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Abstract

The water proton longitudinal relaxation time, T1, is a common and useful MR parameter in nephrology
research. Here we provide three step-by-step T1-mapping protocols suitable for different types of nephrol-
ogy research. Firstly, we provide a single-slice 2D saturation recovery protocol suitable for studies of global
pathology, where whole-kidney coverage is unnecessary. Secondly, we provide an inversion recovery type
imaging protocol that may be optimized for specific kidney disease applications. Finally, we also provide
imaging protocol for small animal kidney imaging in a clinical scanner.
This chapter 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
analysis protocol chapter is complemented by two separate chapters describing the basic concept and
experimental procedure.
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1 Introduction

The water proton longitudinal (or spin-lattice) relaxation time, T1

(s), is a MR parameter commonly used in biomedical imaging.
Unlike machine-dependent metrics such as “signal intensity in T1-
weightedMRI,” T1 measures a real physical process (i.e., the return
to Boltzmann equilibrium of water proton longitudinal magnetisa-
tion) measured in absolute units (s) and, for any given magnetic
field strength, independent of the machine used. Renal pathology
often results in abnormal T1 either globally (e.g., in renal failure) or
focally (e.g., in renal cancer). Moreover, disease-induced changes in
T1 can often be assigned, at least qualitatively, to pathological
changes such as fibrosis, inflammation, and oedema [1]. A second
motivation to measure T1 is in so-called dynamic experiments. In

Andreas Pohlmann and Thoralf Niendorf (eds.), Preclinical MRI of the Kidney: Methods and Protocols,
Methods in Molecular Biology, vol. 2216, https://doi.org/10.1007/978-1-0716-0978-1_22, © The Author(s) 2021

383

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-0978-1_22&domain=pdf
https://doi.org/10.1007/978-1-0716-0978-1_22#DOI


this case the object under investigation in the MRI scanner for a
short period (e.g., 10 min) while T1 is measured repetitively, during
some intervention to perturb T1 (e.g., contrast agent administra-
tion). After administration of a contrast agent such as manganese, a
gadolinium chelate, or dioxygen, changes in T1 are linearly related
to the contrast agent concentration, which could not reliably be
determined from signal intensity changes alone.

Here we describe MRI protocols for mapping and monitoring
T1 in the kidney of small rodents in a step-by-step experimental
protocol. The rationale for choosing different acquisition para-
meters depending to the aims of the study is discussed, together
with specific parameter examples. T1 measurements for dynamic
studies are discussed in the chapter by Irrera P et al. “Dynamic
Contrast Enhanced (DCE) MRI-Derived Renal Perfusion and Fil-
tration: Experimental Protocol.”

1.1 Motivation

for Measuring T1
in Animal Kidneys

Imaging provides many useful metrics in animal models of kidney
physiology and pathophysiology. These include “extensive” or size
variables, such as renal volume (ml) or thickness (mm) of renal
cortex, and “intensive” or tissue characterisation variables, such as
the longitudinal relaxation time, T1 (s). Some investigators prefer
to report the longitudinal relaxation rate R1, the reciprocal of T1,
because from a metrology perspective R1 is a “ratio variable” while
T1 is merely an “interval variable” [2]. In this work we use T1.
“Intensive” variables can be mapped, the maps themselves being a
type of image. Such image metrics used in animal studies are
valuable in translational research, as they are directly comparable
with the imaging markers [3–5] used in studies of human subjects.

1.2 Study Design

Concepts

Great care is needed in the choice of method to map T1. No single
method is optimal for all in vivo studies. The most accurate meth-
ods (e.g., inversion recovery with long TR and short TE readout)
are neither fast nor efficient. In vivo studies involve complex trade-
offs between accuracy, speed, spatial resolution, field of view, need
for fat suppression, sensitivity to inflow, sensitivity to motion arti-
fact, biexponential T1 decay, and other confounding tissue magne-
tisation behaviours such as transverse relaxation and magnetisation
transfer. Moreover, even after a specific method is chosen, errors
can be very sensitive to pulse sequence parameters such as delays,
flip angles, spoiling and refocussing strategies, mis-set RF pulses
and so on. For the renal investigator the first question in designing
a study to measure T1 must always be: what is the aim of the study?

1. For studies of global pathology, very high spatial and temporal
resolution may be unnecessary provided that the cortex, the
zones of the medulla, and the papilla can be resolved. In such
studies a 2D image with voxel size of around 0.25mm (in mice,
e.g., [6–8]) or around 0.5 mm (in rats, e.g., [9–12]) may be
adequate. It is often desirable to acquire T1 with low
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uncertainty so that small early pathological changes can be
detected, and also to acquire accurate T1 values that are repro-
ducible between centers so that findings are generalizable. A
saturation recovery sequence with ten or more inversion times,
a 2D RARE readout, moderate spatial resolution, and a two- or
three-parameter fit, should provide T1 values which are not
biased by B1

+ errors. Alternately an inversion recovery
sequence with a 2D echo-planar readout [6, 8] may be used
although this is less time-efficient. The accuracy of the T1

acquisition and analysis method should be verified using phan-
toms of known T1 [2].

