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Abstract

Dynamic contrast-enhanced (DCE) MRI monitors the transit of contrast agents, typically gadolinium
chelates, through the intrarenal regions, the renal cortex, the medulla, and the collecting system. In this
way, DCE-MRI reveals the renal uptake and excretion of the contrast agent. An optimal DCE-MRI
acquisition protocol involves finding a good compromise between whole-kidney coverage (i.e., 3D imag-
ing), spatial and temporal resolution, and contrast resolution. By analyzing the enhancement of the renal
tissues as a function of time, one can determine indirect measures of clinically important single-kidney
parameters as the renal blood flow, glomerular filtration rate, and intrarenal blood volumes. Gadolinium-
containing contrast agents may be nephrotoxic in patients suffering from severe renal dysfunction, but
otherwise DCE-MRI is clearly useful for diagnosis of renal functions and for assessing treatment response
and posttransplant rejection.
Here we introduce the concept of renal DCE-MRI, describe the existing methods, and provide an

overview of preclinical DCE-MRI applications to illustrate the utility of this technique to measure renal
perfusion and glomerular filtration rate in animal models.
This publication is based upon work from the COST Action PARENCHIMA, a community-driven

network funded by the European Cooperation in Science and Technology (COST) program of the
European Union, which aims to improve the reproducibility and standardization of renal MRI biomarkers.
This introduction is complemented by two separate publications describing the experimental procedure and
data analysis.
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1 Introduction

Glomerular filtration rate (GFR) is a standard measure of kidney
function. In past decades, simplified plasma clearance employing
radiopharmaceuticals (51Cr-EDTA, 125I-iothalamate, 99mTc-
DTPA) was introduced and validated to provide very accurate
estimates of total GFR [1–4]. Later, alternative techniques have
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been evaluated, using minute doses of nonradioactive contrast
agents, including iothalamate and iohexol [5]. Plasma clearance of
such compounds has also been applied to measure renal function.
Renal blood flow (RBF) is another important measure of the func-
tional status of a kidney. The standard tracer-based technique for
quantifying RBF is to measure clearance of substances such as
hippurate or of radiopharmaceuticals [6].

Dynamic contrast enhanced (DCE-MRI) is an alternative to
these techniques that uses gadolinium chelates as contrast agents
(CAs), providing functional information analogous to that
obtained from radionuclide studies [7, 8]. These chelates are gen-
erally considered glomerular filtration markers, since they are
removed from the circulation exclusively by glomerular filtration.

DCE-MRI measures T1-weighted signal intensity changes in
tissues over time after bolus administration of a contrast agent.
Dynamic data acquisition allows for monitoring of the contrast
agent in the renal cortex, the medulla, and the collecting system,
providing a renographic representation with underlying informa-
tion about the renal perfusion, filtration, and vascularization [9–
12]. Postprocessing analyses of these signal-vs-time curves reveal
kidney functionality in terms of filtration and perfusion, including
both heuristic nonmodel approaches and model-based quantitative
methods [13, 14]. However, while DCE-MRI is a promising tool
in animal models, its clinical utility is hampered by the risk of
developing nephrogenic systemic fibrosis in renal patients with
severely reduced glomerular filtration capacity [15]. In this chapter,
we will address the basic concept of DCE-MRI with the emphasis
on kidney disease models in rodents.

This introduction chapter is complemented by two separate
chapters describing the experimental procedure and data analysis,
which are part of this book.

This chapter is part of the book Pohlmann A, Niendorf T (eds)
(2020) Preclinical MRI of the Kidney—Methods and Protocols.
Springer, New York.

2 Measurement Concept

2.1 Basic Concept

of DCE

The standard acquisition scheme of a DCE-MRI experiment is
based on repeated T1-weighted images before and after the injec-
tion of a Gadolinium-based CA. In this way, a dynamic curve of the
signal enhancement in the kidney is recorded in a time window
wide enough (5–10min) to see the contrast range from the vascular
peak enhancement to the wash-out phase. An injection dose of
0.1 mmol Gd/kg is considered standard [16], and lower doses
are occasionally exploited to reduce concomitant T2* effects in
vessels.
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2.2

