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Abstract While there are many challenges specific to pediatric
abdomino-pelvic MRI, many recent advances are addressing
these challenges. It is therefore essential for radiologists to be
familiar with the latest advances in MR imaging. Laudable
efforts have also recently been implemented in many centers
to improve the overall experience of pediatric patients, includ-
ing the use of dedicated radiology child life specialists, MRI
video goggles, and improved MR suite environments. These
efforts have allowed a larger number of children to be scanned
while awake, with fewer studies being done under sedation or
anesthesia; this has resulted in additional challenges from pa-
tient motion and difficulties with breath-holding and tolerating
longer scan times. In this review, we highlight common chal-
lenges faced in imaging the pediatric abdomen and pelvis and
discuss the application of the newest techniques to address these
challenges. Additionally, we highlight the newest advances in
quantified imaging techniques, specifically in MR liver iron
quantification. The techniques described in this review are all
commercially available and can be readily implemented.

Introduction

Although there are many challenges specific to pediatric
abdomino-pelvic magnetic resonance imaging (MRI), many
recent advances have been made to address these challenges.
MRI is being increasingly used in assessment of pediatric
patients, and it is therefore essential for radiologists to be
familiar with the latest advances in MR imaging [1]. Many
centers have implemented measures to improve the overall
experience of pediatric patients, including the use of dedicated
radiology child life specialists, MRI video goggles, and
improved environments such as the GE Adventure Series
(GE Healthcare, Waukesha, WI) and Philips Ambient
Experience (Philips Healthcare, Best, The Netherlands)
[2–5]. These efforts have allowed a larger portion of children
to be scanned while awake, with fewer studies being done
under sedation or anesthesia; this in turn has resulted in addi-
tional challenges of patient motion, breath-holding, and toler-
ating longer scan times.

In this review, we highlight common challenges faced in
imaging the pediatric abdomen and pelvis and discuss how the
newest techniques address these challenges. Additionally we
highlight the newest advances in quantified imaging tech-
niques, specifically in MR liver iron quantification. The tech-
niques described in this review are all commercially available
and can be readily implemented.We have summarized the key
applications of these sequences in the provided table (Table 1).

Motion correction techniques

The environmental factors of a small confined space, loud
noise of the MRI scanner, and an unfamiliar setting are signif-
icant sources of anxiety in pediatric patients [6–8]. Elevated
levels of anxiety can lead to physiologic changes including
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increased respiratory rates and muscle tension [9]. It is there-
fore not unexpected to have some degree of motion, even in
the most cooperative children. This can lead to significant
image degradation from motion artifacts, especially in chil-
dren 6–10 years of age, for whom a non-sedated MRI study
is often considered. This necessitates robust T1- and T2-
weighted MRI pulse sequences that are motion-resistant. To
help mitigate motion degradation, it is important to optimize
MRI protocols, including making the appropriate adjustments
to number of signal averages, breath-hold length, and use of
respiratory gating [10]. Recent technical advances have led to
improved image quality.

T1-weighted imaging

T1-weighted imaging is critical in characterizing lesions,
assessing fat and blood products, and evaluating bonemarrow.
At most centers, conventional Cartesian T1-weighted se-
quences are used in standard pediatric abdomino-pelvic pro-
tocols. Yet traditional turbo or fast spin-echo (TSE/FSE) T1-
weighted sequences are subject to long scan times and can be
easily degraded by motion (Fig. 1). The advent of non-
Cartesian sequences such as PROPELLER (periodically rotat-
ed overlapping parallel lines with enhanced reconstruction;
GE Healthcare, Waukesha, WI), BLADE (Siemens

Healthcare, Erlangen, Germany) and MultiVane (Philips
Healthcare, Best, The Netherlands) using a radial sampling
method with rotating blades of multiple phase-encoded lines
and oversampling of the center of the k-space, and these fea-
tures have helped to correct motion artifacts to improve reso-
lution. Scan times, however, remain long with these
techniques.