2. Studies of focal pathology may require high spatial resolution
in 3D appropriate to the disease under investigation. Low
uncertainty, high accuracy, and high reproducibility are also
likely to be important so that scan times may be relatively
long. 3D variable flip angle sequences are convenient, although
they are quite vulnerable to B1

+ errors. In these cases, phantom
studies are highly desirable to mitigate B1

+ errors, although
phantom studies do not mitigate the motion artifact error to
which these sequences are also highly vulnerable.

3. Longitudinal studies, during the development and/or treat-
ment of disease have similar demands on spatial and temporal
resolution, although if the study endpoint is the change in T1,
requirements for accuracy may be relaxed: in a significance test
of post vs pre, or treated vs untreated, systematic errors from
biased T1 measurement may partly cancel out.

4. Dynamic studies have similar demands on spatial resolution (e.g.,
high 3D resolution for focal disease) together with very good
temporal resolution to allow dynamic changes to be quantitated.
In consequence accuracy may be compromised, but since the
study endpoint relies on T1 change during the dynamic run,
bias may partly cancel out. Propagation of errors in these cases
can be exceedingly complex and requires careful simulation.

1.3 Data Quality It is highly desirable to verify the accuracy and repeatability of T1

using phantoms [2], before experimental animals are exposed to
study procedures. The design of MR phantoms can be challenging,
and while validated traceable phantoms have been developed by
metrologists for clinical MR [13–15], these are usually too large for
use in rodent MR scanners. Design considerations should include
biological, chemical, and physical stability, temperature indepen-
dence, convenience, and cost. The phantom should cover both the
expected T1 range and the spatial range, since it may be advanta-
geous to position the kidneys offset relative to the magnet’s iso-
center [16]. Nickel-doped agarose gels [17–19] are particularly
convenient as simple liquid flood phantoms may introduce artifacts
from unfamiliar MR phenomena such as radiation damping, con-
vection, excessive T2 or self-diffusion, standing waves, or abrupt
boundaries.
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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 General Considerations

2.1 Magnetic Field

Strengths

Animal kidney MRI has been performed at a wide range of mag-
netic field strengths (B0) between at least 0.4 T [20] and 16.4 T
[21]. T1 increases with B0 [22]. Hence it is important to consider
B0 as an important factor in experiment design, although in practice
B0 may not be an adjustable parameter since many facilities only
have a single MRI machine operated at a single magnetic field
strength available. Higher magnetic field strengths are not always
preferable, as the scan times required to properly sample the recov-
ery of longitudinal magnetization will be somewhat longer, and
problems from motion artifact, chemical shift artifact or suscepti-
bility variation may increase. For an investigator who wishes to use
rodent renal T1 changes to study, say, the development of fibrosis or
inflammation, the relevant metric is T1 contrast-to-noise ratio per
unit time, which does not necessarily improve as field strength
increases: a high-field (�9.4 T) magnet may be no better than a
conventional 3-7 T magnet. On the other hand, for an investigator
who measures the uptake of a relaxive substance such as dioxygen,
manganese, or gadolinium chelate, a high-field magnet provides a
lower baseline R1, making the induced changes ΔR1 more evident.

2.2 Physiologic

Motion

Acquisition parameters should ensure that interference from physi-
ologic motion on the signal is kept to a minimum. Indeed,
although kidneys are positioned quite low in the abdomen, they
are still subject to mild respiratory motion artifacts. It is possible to
acquire continuously under shallow breathing, taking advantage of
the slow speed of breathing in anesthetized animals [23]. With such
datasets, some of this motion can be corrected for during image
processing with appropriate coregistration strategies or by inten-
tionally skipping frames presenting a high degree of respiratory
motion from the analysis. However, because this strategy poten-
tially removes important datapoints or because it introduces physi-
ological noise into the quantitative estimation, it is still
recommended to implement motion compensation strategies at
the acquisition level. In particular, respiratory motion compensa-
tion takes advantage of a respiratory signal (acquired externally or
with MR signals such as navigators) to only allow acquisition dur-
ing the long periods of breathing motion arrest that are typical of
anesthetized animals. An example of such a setup applied to a
clinical scanner, is depicted in Fig. 1. Special care is needed to
ensure such triggering approaches are compatible with T1 mapping
protocols. In such protocols, sequence timing dictates the effective
repetition time, upon which the accuracy of the T1 computation is
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based. It is sometimes preferred to position the trigger on the
inversion (or saturation) RF pulse rather than on the slice selection
or other imaging loops [16] so that the timing of image acquisition
relative to inversion is guaranteed. The only timing affected in this
strategy is the delay between saturation or inversion slices. In
inversion recovery protocols this delay is already very long, (often
more than 10 s), so any additional delay incurred will not signifi-
cantly affect T1 accuracy, while in saturation recovery the saturation
pulse destroys the longitudinal magnetization so that preceding
delays are unable to affect T1 accuracy.

