIF measurement in a small artery. If only a small
artery is available, as in the brain, correction techniques for

partial volume effects can be used. One technique is to use
a multiplicative factor so that the area under the curve of
the corrected AIF is equal to the area under the curve of a
vein (as veins have a larger volume than arteries, there is a
lower risk of partial volume) [135]. As the total amount of
contrast agent entering by the arteries is equivalent to that
exiting in the venous system, the areas under the arterial
and venous curves must be equal.

Motion artefacts can also make it difficult to obtain a
reliable measurement of AIF in a small artery.

The choice of the reference artery can be made by the
operator or be assisted by semi-automatic techniques high-
lighting the most representative pixels of the AIF [136—138].

Population AIF. If no vessel is available, a mean AIF
corresponding to an average value obtained in a population
can be used [139,140]. This is the technique conventionally
used in the Tofts model. Although this technique is simple,
in principle it must be calibrated for the specific injection
mode used and does not take into account individual vari-
ability among patients, which can be very large (morphology
and total blood distribution volume, cardiac output, renal
function, etc.) [141]. Although it is impossible in this case
to compare the individual results of two patients, popula-
tions can still be compared (using statistical averages) and
comparisons between two areas of tissue in the same patient
are also possible, as modelling is carried out with the same
AIF (albeit imperfect), so there is a normalization effect.

An intermediate approach is to use a population AIF and
to correct these using individual values measured in a small
artery [13,142].

Reference tissue. Certain authors have proposed
using the enhancement kinetics of a reference tissue visible
in the scanned region (e.g. muscle) with microcirculation
parameters that are assumed to be known, in order to
deduce an AIF and perform quantitative analysis even if
no artery is available [143]. This technique, called the
‘‘Reference Region Model’’ (RRM) is limited by the low signal
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to noise ratio obtained in weakly perfused tissues such as
muscle, but it has been shown that in some cases the results
are more reliable than with a poor individual AIF [144].

Specific case of the liver: double arterial and portal
inflow. In the liver, the double blood supply by the hepatic
artery and portal vein must be taken into account. It has
been shown that a weighted sum of the two input kinetics
could be used to model the hepatic microcirculation and
determine the respective role of the two supplies expressed
by the hepatic perfusion index HPI [50,145,146]. It is easy to
measure the AIF in the descending aorta, but the difficulty
lies in obtaining a reliable measurement of the portal entry
function by positioning a region of interest in the portal vein,
which undergoes numerous movements. Therefore motion
correction is mandatory.

Analysis on a ROI, groups of voxels, and individual
voxels plan

Results may be analyzed and expressed in different ways
[147]: the analysis can be made for large ROIs drawn by
the observer, on groups of pixels automatically identified
according to specific criteria (clusters), or voxel-by-voxel.
This choice depends on the application and computational
tools available.

Analysis of global regions of interest. Large ROI
analysis is simple and has the advantage of grouping many
voxels together. This gives a high signal to noise ratio and
makes the analysis of enhancement curves more robust. It
provides a single value per ROI that can easily be noted in a
report and simplifies the statistical analysis. Modelling with
software is performed very rapidly. The main drawback of
this approach, however, is that it erases all the specific data
by averaging voxels that may have very different behaviors
(e.g. voxels containing avascular necrosis and richly vas-
cularized voxels) so that modelling gives an enhancement
curve which may not have any real physiological basis as it
is a mixture of different behaviors.

Voxel-by-voxel analysis: parametric mapping. On
the contrary, voxel-by-voxel analysis focusing on each indi-
vidual voxel of tissue, shows up any local heterogeneities
and therefore may highlight hyperpermable or hypervascu-
lar areas (hot spots). This analysis requires much greater
computing resources and a longer computation time, and
in particular, if the signal to noise ratio is not sufficient at
the level of an individual voxel because of its small size,
the quality of fitting to models is compromised [148] and
therefore unreliable.