TI-weighted gradient recalled echo (GRE) sequences offer
an alternative to standard TSE/FSE sequences and can be
obtainedmore quickly, thoughwith lower signal-to-noise ratio

Table 1 Recommendations for addressing common challenges in pediatric body MRI

Challenge Recommended sequence Sample parameters for 3T Notes

Motion degradation of
T2-weighted images

Non-Cartesian T2 sequence:
(e.g., PROPELLER T2)

Slice thickness: 5 mm
Interslice gap: 0 mm
FOV: 24–36 cm
TR/TE: 6,375/94 ms
Imaging plane: axial

Improved image quality at the expense
of slightly longer scan time

Motion degradation of
T1-weighted images

Non-Cartesian T1 sequence
(e.g., radial T1 GRE)

Slice thickness: 2–3 mm
Interslice gap: 1–1.5 mm
FOV: 24–36 cm
TR/TE: 2.7/1.3 ms
Imaging plane: axial

Improved image quality, but inability
to perform dynamic post-contrast
imaging given the longer
acquisition time

Inadequate arterial-phase imaging Steady-state free precession
3-D inflow inversion recovery

Slice thickness: 1.4 mm
Interslice gap: 0.7 mm
FOV: 24–36 cm
TR/TE: 3.7/1.69 ms
Imaging plane: axial or coronal

No need for breath-hold
(respiratory-gated acquisition).
Best image quality with consistent
breathing rate

Inability to administer
intravenous contrast agent

Diffusion-weighted imaging Slice thickness: 5 mm
Interslice gap: 0 mm
FOV: 34–36 cm
TR/TE: 4,100/70 ms
Imaging plane: axial

May be obtained with free breathing
or respiratory gating. B values
0–800 mm/s2

Small anatomical structures 3-D T2-weighted imaging Slice thickness: 1.4 mm
Interslice gap: 0.7 mm
FOV: 24–36 cm
TR/TE: 3,748/65 ms
Imaging plane: coronal

No need for breath-hold
(respiratory-gated acquisition).
Best image quality with consistent
breathing rate. Scan times longer
than 2-D sequences (approximately
5 min total scan time)

FOV field of view, GRE gradient recall echo, PROPELLER periodically rotated overlapping parallel lines with enhanced reconstruction, TE echo time,
TR repetition time

Fig. 1 Imaging challenge: breath-holding in a 7-year-old boy. Axial T1-
W gradient recall echo in-phase MR image demonstrates marked
respiratory motion degradation
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(SNR). Respiratory-navigated versions of this sequence are
available, such as respiratory-navigated LAVA (liver acquisi-
tion with volume acquisition; GE Healthcare; Fig. 2) [11].
This sequence aids in reducing respiratory motion and allows
for increase in overall signal, though gross patient body mo-
tion remains an issue.

Another clinically available sequence to help reduce mo-
tion artifacts is the radial non-Cartesian T1-weighted gradient
recalled echo sequence known as VIBE (volumetric interpo-
lated breath-hold examination, also known as Star-VIBE by
Siemens Healthcare) [12–14]. This sequence provides several
advantages over conventional 3-D T1-weighted GRE imag-
ing, including free breathing, motion robustness and high spa-
tial resolution [15]. In Star-VIBE, data are acquired in the
central region of k-space [16]. Radial imaging spokes are ac-
quired along the kx and ky planes while conventional sampling
occurs along the kz plane, resulting in a complete 3-D sam-
pling often referred to as the “stack of stars” [15].