An alternative approach for respiratory motion compensation is
retrospective gating or self-gating, which is compatible with gradi-
ent echo methods such as Variable Flip Angle (VFA). In this case,
data are acquired continuously but an additional “navigator” signal
allows data displaced by respiration to be sorted or discarded. This
is marketed under the brand-name “IntraGate” (Bruker Biospin,
Ettlingen, Germany).

Because kidneys are anatomically close to the bowels, some
authors favor imaging sessions done after fasting periods [10]. Fast-
ing should only be done after considering the physiologic

Fig. 1 Scheme of the experimental setup for a respiratory-gated implementation with monitoring small animal
system SA Instruments, Inc., Stony Brook, NY11790 USA
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consequences, and from the animal welfare perspective should be of
the minimum duration consistent with the imaging aims.

3 Imaging Techniques

Conventionally, for T1 measurement, signal intensity is probed at
different time points during exponential decay back to Boltzmann
equilibrium following inversion or saturation of the longitudinal
magnetization: inversion recovery or saturation recovery. Satura-
tion can be achieved using a specific saturation pulse, or simply by
varying the repetition time TR of a conventional spin echo or
gradient echo acquisition which also incidentally saturates the mag-
netization. To reduce the total acquisition time, the Look Locker
(LL) sequence can be used. With LL sequences, the magnetization
is also prepared with an inversion or saturation pulse [24], but
instead of a single sample of the recovery curve per TR, multiple
samples are taken using a train of low flip angle pulses [25].

The inversion recovery sequence is the reference method to
calculate T1 but it suffers from long acquisition times. Therefore,
the use of Look-Locker inversion recovery is advantageous, but is
limited to single 2D slice acquisition: if multiple slices are needed,
they must be acquired sequentially.

The alternative approach involves repeating a gradient echo
acquisition at varying flip angles (VFA) while keeping TR and
other sequence parameters constant: since the signal depends sinu-
soidally on flip angle but decays exponentially with T1, the T1 can
be calculated from the Ernst equation (chapter by Garteiser P et al.
“Analysis Protocols for MRI Mapping of Renal T1”). Three-
dimensional acquisition (3D) can be performed with VFA, but
since VFA is sensitive to B1

+ inhomogeneity, the B1
+ field should

be mapped to allow correction (chapter by Garteiser P et al. “Anal-
ysis Protocols for MRI Mapping of Renal T1”). Although 3D VFA
is familiar in clinical imaging, it is not commonly employed in
rodent kidney studies, and we have not provided a protocol here.

3.1 RARE-VTR

3.1.1 Protocol

Description

Rapid acquisition with relaxation enhancement at variable TR
(RARE-VTR) is a type of saturation recovery sequence. Data are
acquired as 2D slices, so this sequence is ideal when a single slice
provides an adequate sample of the kidney, for example in the case
of homogeneous global pathology. If volumetric data are required
then a stack of slices must be acquired sequentially, which is time-
consuming.

The RARE-VTR protocol is based on the multiecho RARE
protocol, with a slice-selective 90� rf pulse followed by a train of
slice-selective 180� refocusing pulses separated by an inter-echo
time TE (Fig. 2). Each 180� pulse induces a refocused echo com-
prising spin-echo and stimulated echo contributions, which is
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digitized, and each echo experiences a different phase encode gra-
dient. Following the last echo there is a delay following which the
sequence is repeated with a repetition time TR. The number of
180� pulses is called the echo train length (ETL) or RARE factor: a
typical value is 8. TR is then varied to sample the magnetization
recovery. A saturation recovery time Tsat is defined as
TR � (ETL � TE). Thus if an investigator requires a 1282 matrix,
the entire acquisition duration would be ∑TR � 128/ETL, where
∑TR is the sum of all the TR values used to sample the longitudinal
magnetization recovery. Recommended acquisition parameters are
given in section 4 below.

Because of the presence of refocusing RF pulses, this protocol is
relatively insensitive to B0 imperfections and susceptibility artifacts.
For 2D single-slice T1 mapping it is quite time-efficient, but acqui-
sition of a multislice stack requires rather long acquisition times.

3.1.2 Repetition Times The set of repetition times that are sampled needs careful consider-
ation. The TR values should be rationally selected during prelimi-
nary studies with the animal model under investigation. In

Fig. 2 Simplified timing diagram for 2D saturation recovery sequence with RARE readout. A series of 180�

pulses creates f echoes at TE, 2 � TE, 3 � TE, and so on, where f is the RARE factor, typically f ¼ 8. During
the phase encoding (PE) step, spatial location is encoded by incrementing the Y gradient NY times so that each
echo is encoded with a different phase, thereby accelerating the k-space coverage. During the frequency
encoding (FE) readout periods, the spatial location is encoded in the frequency content of the digitized signal
from the echo. If the pulses are perfect and if neglecting the longitudinal regrowth occurring during the echo
train, all the magnetization is effectively kept in the transverse plane until the last echo (Phase cycling and
spoiling not shown)
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saturation recovery experiments, the signal starts at S0 ~ 0 at short
TRs (TR � T1) and increases with approximately linear S1/T1

dependence on TR. At longer TRs (TR � T1), the signal enters a
transition regime where the increase in signal per unit TR
diminishes. Finally at large TRs (TR � T1), the signal asymptoti-
cally approaches S1. Hence, proper TR sampling strategy should be
adopted to cover both regimes and the transition in between.