Gadolinium-Based

Contrast Agents

In DCE-MRI, the gadolinium agents have two main advantages,
one attributed to the properties of the gadolinium-ion in response
to a magnetic field, and one attributed to the chelate that has a
biodistribution in the body which favors measurements of renal
clearance. In physical terms, the gadolinium ion is chosen having
seven unpaired electrons in its orbitals resulting in strong paramag-
netism [17–19]. Furthermore, the symmetry of the electron con-
figuration of the trivalent gadolinium ion is a hospitable
environment for electron spins, contributing to the rise of the
crucial nuclear magnetic resonance parameter called relaxation.
For these reasons, gadolinium (Gd3+) is the most common metal
ion used in paramagnetic contrast agent and its relationship is given
by 1/T1 (Measured) ¼ 1/T1 (Water) + r1 [Gd]. The relaxivity is depen-
dent on the magnetic field and temperature [20–22]. Due to its
toxicity as free ion, Gd is trapped in a molecular structure defined
by the closed/open ring that chelates the metal. These macrocyclic
and linear CAs may possess different r1, osmolarity, and molecular
size [23–25]. In addition to clinical contrast agents, several other
Gd complexes have been investigated for providing higher relaxiv-
ity or contrast efficiency [26–31]. All the contrast agents used for
mapping kidney perfusion are small molecular weight extracellular
agents and are administered intravenously [32].

2.3 Conversion

of Signal into Contrast

Agent Concentration

Contrary to nuclear medicine modalities, MRI unfortunately does
not measure changes in signal intensity in a straightforward way.
This means that measurements of injected contrast agent concen-
tration is difficult, which again severely hinders the possibility to
calculate important parameters in absolute units such as ml/min or
ml/min/g. Previous studies have taken this constraint into account
in three different ways: (1) by assuming that the signal intensity is
linearly related to the concentration of contrast agent, (2) by
making calibration of water doped with contrast agent and then
assume the same signal-vs-concentration can be applied in the
living tissue, and (3) by introducing the mathematical complex
relationship between signal and concentration. These three
approaches are here ordered with increasing difficulties in which
they can be performed, meaning that the third method is by far the
most ambitious. To be able to convert signal intensities into con-
centration, we present a step-by-procedure. First, the mathematical
equation that relates the signal into concentration relies on both
well-known constants, the employed MR imaging technique and
the pulse sequence parameters (echo-time, recovery time, flip
angle, etc.). Due to the paramagnetic properties of the contrast
agent, the magnetic relaxation time (T1) decreases in the presence
of the contrast agent. Conversion of acquired signal (enhancement)
to changes in T1 needs some mathematical understanding. In a
simple setup, DCE-MRI is performed with a T1-weighted-2D-
spoiled gradient-echo train (Fig. 1).
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First, we consider the spoiled gradient echo sequence (TFE)
without prepulses. The longitudinal component of the magnetiza-
tion is denotedMz, which relaxes back to its equilibriumM0 due to
a characteristic relaxation time (T1). The magnetization Mz is
derived by the Bloch equation, given as follows:

dM z

dt
¼ M 0 �M z

T 1
ð1Þ

where M0 denotes the bulk longitudinal magnetization, and T1 is
the longitudinal relaxation time. Integration of Eq. 1 returns the
time-dependent Mz(t):Z M z

0

dM z

M 0 �M z
¼

Z t

0

dt
T 1

) M z tð Þ �M 0 ¼ Ae�t=T 1 ð2Þ

Giving the notation that Mz(t ¼ 0) is Mz(0), we define the
constraint:

M z 0ð Þ ¼ M 0 þA ) A ¼ M z 0ð Þ �M 0 ð3Þ
Resolving Eq. 2 gives the following:

M z tð Þ ¼ M 0 þ M z 0ð Þ �M 0½ �e�t=T 1

¼ M 0 1� e�t=T 1

h i
þM z 0þð Þe�t=T 1 ð4Þ

The magnetization just before the n’th pulse (denoted as
nTR�) can now be determined:

Fig. 1 Pulse train for dynamic MRI using a spoiled gradient-echo sequence
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M z nTR�ð Þ ¼ M 0 1� e�TR=T 1

h i
þM z n � 1ð ÞTRþ� �

e�TR=T 1

¼ M 0 1� E1½ � þM z n � 1ð ÞTR�ð Þ cos αE1

ð5Þ
where E ¼ e�TR=T 1 , and Mz((n � 1)TR�) represents the magneti-
zation just after a time (n � 1)TR. Eq. 5 can be developed
recursively:

M z nTR�ð Þ ¼ M 0 1� E1½ � þ M 0 1� E1½ � þM z n � 2ð ÞTR�ð Þ cos αE1½ � cos αE1

¼ M 0 1� E1½ � þM 0 1� E1½ � cos αE1 þM z n � 2ð ÞTR�ð Þ cos αE1½ �2

¼
Xn�1

i¼0
M 0 1� E1½ � cos αE1½ �i þM z 0�ð Þ cos αE1½ �n

¼ M 0 1� E1½ �1� cos αE1½ �n
1� cos αE1

þM
eq
0 cos αE1½ �n

ð6Þ
Herein, the geometric series is assumed:

M eq
z ¼ lim

n!1M z nTRð Þ ! M 0
1� E1

1� cos αE1
ð7Þ

The steady-state condition can then be described as follows:

M eq
z ¼ M

eq
0

1� E1

1� E1 cos α
ð8Þ

Taking into account that steady-state condition must be ful-
filled in presence of a delay TD, employed between the TFE train
and the subsequent RF pulse, the following must apply:

M eq
z ¼ M eq,0

z 1� e�TD=T1
h i

þM eq
z e�TD=T1 ð9Þ

Now, let us introduce the preparation pulse (with flip-angle β)
applied a time TPREP before the excitation pulse. M eq

0 is taken into
account by solving:

M 0
z ¼ M

eq
0 1� e�T PREP=T1
h i

þM z βþð Þe�T PREP=T 1 ð10Þ

where Mz(β+) represents the magnetization just after the β pulse.
The magnetization before the n’th α-pulse, denoted as Mz(n,α�), is
given as the combination of Eqs. 6 and 10:

M�
z n, αð Þ ¼ M

eq
0 1� e�T PREP=T 1
� �

þM eq,0
z e�T PREP=T 1 cos β

h i
E1 cos α½ �n

þM eq
0 1� E1½ � 1� E1 cos α½ �n

1� E1 cos α

ð11Þ
Therefore, using a heavily T1-weighted pulse sequence,

changes in signal intensity are then almost entirely dependent on
changes of T1. In these circumstances, it can be shown that Mz

eq is
almost linearly dependent on T1 relaxation rate. Note again that the
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specific magnetic relaxivity of the gadolinium-agent (r) defines the
characteristic enhancement property by the equation:
[Gd] ¼ (1/T1–1/T1(0))/r, where T1(0) is the bulk relaxation time
in the tissue without the presence of contrast agent, and [Gd] is the
concentration of contrast (gadolinium) agent. In principle, this
means that a precontrast measurement of T1 (T1-mapping) should
be performed before injection of the contrast agent. One important
factor contributing to erroneous measurements of T1(0) of blood is
the inflow effect, because the coherent movement of flowing fluid
can alter T1 of the signal arising from spins therein. Placing the
central-encoding lines within the low blood flow window within
the cardiac cycle can, to some extent, minimize the problems of the
inflow effect.

2.4 Imaging Readout For dynamic acquisitions, two factors must be taken into consider-
ation: the time resolution and the contrast resolution required. For
quantitative studies of renal perfusion and GFR, based on the first-
pass of the contrast agent, a high temporal resolution is particularly
important to accurately sample the vascular phase of the kidney
(especially for renal perfusion studies) in order to measure the
arterial input function (AIF). The AIF is the signal-time-curve
usually observed in the suprarenal abdominal aorta or in a renal
artery and is used in different kinetic models in order to compen-
sate for the non-instantaneous bolus injected into the blood. The
request for a high temporal resolution explains why some studies
have been performed using a single slice acquisition scheme and not
as multislice or 3D techniques. However, the required extrapola-
tion of functional data from one slice to the whole kidney is not
always valid if the renal disease is irregularly or focally distributed.

Most of the exploited sampling techniques are gradient echo
imaging, echo-planar imaging and spiral imaging. Differences in
the sequence are represented by the ability to cover the image
space, from conventional approaches that acquire a portion of the
space every TR to entire space acquisition in every TR step. Among
them, other subtechniques exist with little changes in the sampling
approach like spoiled gradient echo, segmental echo planar imag-
ing, keyhole imaging or parallel imaging [33].

2.4.1 Gradient-Echo Gradient echo (also “gradient recalled echo,” GRE)-based
sequences are the most commonly used sequences for DCE-MRI
studies, where fast GRE sequences can be implemented in different
ways, including unbalanced, balanced steady-state, and RF-spoiled
sequences [34]. Notably, standard (unbalanced) and balanced gra-
dient echo sequences are sensitive to T2 effects that result in signal
decreases upon the accumulation of the contrast agent in the region
of interest. Therefore, spoiled GRE sequences are mostly used since
they are more sensitive to T1 effects leading to higher contrast
enhancements. A drawback of these sequences is the low SNR
(signal to noise ratio) that can be compensated by the use of 3D
acquisitions.
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2.4.2 Echo-Planar

Imaging

Echo planar imaging (EPI) allows fast image acquisition in combi-
nation with high temporal and spatial resolution, with acquisition
of several images per second [35]. On the other hand, EPI
sequences are difficult to exploit in abdomen and thorax regions
since they are sensitive to susceptibility and motion effects. These
artifacts can however be reduced by using segmented EPI
sequences with a concomitant loss in temporal resolution.