Motion artifacts in conventional Cartesian k-space trajec-
tories result in ghosting artifacts in the phase-encoding direc-
tion. However for radial k-space trajectories, the motion arti-
facts are effectively spread throughout the entire field of view
(FOV). Artifacts from motion become less noticeable and
have minimal impact on quality. This sequence allows one

to scan for a longer period of time and is much less sensitive
to motion, making it ideal for use in pediatrics. Both
Chandarana et al. [12] and Roque et al. [17] have shown that
there is significantly higher image quality in using radial-
VIBE sequences over conventional VIBE in evaluating chil-
dren. Chandarana and colleagues [12] described increased
conspicuity and detection of lesions when comparing radial
VIBE to equivalent non-radial sequences. The main disadvan-
tage of Star-VIBE is that it can’t be used for performing dy-
namic contrast-enhanced imaging and thus it is limited to im-
aging in the equilibrium phase after intravenous contrast ad-
ministration. Therefore it is ideal for children who cannot
breath-hold and in situations where respiratory gating be-
comes inadequate (Fig. 3). Further research is required to
overcome the disadvantages of radial imaging. Other se-
quences such as GRASP (golden angle radial sparse parallel
MR imaging) and KWIK (k-space weighted image contrast)
are under investigation but are not clinically available [12, 15].

An additional consideration in pediatric abdomino-pelvic
T1-weighted imaging is magnetic field inhomogeneity, which
is more pronounced in the abdomen and pelvis than other
areas of the body, particularly at 3T. Smaller patient body sizes
further manifest the effect of this inhomogeneity because they
are often farther from the isocenter of the magnet, and as such
make homogeneous fat saturation with T1-weighted imaging
challenging. While use of padding or cushions to move these
small patients closer to the isocenter of the magnet can lessen
the effect, incorporation of T1 GRE Dixon fat-and-water-
separation techniques also provides more consistent homoge-
neous fat saturation (Fig. 4) and can be performed with breath-
hold or respiratory navigation [11, 18]. These techniques al-
lows for consistent, high-quality T1-weighted assessment of
pediatric abdominal pathology.

T2-weighted imaging

T2-weighted imaging is useful for characterizing lesions, de-
tecting fluid-containing structures, and assessing blood prod-
ucts. Similar to T1-weighted imaging, standard Cartesian-
based T2-weighted imaging can be performed using respira-
tory gating [19] or with breath-holds [20–22].

Also similar to T1-weighted imaging, non-Cartesian
methods are available for T2-weighted assessment in the
body, such as PROPELLER, BLADE and MultiVane [23].
These techniques allow for high-quality assessment of abdom-
inal and pelvic viscera (Fig. 5). Non-Cartesian T2-weighted
images have demonstrated equivalent to superior performance
in image quality and lesion detection in comparison to stan-
dard TSE/FSE methods [24–26]. The main disadvantage with
this technique is slightly longer scan times (approximately 3–
5 min longer on average in the author’s experience). Streak
artifacts can be noted with this technique, particularly in cases
of patient motion, and are most pronounced at the diaphragms

Fig. 2 T1-W LAVA sequence in a 12-year-old girl with elevated lipase
and chronic abdominal pain. Coronal respiratory-navigated FSPGR T1
with fat saturation (LAVA Flex) sequence demonstrates no significant
motion artifact and homogeneous fat saturation. The mucosa of the
small and large bowel is clearly seen. Note the swirl of material within
the urinary bladder (arrow). FSPGR fast spoiled gradient recalled
acquisition in the steady state, LAVA liver acquisition with volume
acceleration
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and in the bowel. The considerations between overall image
quality and the compromise of increased scan time and poten-
tial streaking artifact must be carefully weighed (Fig. 6).

Non-contrast vascular imaging

When assessing arteries, optimal timing of arterial-phase im-
aging can be technically challenging because of issues with
breath-holding, smaller arterial diameters, and low volumes of
contrast agent in small children (given weight-based dosing).
Therefore robust non-contrast methods of vascular assessment
as well as non-contrast means of evaluating inflammation and
characterizing lesions are highly valuable in pediatric MRI.
Two such methods are 3-D steady-state free precession and
diffusion-weighted imaging.