In determining the set of repetition times to use, the first
question may be to select the highest TR that is required. This
choice is mainly dictated by the expected T1 in the tissue of interest,
the available scan time and the planned postprocessing strategy.

For the first constraint, literature values or preliminary studies
may help in the determination of the expected tissue T1 at the
corresponding magnetic field strength. The longest TR should be
substantially larger than the longest expected tissue T1. Typical T1

values for cortex and medulla are in the range 1–2 s and for urine
around 3 s. There is no generally accepted consensus, but authors
typically have the maximal TR be 3–5 times the longest expected
T1, typically 8–12 s. If the investigator finds this makes the overall
study duration too long then spatial resolution can be reduced,
particularly when small focal changes are not of interest. Alterna-
tively a maximal TR of two times the longest expected T1 could be
considered, but in this case it is recommended to perform careful
simulations to ensure the propagated errors are at an acceptable
level. A special case arises in contrast agent injection studies. Here,
the distribution of the agent into the tissue of interest is quantified
by looking at the absolute change in R1 after vs before injection.
Hence, care should be taken to consider that the T1 value may be
significantly shorter after injection. It may be necessary to adopt a
different maximal TR for the pre- and postinjection scans. Contrast
agents decrease T1, hence the possible decrease in longest TR that is
afforded has the additional consequence of shortening the scan
duration. This is potentially advantageous, especially when the
dynamics of contrast agent distribution needs to be interrogated
and is slow (on the order of minutes). In this case it becomes
feasible to monitor the contrast agent distribution dynamically by
repetitively acquiring T1 maps. Temporal resolutions of under
2 min can reasonably be achieved by trading off, for example, spatial
resolution. This strategy is compatible with some contrast agent
dynamics such as in manganese-enhanced MRI [21].

The choice of the longest TR should be done in harmony with
the particular postprocessing solution that is planned. Indeed, the
dataset obtained with the longest applied TR may be used to
provide an estimate for the total equilibrium signal S1. In that
case, the mathematical problem to be solved is reduced since S1
can be inserted in the fitting equation, thereby removing a degree
of freedom and making the fit more robust. This comes at the cost
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of the necessity to acquire a scan at very long TR to ensure the
signal is close enough to equilibrium values. When such an estimate
of S1 is available, it may no longer be necessary to sample other TRs
longer than the tissue T1, concentrating instead on TR values at and
below the tissue T1 [21].

Once the largest TR to acquire has been selected, the number
of TRs should be determined. The set of TR values should span the
range of expected T1. Depending on the fitting equation that is
used, a larger number of repetition times may be required to
provide sufficient overdetermination for the fitting procedure. In
other words, there should be significantly more TRs sampled than
there are free parameters in the fitted equation. In an ideal situation
with negligible experimental noise, it may be sufficient to select
only a number of TR values equal to the number of free parameters
in the fit. However, with experimental noise, this rapidly becomes
insufficient and introduces bias into the results. Hence, when signal
to noise ratio is limited, it is recommended to acquire a larger
number of TR values. This comes at the cost of increased scan
time, since each TR is generally acquired sequentially. In saturation
recovery sequences, the fitting equation only has a limited number
of parameters (i.e., S1, R1, and maybe S0 and/or an error term);
hence, as few as four TR values are acceptable providing sufficient
signal to noise is available and sampling is appropriately selected.

In disease models the pathology evolves slowly over days or
weeks, the scan duration becomes less important, and it is possible
to increase the number of TR values to 6, 8, or even 12, although
from an ethical perspective the duration of the procedures should
always be as short as possible. The choice of TR values can even be
done a priori using Cramer-Rao lower-bound methodology. This
technique optimizes the distribution of the sampled variable
(in that case TR), for a given number of samples, an expected
noise distribution and a signal model. It was used already with
some success for cardiac T1 mapping, where it was found that at
constant number of acquired averages, increasing the SNR by
averaging a carefully selected subset of TR values could prove
beneficial relative to a set of uniformly distributed TR values
[26]. A similar approach can be proposed to optimize the repetition
times to use in kidney T1 mapping.

In typical MRI scanners, the specific TR values can be set
manually with a TR table having a user-specified number of TR
entries. Manufacturers also often provide utilities that assist the user
in prescribing the TR series. These utilities query from the user only
a minimal value, a maximal value and a number of steps, or a
minimal value, a number of steps and an estimate of the tissue T1.
These input values are then used to generate the series of TR values
to use during the acquisition.
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3.2 Recovery

Techniques:

Look-Locker

and Derivatives

3.2.1 Protocol

Description

Look-Locker (LL) is a variant of inversion recovery or saturation
recovery sequence. Data are acquired as 2D slices, and if volumetric
data are required, a stack of slices must be acquired sequentially. LL
involves sampling the magnetization using rapid, small angle imag-
ing readouts while it recovers from the inversion or a saturation RF
pulse (Fig. 3). The temporal spacing between imaging readouts
provides a rapid way to sample the longitudinal regrowth. Indeed,
each imaging shot will occur at a different time during regrowth,
hence many different recovery times can be sampled during a single
recovery event. Full longitudinal regrowth takes longer after an
inversion RF pulse than after a saturation RF pulse, however,
adopting an inversion RF pulse increases the dynamic range of the
sampled signal. Thus the choice between saturation or inversion for
the preparation of magnetization in a recovery sequence may be
dictated by the experimental necessity for short acquisition time
(for instance in dynamic experiments involving contrast agents with
rapid kinetics) or higher measurement precision.