2.4.3 Keyhole Imaging Since central lines of the K-space are more sensitive to image
contrast in comparison to peripheral lines, keyhole imaging is
exploited for accelerating imaging acquisition by acquiring multiple
central K-space lines. This high-contrast but low-spatial resolution
image can then be combined with a high-resolution image to
restore the spatial information. Consequently, temporal resolution
can be increased up to three- to fourfold, despite some problems
that can be encountered in areas with large physiological move-
ments. Several partial K-space sampling techniques have been
developed and exploited in a variety of applications [36].

2.5 T1 Mapping T1 measurements can be performed along the dynamic acquisition
(precontrast and postcontrast) at every repetition time or before
and after the bolus administration using T1 mapping techniques.
Applying a radiofrequency (RF) pulse, spins will change their mag-
netization status according to the design of the pulse. The magne-
tization can be inverted or saturated (nulled), and T1-weighted
images are acquired after the inversion or time after saturation
pulse. Since the T1 calculation is the time that magnetization
takes to restore to its equilibrium (which is considered fully
restored after 5 times the T1), the two models of RF pulses are
called inversion recovery and saturation recovery. Another way to
perturb the magnetization is achieved by manipulating the flip
angle of the RF pulse at every sequence acquisition, sampling the
T1 relaxation for different angle values.

2.5.1 Saturation

Recovery

A 90� saturation pulse effectively nulls the magnetization indepen-
dently of its state before the saturation pulse. In this way, keeping
the repetition time lower than the T1, the system is unable to fully
recover to equilibrium and is said to be saturated. Thus, the T1

measurements are performed by varying the TR constantly ranging
from 0 to, at least, 2–3 times the longest T1 value expected in the
sample. The result is that saturation recovery is a very fast method
but with the drawback of a limited dynamic range and limited T1

range.

2.5.2 Inversion Recovery Inversion recovery consists of a 180� inversion pulse which rotates
the longitudinal magnetization to give the classical decay with a 90�

pulse. The inversion recovery pulse sequence is repeated continu-
ously, each time applying the same inversion pulse, followed by
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different waiting times (time of inversion). The principle of this
method implies that the repetition time of the sequence must be
greater than the longest T1 since the magnetization needs to be
fully recovered before applying another inversion pulse. Inversion
recovery is a method for T1 map acquisition which produces maps
with good accuracy and intensity dynamic range but with the
drawback of being time-consuming.

2.5.3 Variable Flip

Angle (VFA)

Variable flip angle is used to acquire 3D T1 maps, and the technique
uses two or more repeated sequences with different flip angles
(ranging from a few degrees to even more than 90�), sampling
the T1 relaxation for different angle values. The method is relatively
sensitive to B1 inhomogeneities; hence a field map should be
acquired. Recently, magnetization transfer effects were identified
as an additional source of variability in the obtained VFA data,
which can be reduced dramatically by use of tailored composite
RF pulses that apply the same power to the bound proton pool for
all flip angles [37].

2.6 Renal Handling

of Contrast Agents

Before analysis of the acquired DCE-MRI data, it is important to
understand how the renal segments handle the gadolinium agent
during DCE-MRI. Following an i.v. (intravenous) bolus of contrast
agent, the arterial concentration is promptly increased following a
steady decline over time, reflecting the input and output of the
agent over time. Figure 2 shows an example of dynamic

Fig. 2 Dynamic uptake curve (enhancement) in the aorta (red) and renal whole-parenchyma (yellow) following
iv bolus of a gadolinium agent. Purple dots indicate baseline values prior to bolus administration. See Fig. 3
text for MRI sequence parameters. The aorta curve shows a rapid increase followed by a decline over time
(0–800 s). The renal curve shows a first-pass vascular uptake, followed by a pattern with decreasing vascular
gadolinium-content combined with a glomerular handling of the contrast agent
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enhancement following a bolus of a gadolinium agent, and Fig. 3
shows the handling of a gadolinium agent in the healthy and
diseased (ureteric obstructed) kidneys. Graphical presentation of
the renal enhancement is denoted as an MR renogram.