Fig. 3 T1-W VIBE imaging in a 7-year-old boy with embryonal
rhabdomyosarcoma who had routine surveillance imaging. This study
was performed without sedation but with the assistance of a child life
specialist. a Axial Cartesian T1 VIBE with fat suppression image
obtained with a 20-s breath-hold shows artifact from breathing at the
interfaces of the solid organs, particularly the liver. b Axial non-
Cartesian Star-VIBE with fat suppression image obtained during free-
breathing as a continuous acquisition over 2 min. In contrast to (a), the
Star-VIBE is motion robust, with clean margins at the edges of the liver,
spleen, pancreas and kidneys. c, d Post-contrast coronal T1-W VIBE (c)
and Star-VIBE (d) side-by-side show the superior resolution and clarity
of the structures with Star-VIBE. VIBE volume-interpolated breath-hold
examination

Fig. 4 T1-W LAVA imaging in a 16-year-old boy with known fibrolamellar
hepatocellular carcinoma. MR was obtained to assess for metastatic lesions.
Axial FSPGR (fast spoiled gradient recalled acquisition in the steady state,
LAVA Flex) obtained in late arterial phase at 3 tesla demonstrates a large
hepatic mass (arrows) with a non-enhancing central scar (asterisk). Note the
overall homogeneous fat saturation throughout the image. LAVA liver
acquisition with volume acceleration

Fig. 5 T2-W PROPELLER in a 4-year-old boy with cystic mass seen on
ultrasound. Axial PROPELLER T2-W fat-saturated image obtained at 3
tesla demonstrates a large pseudocyst in the pancreatic tail (white asterisk)
and a smaller pseudocyst in the pancreatic body (black asterisk) in this
boy with familial pancreatitis. PROPELLER periodically rotated
overlapping parallel lines with enhanced reconstruction
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3-D steady-state free precession

An additional challenge that must be considered in children is
the use of intravenous (IV) contrast agent. A number of factors
can make IV contrast-enhanced imaging difficult in pediatric
patients. Children have smaller vessels, making intravenous
access more challenging. Furthermore, with weight-based
dosing of gadolinium-based contrast agents, smaller children
require as little as 1 mL or less of intravenous contrast for
imaging. This leads to technical challenges in achieving opti-
mal timing for arterial-phase imaging. Early work with non-
contrast-enhanced MR angiographic sequences included
phase-contrast and time-of-flight imaging [27, 28]; however
these sequences are of overall lower resolution when used in
the abdomen and pelvis, with limited utility in performing
high-resolution post-processing. Furthermore, these se-
quences are more susceptible to patient motion and magnetic
field inhomogeneity [27, 28].

The use of alternative methods to achieve higher-resolution
three-dimensional (3-D) non-contrast MR angiographic im-
ages using balanced steady-state free precession (b-SSFP)
were described by Miyazaki et al. [29] as early as 2008.
More recent clinical implementation of the following se-
quences has allowed for highresolution non-contrast 3-D
MR angiographic imaging to be obtained in the abdomen
and pelvis: inhance inflow inversion recovery (IFIR) by GE
Healthcare; b-TRANCE (triggered angiography noncontrast-
enhanced) by Philips Healthcare; NATIVE (noncontrast MR
angiography of arteries and veins); TrueFISP (true fast imag-
ing with steady-state precession) by Siemens Healthcare. The
sequence is obtained with respiratory gating (avoiding the
need for breath-holding) and can be post-processed to create

high-resolution maximum-intensity projection (MIP) and 3-D
images (Fig. 7). Scan times are in the order of 3 min or less in
total. Recent studies in adults have shown equivalent diagnos-
tic capability of this sequence in comparison to CT angiogra-
phy and contrast-enhanced MR angiography [30, 31]. This
sequence is limited by inconsistent breathing rates and pat-
terns, and volumes of inspiration.