The Modified Look-Locker Inversion Recovery (MOLLI)
sequence is an alternative when small animal renal T1 mapping is

Fig. 3 Schematic view of the look-locker inversion recovery pulse sequence (fast low flip angle spoiled
gradient echoes variant with spoiler gradient pulses omitted for simplicity). τ repetition time, Ny prescribed
number of k-space lines, Nsegments number of k space segments (acceleration factor), TI inversion recovery
time. Effective recovery times are considered at the centerline of each imaging segment. τrecovery: delay added
to enable full recovery of the longitudinal magnetization before the subsequent inversion pulse is applied. In
other variants, the fast low angle shots can be replaced by steady state free precession modules or EPI
modules (Accessory gradient lobes are not shown for clarity)
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performed using a clinical MR system. One rationale for choosing a
clinical platform for preclinical studies is the similarity between MR
protocol played out on small animals and human kidneys. MOLLI
was initially designed for myocardial T1 mapping at 1.5 T [27]. A
typical MOLLI sequence can be performed by acquiring single shot
True FISP images at different inversion times after a single inver-
sion pulse. MOLLI is routinely used clinically for T1 mapping and is
usually available on clinical MR systems equipped with a cardiac
package. The original MOLLI sequence provided by the manufac-
turers’ library is a good starting point for MOLLI optimization in
the rodent kidney. However, translating the MOLLI technique for
scanning rodent models on a clinical MR scanner requires a specific
implementation. In human, MOLLI is usually acquired in breath
hold. In rodent, a physiological monitoring system to track the
respiration and synchronize the sequence is needed (see Fig. 1).

3.2.2 Types of Readouts,

and Corresponding Specific

Points of Attention

In recovery-type sequences, several options are possible for the
imaging shots that are performed to sample the recovery period.

Fast low angle shots, where magnetization is spoiled before
subsequent RF pulses, can be used. They have the advantage of a
short TR (~3 ms) that is compatible with low flip angles (<10�)
[9]. As such, they perturb the longitudinal regrowth of the magne-
tization only to a small extent.

Balanced readouts such as steady-state free precession (SSFP)
can also be used, as they tend to yield higher signal to noise due to
the conservation of magnetization from preceding shots [28]. The
SSFP condition links the TE and TR. Because FISP involves radio-
frequency phase coherence between shots, acquisition can be true-
FISP, fid mode or echo mode. It acquires innermost the phase
encoding (in-segments), then slices, then phase encoding (seg-
ments), then (optionally) averaging. SSFP is especially sensitive to
careful shimming of the B0. The segmenting can be performed
either sequentially or by interleaving phase encode steps. The inter-
leaved mode is recommended for inversion recovery experiments.
The T1 recovery sampling must then be setup by adjusting the time
between the inversion pulse and the first imaging shot. This delay is
incompressible due to the need for stabilizing the steady state
condition of the magnetization. This is either done with a half flip
angle pulse or with a starter (dummy) sequence, at the cost of a
longer delay. Unfortunately for these reasons, the implementation
of respiratory or cardiac triggering is challenging, and it is recom-
mended to proceed by gating on the saturation or inversion pulse.

Finally, echoplanar imaging (EPI) readouts have also been
proposed in that context [6, 7, 16, 29, 30]. Although they are
quite advantageous due to their speed (in single shot EPI, a full
k-space image may be acquired after a single excitation pulse), EPI
sequences for kidney T1 mapping are vulnerable to problems asso-
ciated with EPI in general, particularly if both kidneys are to be
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assessed. In particular, the EPI train is sensitive to B0 inhomogene-
ity, which can become problematic at higher magnetic field
strengths and in large bore systems. This effect is more important
for long echo train EPIs such as single shot EPI. In this situation
there is also a long effective echo time to accommodate the train
length required by the single shot mode. This can be detrimental
because it can increase the point spread function diameter (“smear-
ing”), thus reducing the effective spatial resolution [30]. The long
echo time of single shot EPI also comes at a disadvantage in kidneys
with short T ∗

2 such as kidneys after injection of high concentrations
of contrast agents. EPI is also associated with signal dropouts and
geometric distortions at regions of strong magnetic susceptibility
gradients, which sometimes occur at the kidney edges [30].