Fig. 3 Example of MR renogram, the result of DCE-MRI of pig kidneys with healthy (left) and diseased (right)
kidneys. The yellow ROIs are shown to illustrate where the dynamic curves were drawn. The data were
obtained as follows: the anaesthetized pig was placed supine in the magnet, and a surface radiofrequency coil
was used for data reception. Fast multislice anatomical images were initially acquired to localize both kidneys.
Next, an MRI renography pulse sequence was employed. The whole kidney was covered using a mutlislice
(3.0 mm thickness with zero gap) fast 3D gradient echo sequence. Other parameters included:
matrix ¼ 128 � 128, field of view ¼ 220 � 220 mm2, TR ¼ 4.3 ms, TE ¼ 1.5 ms. This scan was
accompanied by an intravenous injection of 0.05 ml/kg of Gd-DTPA-BMA (Omniscan®; GE Healthcare, Oslo,
Norway) was performed as a single bolus administered by hand 10 s after start of a dynamic gradient-echo
sequence, with a single phase acquisition time of 2.2 s. A total of 700 dynamic phases were acquired during
7 min
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The MR renogram typically consists of vascular, parenchymal,
and excretory phases [38]. The vascular phase occurs almost imme-
diately after contrast injection and provides the first segment of the
renographic curve, which is reflected by a steep linear rise. In the
cortex, this is followed by the parenchymal phase, characterized by
continuous uptake, which is represented in the intensity–time curve
as a slower linear increase up to a second peak. In the excretory
phase, contrast material is released into the collecting system calices
and constitutes the third segment of the renographic curve.

2.7 Analysis

Methods

While the experimental design of DCE-MRI is simple, extracting
true morphological or physiological parameters from a DCE time
course is extraordinarily difficult, due to a number of factors,
including intravoxel heterogeneity in tissue microstructure and
the need for pharmacokinetic (model-based) or empirical
(non-model based)modeling of theDCE-MRI signal [16, 38]. Tis-
sue heterogeneity depends upon the organ of interest and image
resolution, which are typically not varied in a single experiment.
Pharmacokinetic and empirical modeling, however, are active areas
of investigation.

2.7.1 Semiquantitative

Analysis

As a descriptive approach, the dynamic time-vs-time curve of
DCE-MRI data provides information with parameters like time-
to-peak enhancement, uptake slope, area-under-the-curve and
wash-out rate. These heuristic enhancement parameters may have
some relation to physiologic parameters although they also depend
on the particular MRI system and acquisition settings, including
pulse sequence, sequence parameters, system manufacturer, and
contrast agent employed [39]. Figure 4 shows an example of such
parameters.

2.7.2 Quantitative—

Pharmacokinetic Models

Alternatively, various physiological pharmacokinetic models have
been proposed, usually based on long-term experiences in nuclear
medicine. These models are often attributed to situations where the
capillary bed (e.g., the blood–brain barrier) is compromised, result-
ing in extravasation of the contrast agent through the leaky capil-
laries. For example, modeling the dynamic extravasation of MRI
contrast agent can provide a measure of the extravascular uptake.
Overall, applying pharmacokinetic models allow calculation of sev-
eral measures: (1) physiologic properties (transendothelial perme-
ability, capillary surface area, lesion leakage space),
(2) pharmacokinetic parameters (compartmental transfer and rate
constants, leakage space), and (3) pathological measures (micro-
vessel density and vascular endothelial growth factor) [13, 16].Mea-
surements of these parameters using modeling are now considered
diagnostically important in tumor evaluation (grade classification)
and to recognize the onset of stroke by indirect measurements of
rCBF, rCBV, and MTT, although they usually provide limited
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insight into the underlying pathophysiology of the brain tumor or
stroke [40]. It is therefore likely that similar parameters can be
measured in the kidney. The quantitative models require additional
postprocessing steps, including contrast agent concentration calcu-
lation (e.g., based on linearity assumption between concentration
and signal changes or in previously acquired T1 maps), selection of a
major artery to derive the AIF curve, selection of the pharmacoki-
netic model (as well as of the number of the compartments and how
they are connected) to be used. In addition, the focus of the
application as well as the quality of the data will guide the selection
of the more appropriate model. Besides, the temporal resolution,
protocol injection, and acquisition time can influence the quality of
the outcomes, making it necessary to have appropriate and opti-
mized measurement protocols.

2.7.3 Model Selection All data analysis, including analysis of DCE-MRI data, involves
either explicit or implicit comparison to a model. The data are
typically considered to be the sum of the signal and noise, and the
estimated signal model parameters are of primary interest. In the
ideal case, the underlying principles of the measurement and the
signal response form the basis of the signal model. Often, however,
there are several potential signal models. The analyst must decide
which of these competing models best represents the data without
“over fitting” (i.e., fitting the noise). Even when the correct signal
model is known, the signal-to-noise ratio of the data may not
support the complexity of the correct model, requiring that simpler
models be considered.