Diffusion-weighted imaging (DWI)

Diffusion-weighted imaging (DWI) takes advantage of the
differences in Brownian motion of water molecules within
various tissues [32]. Areas of high cellularity demonstrate
restricted diffusion and, therefore, hyperintense signal. The
degree of restricted diffusion is in inverse proportion to the
cellularity and membrane integrity, and it can be measured
by the apparent diffusion coefficient (ADC) [32]. DWI has
been shown to be a viable alternative to IV contrast en-
hancement for characterizing inflammation (in cases of in-
flammatory bowel disease) and detecting lesions (in the
solid organs) [33–36]. In body imaging, b values in the
range of 600–1,000 s/mm2 are typically used for assessing
inflammation and characterizing lesions (Fig. 8). The addi-
tion of lower b values (b=20–100 mm/s2) can aid both in
detecting lesions and in calculating perfusional components

Fig. 6 T2-W PROPELLER in a 13-year-old girl with family history of
Crohn disease, presenting with abdominal pain and nausea. Axial
PROPELLER T2-W fat-saturated image obtained at 3 tesla
demonstrates streak artifact (arrows), a known artifact seen in radial
blade-type imaging. This artifact is particularly prominent in moving
structures such as peristalsing bowel. PROPELLER periodically rotated
overlapping parallel lines with enhanced reconstruction

Fig. 7 Three-dimensional angiography in a 17-year-old girl with a
history of hepatitis C being evaluated for liver transplant. a Axial
source MR image of inflow inversion recovery 3-D steady-state free
precession non-contrast MR angiography sequence demonstrates
hyperintense signal within the aorta, with suppressed background signal
in the remaining tissues. b Coronal 3-D volume rendering generated on a
separate workstation from the same source data demonstrates the major
arterial structures of the abdomen. Spleen (S), right kidney (R) and left
kidney (L) are noted with major supplying arteries
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of tissue diffusion when performing bi-exponential DWI
calculations using intravoxel incoherent motion (IVIM)
[37, 38]. It must be considered, however, that each added
b value comes at the expense of additional scan time. DWI
can be performed using a free-breathing technique such as
diffusion-weighted imaging with background body signal
suppression (DWIBS), which typically uses high b values
(800–1,000 s/mm2), non-Cartesian radial technique, or a
respiratory gated multi-b value approach [39–42]. These
techniques allow for higher-signal imaging and thinner
slices to be obtained. In cases where IV access cannot be
obtained or renal function is not adequate to perform IV
contrast-enhanced imaging, DWI offers a valuable
alternative.

High-resolution post-contrast imaging

In order to achieve optimal dynamic contrast-enhanced MR
images there are tradeoffs in both temporal and spatial resolu-
tion. Having robust T1-weighted sequences is an important
precursor to further acquiring high-quality post-contrast
images.

There are a few important steps to be taken just prior to
administering IV contrast to help ensure diagnostic-quality
post-contrast T1 sequences. It is important for the child to be
adequately sedated or anesthetized just prior to the injection of
a gadolinium chelate to avoid the child awakening during the
dynamic contrast-enhanced portion. In some cases of liver
masses, an MR exam under anesthesia with intubation allows
for respiratory suspension to yield better-quality dynamic
contrast-enhanced MR imaging sequences with minimal mo-
tion artifact from breathing. Proper breath-hold techniques
should be practiced either just before the contrast injection
or in advance of theMRI examination on amockMRI scanner
or with child life experts [43]. These tactics are valuable and
helpful to ensure high-quality diagnostic studies.

Post-contrast imaging at 3T can be challenging because of
the greater number of susceptibility artifacts encountered over
imaging at 1.5T. Although in principle one would expect a
two-fold increase in SNR for a higher-field-strength magnet,
the actual SNR is less because of the longer T1 relaxation
times at 3T. Other important factors to obtain high-quality
imaging at 3Tare rapid acquisition, strong T1-weighting, high
SNR and contrast-to-noise ratio. Strong T1-weighting can be
achieved by using the shortest repetition time (TR) possible
and adjusting the flip angle, but care needs to be taken not to
exceed the specific absorption rate limits [44]. In addition,
shorter echo time (TE) values help to reduce susceptibility
artifact and may improve fat suppression [44]. However, there
are tradeoffs in using short TE and TR values because this can
result in using higher receiver bandwidth values, which can in
turn reduce overall SNR [44].