These disadvantages can be mitigated by performing seg-
mented EPI acquisitions. In segmented EPI, full k-space acquisi-
tion is subdivided over several recovery periods, thereby enabling
for decreased echo times. Segmentation will, however, increase the
acquisition time, since full k-space coverage will be performed over
a greater number of recovery periods. Finally, EPI image quality is
also adversely affected by the presence of fat, which may be abun-
dant in some kidney disease models such as obesity-related disease
models. This can be remedied by applying fat saturation pulses [7].

3.2.3 Duration of Imaging

Readouts

The duration of the imaging readouts should be short relatively to
the duration of the recovery. This enables to interrogate precise
inversion recovery delays rather than long intervals during which
the longitudinal magnetization does vary substantially. Further-
more, short imaging readout durations are also advantageous
because more imaging shots can be positioned during longitudinal
regrowth. The increased number of data points yields better
numerical stability during the subsequent fitting procedure.

3.2.4 Number of Imaging

Readouts

The total number of imaging readouts that can be fit in a single
regrowth is limited by several factors. First, the imaging sequence
(excitation and readout) itself takes an incompressible minimum
amount of time. Second, there is a requirement to acquire full
images at each of the recovery delays. Hence, if only a single
k-space line is acquired at each recovery delay, this also means that
to acquire the appropriate number of k-space lines for image recon-
struction (e.g., 128), an equal number of saturation or inversion
recovery periods will be necessary. Since full relaxation needs to be
reached (typically 10 s or more) before the next inversion RF pulse
can be applied, this implies very long acquisition times (20 min or
more). Hence it is important to consider acceleration schemes such
as echoplanar imaging, where partial k-spaces are acquired during
the regrowth rather than single k-space lines. Finally, the image
acquisition readouts perturb the growing longitudinal
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magnetization: the application of the imaging RF pulses slightly
saturates the signal, which makes the signal regrow with a biased
apparent T1 (sometimes denoted T1*) that is different than the true
tissue T1. This effect can be mitigated by using smaller flip angles
and longer RF pulse repetition intervals. Postprocessing strategies
are also available to correct for that effect (cf. the chapter by
Garteiser P et al. “Analysis Protocols for MRI Mapping of Renal
T1”).

3.2.5 Repetition Time In saturation or inversion recovery type sequences, it is important
to distinguish the time between RF inversion pulses and the time
between imaging RF pulses. The time between saturation or inver-
sion must take into account the T1 of the kidney at the considered
field strength. A sufficiently long recovery period must be taken
into account to prevent to saturate the magnetization. Typically
inversion pulses are separated by 10 s [16, 28], 18 s [6, 7] or even
20 s [30].

The repetition time between imaging segments represents the
precision with which the inversion recovery will be sampled. If a
high accuracy is required for the T1, only short imaging segments
with a few to a single k-space line can be adopted. This will ensure
that there is only little confounding factor arising from the longitu-
dinal regrowth occurring during each imaging segment. Con-
versely if a lower T1 recovery sampling is acceptable, then imaging
can be noticeably accelerated by k-space segmenting.

3.2.6 Inversion Pulses Adiabatic passage pulses can be advantageous to ensure saturation
(adiabatic half passage) or inversion (adiabatic full passage). These
pulses maintain their rotation properties invariant to the Bþ

1 field,
provided that the pulse B1 exceeds an adiabaticity threshold. This is
of importance in the field of kidney imaging, where the presence of
intraabdominal fat can be challenging for B1 homogeneity. Hence
adiabatic RF pulses such as the hyperbolic secant RF pulse, are often
used in T1-mapping protocols, as half passage for saturation recov-
ery experiments [23, 31] or as full passage for inversion recovery
experiments [16, 30]. However, these RF pulses tend to require
long duration and RF power levels, which may not be compatible
with all RF coils, and unless provided by the manufacturer, their
frequency and phase modulation shapes may require careful design.

Generally non selective inversion RF pulses are used. Indeed,
slice selective inversion RF pulses are exposed to inflow artifacts.
Indeed, when a slice selective RF pulse is applied, the spins entering
the imaging slice via perfusion effects, have not been resonantly
exposed to the RF pulse. Hence their presence in the imaging slice
will contribute to increase on average the magnetization. This
effect will be higher if perfusion is elevated, and is in fact the basis
for FLAIR sequences. Whenever the true tissue T1 is the parameter
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of interest, perfusion becomes a confounding factor, and inflow
artifacts should be minimized. This can be achieved either by
selecting an inversion slice that is significantly larger than the
imaging slice to minimize the inflow artifact by creating a large
region adjacent to the imaging slice that the noninverted spins need
to cross before entering the imaged slice. Alternately, a nonselective
saturation pulse may be adopted. In this case, even the spins that
enter the imaging slice by perfusion during the imaging train are
inverted, and hence they will not modify the apparent tissue T1.
Some authors recommend offsetting the position of the kidney
within the radiofrequency coil to ensure that the heart is present
within the effective region of the coil, to ensure maximally inverted
spins throughout the entire body of the animal [16].

Recommended acquisition parameters are given in section
4 below.