Fig. 4 Example of parameters estimated from DCE-MRI in kidneys. Top row from left to right: plasma flow (FP),
plasma volume (VP), plasma mean transit time (PMTT). Lower row from left to right: extraction fraction (E),
permeable surface area product (PS), and tubular mean transit time (TMMT). The maps are reproduced with
permission from Zöllner et al. [39]
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Here, we consider the problem of model selection in
DCE-MRI experiments in the kidney. The importance of selecting
an appropriate DCE tracer kinetic model to measure tissue perfu-
sion and capillary permeability has already been examined in tumors
in previous reports [41, 42]. Model selection algorithms, including
Chi-square [43], Akaike information criterion (AIC) [44–46],
F-test [47–49], and the Durbin–Watson statistic [45, 50], have
been applied to evaluate tracer kinetic models commonly used in
DCE-MRI.

2.7.4 Bayesian

Probability Theory

An elegant solution to the model selection problem using Bayesian
probability theory-based methods has recently been described [51–
53]. Bayesian probability theory [54] provides a rigorous formalism
for model selection. To determine the optimal model amongst a
cohort of competing models, it is necessary to balance the accuracy
with which the model recapitulates the data (the goodness of fit,
characterized by the residuals) against the number of free para-
meters in each model (the complexity). Cox’s theorem [55] and
its further elaboration by Jaynes [56], state that Bayesian probabil-
ity theory is the only method of ranking hypotheses concerning
model selection that is consistent and can incorporate all of the
available prior information. Advances in computational power and
the development of Markov-chainMonte Carlo (MCMC)methods
have greatly increased the applicability of Bayesian inference to a
range of problems.

Bayesian probability theory seeks to assign a probability to the
truth of a specific hypothesis. Using a Bayesian approach, the model
selection problem treats the model itself as a parameter, for which
the posterior probability of a model, given the data and prior
information, is computed [51–53]. The posterior probability of
each model is calculated by:

P M jDIð Þ ¼ P M jIð ÞP DjMIð Þ
P DjIð Þ ð12Þ

where P(M|DI) is the posterior probability for any one of M mod-
els. The vertical bar “|” means “given the data, D and the prior
information, I.” On the right-hand side, P(M|I) is the prior proba-
bility for each of theM different models, assigned in this calculation
as a uniform prior probability. P(D|MI) is the probability for the
data, given model M and prior information I. Finally, the denomi-
nator, P(D|I) is a normalization constant that ensures the total
probability over all of the models sums to one.

An example of a joint Bayesian approach to model selection in
DCE-MRI was described recently by Beeman et al. [57], applied to
models of blood flow in cortex in a mouse model of three different
renal perfusion rates. The three cohorts ofmice studiedwere: (1)Con-
trol; (2) Losartan-treated (high renal blood flow); (3) L-NAME-trea-
ted (low renal blood flow). DCE-MRI data were analyzed on a voxel-
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by-voxel basis. Four models and model parameters were compared in
eachvoxel.Twoof themodels, thePatlak–Rutlandmodel [58] and the
two-compartmentmodelwere pharmacokinetic and two, the cumula-
tive log-logistic model with either monoexponential decay with a
constant offset or biexponential decay, were empirical. A Markov-
chain Monte Carlo simulation was run to compute the posterior
probability for the parameters and themodel. The estimated probabil-
ities of the parameters of the biexponential model, obtained using this
approach, are shown in Fig. 5.

The importance of signal-to-noise in model selection in
DCE-MRI was described recently by Duan et al. [51] In their
paper, the authors considered four established kinetic models for
analyzing DCE-MRI data collected from patients enrolled in the
EMBRACE study, an international study of MRI-guided brachy-
therapy in locally advanced cervical cancer. The models were
(1) Toft’s (TM), (2) Extended Toft’s (ETM), (3) Two-Site
Exchange (2CXM), and (4) Compartment Tissue Uptake
(CTUM). To demonstrate the importance of signal-to-noise in
DCE data analysis, noise-free in silico DCE data sets were gener-
ated for each of the four models. The temporal resolution and total
data acquisition times were identical to those of the clinical
DCE-MRI protocol, using patient-derived tissue parameters.

As expected, Bayesian model selection chose the “correct”
signal model for each of these noise-free data sets. Increasing
amounts of normally distributed (Gaussian) noise were then
added to each data set. At each noise power, 100 independent
MCMC simulations (i.e., different noise sets) were performed
and the number of “correct” selections, in which model selection
chose the model used to simulate the data, was recorded. The
number of correct model selections varied as a function of both
model complexity and noise power. With increasing levels of noise,
simpler data representations were preferred relative to more com-
plex models (Fig. 6a). Figure 6b shows model selection results for
in silico data created based on the 2XCM. The number of correct
model selections dropped rapidly with increasing noise, with a
concomitant increase in the selection of the CTUM, a simplified
version of the 2XCM. Figure 6c, d shows how the accuracy and
uncertainty of estimations of extravascular, extracellular volume
(ve), the only common parameter between the simplest model
(TM) and the most complex model (2XCM), vary with added
noise. At every noise level, the uncertainties of the estimated ve
are much smaller for the TM, relative to the 2CXM.