In addition to the conventional dynamic post-contrast T1-
weighted sequences, there are a few new post-contrast T1-
weighted 3-D spoiled gradient echo imaging techniques worth
discussing. These include CAIPIRINHA (controlled aliasing
parallel imaging results in higher acceleration; Siemens) and
DISCO (differential sub-sampling with Cartesian ordering;
GE Healthcare, Waukesha, WI). CAIPIRINHA enables one
to acquire a shorter breath-hold scan over conventional 3-D
T1-weighted GRE sequence using higher acceleration factors.
A detailed discussion of the physics behind these new tech-
niques is beyond the scope of this paper but has been pub-
lished elsewhere [45, 46]. Although published data show that
there is no significant difference in quality of the images be-
tween CAIPIRINHA and traditional 3-D T1-weighted GRE
(VIBE) [47], in practice this could be viewed differently. In
fact, image quality can be improved if the breath-hold is more
practical and convenient for a pediatric patient; the new tech-
nique requires 16 s for breath-hold versus 18–22 s for tradi-
tional volumetric T1 acquisition (Fig. 9). DISCO is an alter-
native method of dynamic contrast-enhanced MRI, providing
both high spatial and temporal resolution. Within one 15-s

Fig. 8 Diffusion-weighted imaging in a 14-year-old boy with
intermittent severe abdominal pain, lower abdominal pain on exam, and
concern for constipation. The boy was referred for MR enterography. a
Unexpectedly, diffusion-weighted imaging demonstrates hyperintense

signal of the appendix. b Corresponding apparent diffusion coefficient
map shows corresponding low signal, compatible with restricted
diffusion in this case of acute appendicitis
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breath hold, multiple phases can be obtained. DISCO achieves
this by using a dual-echo spoiled gradient recalled echo
(SPGR) sequence in combination with pseudo-random vari-
able density k-space segmentation and a view-sharing recon-
struction (Fig. 10). A Dixon reconstruction algorithm is used
to achieve fat and water separation (Fig. 11) [48].

High-resolution T2-W imaging

High-resolution T2-weighted FSE/TSE sequences, both 2-D
and 3-D, are important in the evaluation of the pediatric ab-
domen. In particular, 3-D T2-weighted images complement 2-
D T2-weighted sequences, which are often subject to lower
spatial resolution and low SNR [49]. The other major advan-
tage of 3-D T2 data is their utility in reconstructing any plane
using surface-shaded renderings, volume renderings or
maximum-intensity projections (MIPs).

In contrast to earlier versions, isotropic 3-D T2-weighted
SPACE (sampling perfection with application optimized con-
trasts using different flip-angle evolutions; Siemens) is a variation
of 3-D TSE sequence with a flip angle of less than 180°, which

affords a larger number of refocusing pulses per repetition time
[50]. Similar 3-D T2-weighted sequences exist with other ven-
dors (CUBE by GE Healthcare, or volume isotropic turbo spin-
echo acquisition [VISTA] by Philips Healthcare). This sequence
is advantageous because it provides overall excellent T2 signal
and higher, especially at 3T. Prior publications have shown how
3-D T2 SPACE yields superior quality imaging to traditional
TSE T2-weighted imaging and performs better at 3T versus
1.5T [50, 51]. The 3-D T2-weighted volumetric acquisition ac-
quires thin (1-mm) contiguous slices, which takes several mi-
nutes even with parallel imaging and requires use of respiratory
triggering or navigator gating when applying it in children.