3.3 Variable Flip

Angle Techniques

Variable flip angle (VFA) sequences vary the flip angle of the rf
excitation pulse but keep TR constant. Data can be acquired in 3D
volume, so such sequences are ideal when the entire kidney must be
sampled, for example in the case of heterogeneous or focal pathol-
ogy (Fig. 4). However, data acquisition takes longer than for 2D
sequences, and they are not robust in the presence of B1

+

inhomogeneity.
Variable flip angle sequences are usually based on spoiled gra-

dient echo sequences (fast low angle shot) [12, 32, 33], but the
same principles can be applied with UTE sequences [34]. By virtue
of their 3D nature, they are well suited for analyzing entire kidney
volumes. However, the acquisition scheme where a single angle is
acquired at a time also limits the number of different flip angle
acquisitions that can be achieved within reasonable scanning dura-
tions. A linearization of the VFA signal provides T1 estimates based
on as little as two flip angles, although this technique is prone to
noise bias. In a study at clinical field strength of 3.0 T using a wrist
coil, flip angles of 5� and 26� were proposed for a rat model of acute
kidney injury [12]. The use of VFA-based protocols for kidney
mapping is not yet widespread at higher magnetic field strengths,
but this type of sequence is applicable in other organs [34] or in
tumor models [32, 33]. VFA schemes are also prone to B1

+ field
heterogeneity. Indeed, the effectively achieved flip angle at a specific
location in the kidney is function of not only pulse amplitude, but
also the shape and electromagnetic properties of the animal, the
radiofrequency pulse design and (to a lesser extent when volume
RF coils are used for RF transmission) RF coil coverage homoge-
neity. Thus, the B1 field may require to be mapped first. For
instance a reference T1 map using a recovery-based sequence can
be obtained and then injected into the signal equation to extract
the effective flip angle [35]. Another acquisition strategy consists of
measuring the B1

+ field directly with dual angle spin echo sequence
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[36, 37]. Recommended acquisition parameters are given in sec-
tion 4 below.

4 Methods

4.1 MR

Protocol Setup

4.1.1 2D RARE VTR

in Bruker ParaVision 6

1. Use the ParaVision RARE T1 saturation-recovery METHOD
“T1map_RARE protocol” (Rat/Head/Relaxometry, or
Mouse/Head/Relaxometry).

2. Set the geometry to coronal, 58 � 58 mm FOV (rat) or
40 � 30 mm FOC (mouse). These may need adjustment in
studies on large (e.g., obese) animals.

Fig. 4 3D variable flip angle protocol. TR repetition time (maintained constant for the duration of the
acquisition), TE echo time, θ flip angle (flip angle is varied during the protocol), nPEY, nPEZ number of prescribed
phase encoding lines in the Y and Z dimensions, PE phase encoding, FE frequency encoding. While the TR is
maintained and constant during acquisition, the flip angle is varied several times until a complete dataset has
been fully acquired for each prescribed flip angle. Accessory gradient lobes are not shown for clarity. Often,
investigators need to suppress the signal from fat, in which case the hard pulse would be replaced by a
spectrally selective “soft” pulse to excite 1H2O but not C1H2 or C

1H3. During the phase-encoding (PE) step,
spatial location is encoded by incrementing X and Y gradients iX and GY multiple times nPEX and nPEY, typically
64 or 128. During this period magnetization is prephased using the Z gradient GZ, so that a gradient echo may
be formed by inverting the polarity of the gradient, yielding a return to phase at TE at the mid-point of the
gradient echo. TE is set as short as possible, typically ~2–3 ms, in order to avoid T2* weighting, and to
minimize total acquisition time. Practically, this is limited by the specification and performance of the gradient
coils and amplifiers available to the investigator. TR is also set as short as possible, ~5 ms, in order to
minimize the overall acquisition time
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3. Set the matrix size to 128 � 128; if acquisition length is too
large, you may decrease the phase encoding resolution.

4. Use a single 90� 1.16 mm slice selection (optionally, apply
spectrally selective fat suppression).

5. Select an180� train RARE factor 8, matching pulse bandwidths
of 90� and 180�, effective TE 30 ms, echo spacing 7.5 ms.

6. Set five dummy scans; no signal averaging.

7. Set TR¼ 5500, 2000, 1200, 750, 500, 300, 200, and 100 ms.

8. A manufacturer-provided macro is available for data
processing.

4.1.2 Inversion Recovery

Sequence in Bruker

ParaVision 6

1. Use the ParaVision Fluid-Attenuated Inversion Recovery
(FLAIR) method using only the global inversion mode (Fair-
Mode set to Nonselective), using Flow-sensitive Alternating
Inversion Recovery FAIR-RARE or FAIR-EPI Bruker
methods.

2. Set the geometry to axial or coronal, 58� 58 mm FOV (rat) or
40 � 30 mm FOV (mouse). These may need adjustment on
large (e.g., obese) animals.

3. Use a single 1 mm slice selection.

4. Set the matrix size to 128 � 128 matrix; if acquisition is too
long, you may diminish the spatial resolution and adopt partial
Fourier acceleration.