2.8 Practical

Considerations

The main advantage of T1-weighted DCE-MRI is that both tissue
blood flow and filtration (permeability surface) can be measured
simultaneously. One important element in the T1-weighted
DCE-MRI is the underlying model from which the calculated
parameters are derived. Many assumptions about the tissue system
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Fig. 5 (a, c) Bayesian-estimated posterior probability densities of the empirical biexponential model’s joint
fractional amplitudes of the washout and joint slow decay-rate constants, respectively, for each cohort. The
Losartan-treated (high renal blood flow) group is represented by the solid black line, the L-NAME (low renal
blood flow group) by the dashed black line, and the control group by the dotted gray line. (b, d) The difference
in the posterior probability distributions for the joint fractional amplitudes of the washout and joint slow decay-
rate constants, respectively, calculated on the high and low flow cohorts. From among the empirical/
biexponential model joint parameter estimates, the fractional amplitudes of the washout terms (a) and the
slow decay-rate constants (c) differed between mouse cohorts of high and low flow; that is, the 95%
confidence interval of the difference in the probability distributions did not overlap with 0 (b and d). (Adapted,
with permission, from Beeman, et al. [57])
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are made with respect to the nature of contrast agent kinetic mod-
eling, and these assumptions may affect the accuracy of the param-
eter calculations. In practice, a compromise must be struck between
reality and the precision of the measured data (signal-to noise ratio,
temporal resolution, etc.). The different models proposed by lead-
ing experts in this field have unfortunately been presented with a
variety of quantities, meaning that comparisons between different
groups are almost impossible. Consequently, a standardization of
quantities associated with analysis of T1-weighted DCE-MRI has
been proposed in the review by Tofts et al. [59], and later by
Sourbron [42] as part of building up a common language for the
estimation and description of physiologic parameters in the kidney.

Fig. 6 Bayesian DCE-MRI model-selection and parameter-estimation results for in silico datasets created
based on the whole-tumor averaged ROI DCE time course from a single patient in the EMBRACE study. (a) For
each of the four in silico DCE-MRI data models, the number of “correct” model selections (out of 100 different
noise representations), as a function of the noise standard deviation (SD). (b) For the two-compartment
exchange in silico DCE-MRI data model (the most complex model of the four models examined), the number of
times a given model was selected (out of 100 different noise representations) as a function of the noise
SD. (c, d) Relative percent error of ve (extracellular-extravascular volume fraction) estimated from initially
noiseless simulated TM (c) and 2CXM (d) data as a function of added noise. (Adapted with permission from
Duan et al. [51])

Renal Dynamic Contrast Enhanced (DCE) MRI: Basic Concepts 219



For all methods proposed, the calculation of renal parameters
requires knowledge of the arterial input function, which in practice
is derived from the abdominal aorta or a renal artery with the
assumption that this represents the exact input to the renal tissue.
Delay and dispersion of the bolus that are introduced during its
passage from the site of arterial input function estimation to the
renal tissue will therefore introduce an error in the quantification of
RBF or GFR, and this error could very well vary from one region to
another because of the differences in the amount of delay and
dispersion for different kidney regions. Thus, some general approx-
imations seem useful: (1) DCE-MRI is performed under a steady-
state condition. (2) The renal relaxivity of the gadolinium-agent is
known. (3) Some conversion to gadolinium concentration can be
made. (4) An input curve is defined. (5) A mathematical analytical
model can be approximated.

Today, little is known about the potential of gadolinium-
enhanced MRI for the assessment of the regional renal blood flow
and the regional glomerular filtration rate. Nor do we know the
limitations and accuracy of this technique under different patho-
logical and pathophysiological conditions. Thirdly, we do not know
the clinical applicability of DCE-MRI and the role it may have in
clinical diagnosis. A step-by-step procedure should therefore be
initiated to exploit the abovementioned fundamental questions:
(1) The methodologies should be further validated against stan-
dard methods to obtain reproducible results in agreements to those
obtained by clinical non-MRI techniques. (2) Further animal stud-
ies should be performed to examine the accuracy and availability
under different pathological and pathophysiological conditions.
(3) Experimental studies in humans, where the DCE-MRImethods
are validated against a standard reference method.

3 Overview of Applications

3.1 DCE-MRI

Validation Studies

in Animal Models

Several studies investigated DCE-MRI approaches for assessing
renal filtration in animal models. Annet et al. estimated the GFR
in rabbit kidneys by applying a compartment model and compared
the MRI-derived estimate with the measured plasma clearance of
51Cr-EDTA [60]. Although MRI-based GFR values were lower
than those measured experimentally, a marked correlation was
observed between the two techniques. Winter et al. compared
renal perfusion values obtained by arterial spin labeling (ASL) or
DCE-MRI in healthy rats, with absolute renal cortex perfusion
estimates in close agreement with those obtained by ASL [61].