The large amount of data obtained is represented by
parametric colour images (one image per parameter), pro-
viding a summary of the dynamic series that is easily
interpreted by the radiologist. On the other hand, numer-
ical synthesis of the results is more difficult as each voxel
has a series of values for each parameter. It is then possible
to draw (a priori or a posteriori) ROIs that again give a mean
value or use histograms that can be compared, for example,
before and after treatment [149,150]. The choice of voxel-
by-voxel analysis is currently driven by the interest in the
study of tumor heterogeneity [151—153].

Analysis on homogeneous voxel clusters. An inter-
mediate strategy between the analysis of global ROIs and
voxel-by-voxel analysis is to group voxels together in clus-
ters with either similar structural and signal characteristics

before contrast injection [154], or a similar enhancement
[155—157]. The use of these homogeneous voxel clusters
provides high signal to noise ratios and consistent behaviors
that make sense from a physiological point of view [94,155].
This method provides a concise view of areas with different
physiological characteristics.

Quality of results and interchangeability of methods
Plan the different ways that data are acquired, analyzed
and expressed should be taken into account [158,159].
For routine clinical analysis, where functional imaging of
the microcirculation is only used to complement the mor-
phological analysis —for example to assess the volume of
ischemic territory or the absence of ‘‘revascularization’’
after tumor surgery — visual analysis of even rudimentary
parametric maps or simple enhancement curves may be suf-
ficient, even if the acquisitions are obtained with different
imaging devices. On the contrary, if the goal is to extract
quantitative values for use as imaging biomarkers to assess
the efficacy of a new drug or accurately monitor the progres-
sion of a disease and control its management, it is important
that the measurement method is accurate, i.e. reliable (giv-
ing a similar result when a parameter is measured several
times) and correct (giving a value close to the true result).
The use of analytical methods using different algorithms
on the same set of data has been shown to yield different
results [32]. Because of the current lack of a consensus and
equivalence between methods, it is important to only com-
pare the results obtained with a strictly identical acquisition
and data analysis protocol. This improves the reproducibil-
ity of results, allowing for comparison, rather than their
absolute accuracy.

For this purpose, the RSNA has set up a Quantitative Imag-
ing Biomarker Alliance committee called the QIBA DCE-MRI
Technical Committee whose task is to define the basic stan-
dards for DCE-MRI measurements and quality controls that
provide reliable Ktrans and initial AUC values across imaging
platforms, clinical sites, and time.

Conclusion

Imaging, as well as providing very specific morphological
information on tissues, can also provide functional informa-
tion about the microcirculation in many diseases (ischemia,
tumors, inflammation, etc.) by analyzing the enhancement
kinetics induced by the dynamic injection of a contrast
agent.

Analysis of these kinetics can be visual, qualitative, or
better, quantitative by providing microcirculation parame-
ters that can be used as imaging biomarkers. This analysis
requires dedicated software that must be adapted to the
type of data collected. It is also important that the acqui-
sition protocol is appropriate to the tissue examined, the
desired parameters to be measured and the analysis mode.

In clinical practice, the functional information obtained
by DCE-imaging is increasingly associated with morpholog-
ical criteria for diagnosis (detection and characterization),
prognostic evaluation (aggressiveness, viability) and moni-
toring of treatment of various diseases (efficacy, treatment
adjustment).
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TAKE-HOME MESSAGES

e DCE-imaging techniques (DCE-CT, DCE-MRI and DCE-
US) may be used to assess the tissue microcirculation
parameters.

e These parameters can be used as imaging biomarkers
for diagnosis, prognosis or monitoring during
treatment.

e The microcirculation parameters are the tissue
perfusion flow, blood volume fraction, mean transit
time, capillary permeability per unit tissue volume
and interstitial volume fraction. The latter two
parameters cannot be estimated by DCE-US.

e The parameter Ktrans, used to characterize the
behavior of the contrast agent, is robust but does
not correspond to an actual physiological parameter
and varies with the acquisition protocol.

e The measurement of the arterial input function (AIF)
is required to access quantitative parameters.
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