5. Set an TE of 36 ms (FAIR-RARE) or longer (FAIR-EPI).

6. Set the inversion pulse properties to calculated, as this provides
a full passage adiabatic pulse with appropriately good flip angle
homogeneity.

7. Use 21 inversion times starting at 30 ms with increments of
200 ms (to be adapted to the particular study at hand).

8. Select a recovery time of 10 s or greater.

9. Adjust the number of averages based on the available scan time.

10. In case of EPI usage, a careful shimming of B0 is paramount.
The manufacturer-recommended method is MapShim using
an ellipsoidal shim volume, in which a B0 map is measured
(accessible in the adjustments platform) and used to correct
the B0 with the shims coils available on the system.

11. A manufacturer-provided macro is provided for data
processing.

1. Install rat in a wrist coil with conventional pressure pad to
monitor breath rate. Figure 1 illustrates a dedicated small
animal SA Instruments system connected to a Siemens clinical
MR system.
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4.1.3 Modified

Look-Locker Inversion

Recovery (MOLLI) [27]

Sequence for Rats

on a Siemens Clinical

Scanner

2. Load the MOLLI sequence provided by the MRI system. The
original MOLLI 3(3)3(3)5 scheme can be applied for kidney
imaging. In this sampling scheme, multiple images are acquired
at 11 time points on the recovery curve, with three inversions
with slightly shifted inversion times, enabling a pixel-based T1

quantification.

3. Start TI at 117ms with TI increments (ΔTI) between inversion
of 80 ms.

4. The slice thickness and in-plane resolution are particularly
important to avoid partial volume effects. Use a slice with the
lowest thickness and the highest in-plane resolution allowed by
the MR system typically resulting voxel size around
0.7 � 1.1 � 3.5 mm at 3 T.

5. Set TR/TE around 711/1.09 ms.

6. Set flip angle from 28� to 35� (default flip angle of 35�) T1 map
relies on kidney being aligned between all TI images. As a
consequence it is important to provide an additional motion
correction method to mitigate residual respiratory motion. It is
recommended to perform at least a rigid registration algorithm
between images from various inversion times before the pixel-
wise analysis of the relaxation curve (cf. the chapter by Gartei-
ser P et al. “Analysis Protocols forMRIMapping of Renal T1”).
Some vendors proposed on line motion correction algorithm,
such as MOCCO from Siemens, during the reconstruction
process.

4.2 Calibrated

Phantom Acquisitions

1. Construct or procure a set of filled nickel/agarose phantoms
without air bubbles. Each phantom should use a vial appropri-
ate for the size of the animal abdomen (e.g., 25 mm diame-
ter � 40 mm high for a mouse or 50 mm diameter � 80 mm
high for a rat). Use 2% agarose, and a different concentration of
nickel chloride in each phantom. Suitable nickel concentrations
are 0 mM, 0.5M, 1mM, 2mM, and 4mM: 8mM, and 16mM
can be added if very short T1 values are expected (e.g., in
DCEMRI). Add a preservative, such as 0.05% sodium azide,
and seal.

2. Measure T1 for each phantom using the method of Subheading
4.3 and the chapter by Garteiser P et al. “Analysis Protocols for
MRI Mapping of Renal T1.” Repeat the measurements on a
different day. Temperature should be controlled carefully, for
instance by isolating the T1 phantom in an ice–water mixture,
or by inserting the phantom in a larger structure with high
thermal inertia and preequilibrated at the target temperature.

3. In consultation with a professional statistician, calculate the
repeatability and ensure the sample size is adequate to test the

Renal T1 Mapping: Experimental Protocol 399



hypothesis of interest. From an ethical perspective, this is man-
datory before living animals are entered into the procedures.

4. Repeat steps 2 and 3 in a group of living animals. The group
size should be determined in consultation with a professional
statistician: group sizes of between 6 and 15 are common.

4.3 Animal

Experiments

(Dedicated Small

Animal MR Systems)

1. Use a volume RF coil of suitable diameter. In dedicated pre-
clinical MRI, volume RF coils with an inner diameter of 38 mm
for mice or 72 mm for rats could be used.

2. Anesthetize the animal with isoflurane as described in the
chapter by Kaucsar T et al. “Preparation and Monitoring of
Small Animals in Renal MRI” and transfer it to the scanner.

3. Set up the temperature monitoring (rectal probe) and respira-
tory monitoring (balloon on chest) unit.

4. Perform anatomical imaging as described in the chapter by
Pohlmann A et al. “Essential Practical Steps for MRI of the
Kidney in Experimental Research.”

5. Perform localized shimming on the kidney imaging as
described in the chapter by Pohlmann A et al. “Essential Prac-
tical Steps for MRI of the Kidney in Experimental Research.”
Wherever possible, appropriate tuning and matching of the
used RF coil should be done.

6. Make sure the respiratory gating is setup properly, and that the
anesthesia is stable.

7. Ensure that B1
+ is correct, that is, that the relationship between

the RF power and the desired flip angle is known in the region
of space occupied by the kidneys. In ParaVision this is per-
formed as part of the initial sequence adjustments when the
reference pulse power is calibrated.
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