Zimmer et al. performed an inter- and intramethodical com-
parison by measuring differences in renal blood flow (RBF) in five
rats with unilateral ischemic acute kidney injury with both ASL and
DCE-MRI. Both, the FAIR-ASL approach and DCE-MRI
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deconvolution technique showed significant differences in RBF
between healthy and diseased kidneys as shown in Fig. 7
[62]. The validation of MRI-based GFR estimation by optical
imaging was proposed by Sadick et al. [63]. GFR estimation was
performed by DCE-MRI on a 3 T whole body scanner using a
dedicated animal rat volume coil and by clearance using a fluores-
cent tracer (FITC-sinistrin) and an optical imaging device. How-
ever, the correlation between optical GFR andMRI-based GFRwas
poor, probably due to the fact that measurements were performed
on different days involving two anesthesia thus affecting the physi-
ology of the animals. Zöllner et al. recently showed a simultaneous
measurement of optical and MR-based GFR in healthy rats and rats
with unilateral nephrectomy (UNX) [64]. A two-compartment
filtration model was employed to calculate a map of the tubular
flow. Subsequent, taking the cortex volume into account single
kidney GFR values were calculated with a good correlation
observed between the two methods. The reduction of GFR in the
UNX rats was about 50% and observed for both techniques.

The role played by the binding to serum proteins in the calcu-
lation of DCE-MRI derived estimates was investigated by
Notohamiprodjo et al. by administering Gadolinium-based con-
trast agents with different chemical structure [65]. The two inves-
tigated contrast agents, Gd-BOPTA and Gd-DTPA differ in their
binding affinity toward serum albumin, hence affecting both the

Fig. 7 Exemplary illustration of perfusion MRI of a rat with left-side AKI and perfusion maps. (a) True-FISP M0

image of an ASL measurement and the corresponding perfusion map (b). (c) TWIST post–contrast agent
injection image and the corresponding RBF map (d). All drawings show the same rat and the same axial slice.
Differences between the kidney with AKI and the contralateral kidney are clearly visible on the MRI images as
well as on the perfusion maps. (Reproduced with permission from Zimmer et al. [62])
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relaxivity and the pharmacokinetic properties [66–68]. In fact,
binding to the serum protein results in longer circulation times
(hence reduced filtration) and higher contrast capability that are
easily observed at low magnetic fields (0.5–1.5 T) [69–73]. There-
fore, whereas similar renal perfusion values were obtained by both
the two contrast agents, GFR estimates were not accurate when
obtained with the albumin-binding one (Gd-BOPTA), thus indi-
cating that even low albumin binding may affect GFR estimates.

3.2 DCE-MRI

for Assessing Kidney

Damages in Animal

Models

In the preclinical panorama, DCE-MRI has been widely used to
assess kidney function in renovascular and parenchymal diseases
that may lead to chronic kidney failure but also in acute events
like ischemia–reperfusion, toxicity, infections, or surgery. Thus,
different animal models have been explored ranging from classical
acute kidney injury (AKI) and chronic kidney disease (CKD) to
posttransplant rejection, nephrectomy, and assessment of drug
treatment [74–80]. In a murine model of unilateral renal artery
stenosis (RAS), measurements of single kidney GFR and perfusion
by a modified two-compartment model were compared to those
obtained from fluorescein isothiocyanate (FITC)-inulin clearance
and ASL, respectively. Both renal GFR and perfusion measure-
ments were in close agreement with the FITC-inulin clearance
and ASL methods, with a marked reduction in GFR and perfusion
estimates for the stenotic as compared to the control kidneys
[81]. Ischemia–reperfusion injury has been exploited to model
acute kidney damages and DCE-MRI approaches have been inves-
tigated for assessing single-kidney function in both mice and rats
[82, 83]. Significant reduction in single kidney GFR (calculated by
applying a two compartment renal filtration model) was observed
for ischemic kidneys in comparison to contralateral ones in rats
[84]. Conversely, for all the other DCE-MRI derived functional
parameters (mean transit times and renal blood volume) differences
were present, but were not significant between diseased and con-
tralateral kidneys of ischemic rats.

DCE-MRI studies have also been exploited in murine renal
transplantations studies for assessing acute rejection and evaluation
of immunosuppressive therapy [85]. In this study, a deconvolution
approach was applied to the DCE-MRI data and the plasma flow
estimate provided restored organ perfusion under Ciclosporin A
therapy in syngeneic transplants compared to controls.
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