The 3-D T2-weighted FSE sequence is a valuable part of the
MR urography and MR cholangiopancreatography protocols.
When imaging a dilated upper urinary tract, whether in a single
system or duplex, 3-D reconstructions clearly delineate the
course and insertion of the ureter [52]. This is particularly impor-
tant for identifying ectopic ureteral insertions, which are chal-
lenging for urologists to see at cystoscopy and therefore can
guide management [22]. The 3-D reformats are also helpful to
show the course of insertion of the ureters associated with com-
plex congenital anomalies such as cross-fused ectopia or

Fig. 9 CAIPIRINHA sequence in a 14-year-old boy with Crohn disease
and terminal ileitis. He had MR enterography at two separate time points
on a 3-T magnet. a The first MR examination was a conventional coronal
post-contrast dynamic T1-weighted VIBE with fat suppression,
performed with a 12-s breath-hold. b The follow-up exam was
performed with the newer CAIPIRINHA coronal post-contrast dynamic
T1-weighted VIBE, with an 8.1-s breath-hold. The shorter breath-hold

results in significantly improved resolution, with less artifact from
breathing and a clearer depiction of the TI inflammation (arrows). Note
the well-defined evaluation of the bowel wall of the jejunal loops in the
left upper quadrant (circle). CAIPIRINHA controlled aliasing parallel
imaging results in higher acceleration, VIBE volume-interpolated
breath-hold examination
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horseshoe kidney (Fig. 12) [22, 49]. Similar to urological work,
one can use the 3-D T2-W FSEMR images to create reconstruc-
tions of congenital abnormalities of the bile and pancreatic ducts.
This can better depict an entire lesion in one image or identify
more clearly the pancreaticobiliary junction and serve as a poten-
tial roadmap for surgery versus medical management (Figs. 13,
14 and 15).

Hepatic iron quantification

Liver iron overload can occur in conditions such as pri-
mary hemochromatosis, transfusional hemosiderosis in
children with sickle cell hemoglobinopathies, thalassemia,

Fig. 12 SPACE in a 2-year-old boy with a horseshoe kidney and
ureteropelvic junction (UPJ) obstruction in the right-side renal moiety.
MR urography was performed to identify the course and insertion of
the right moiety ureter. a Axial high-resolution T2-weighted MR
sequence with fat suppression shows the horseshoe configuration with
dilatation of the right-side moiety and UPJ. b A posterior projection of a
shaded surface display created from a 3-D T2-weighted SPACE
volumetric acquisition shows the horseshoe configuration with dilated
collecting system and the ureters from each moiety inserting
orthotopically into the bladder. SPACE sampling perfection with
application optimized contrasts using different flip-angle evolutions

Fig. 10 DISCO imaging in a 22-year-old woman post liver transplant,
with history of persistently elevated transaminases. a The woman had
difficulty suspending respiration during the 15-s breath-hold 3-D T1-W
SPGR fat-saturated (LAVA Flex) axial post-contrast sequence, resulting
in motion degradation. Following the dynamic post-contrast series, a
multiphasic respiratory-navigated 3-D T1-W SPGR (DISCO) sequence
was obtained, for a total scan time of 1 min 5 s. b A single phase of the
five phases obtained within this 1 min 5 s period demonstrates decreased
motion blurring, particularly in the hepatic vasculature. DISCO
differential sub-sampling with Cartesian ordering, SPGR spoiled
gradient recalled echo

Fig. 11 Dixon technique in a 15-year-old with with history of colectomy
for ulcerative colitis. She presented with abdominal mass, pain and fever.
High-resolution T2-weighted fast spin-echo axial MR image with Dixon
technique demonstrates a fistula in the left ischiorectal fossa (arrow) in
the girl, who was later found to have Crohn disease
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and in chronic liver diseases. Severe iron overload can
lead to cellular damage and diminished organ function
in the liver and heart. Thus methods to accurately quantify
liver iron deposition are important to allow for appropriate
clinical management. While non-targeted percutaneous
liver biopsy and estimation of liver iron concentration
(LIC) is the gold standard method of liver iron quantifi-
cation, biopsy does have limitations because of its inva-
siveness and sampling variability [53]. MRI is a very

commonly used noninvasive method of liver iron quanti-
fication because of its availability and lack of ionizing
radiation. The MRI methods include signal intensity ratio
techniques using T2- or T2*-weighted images, R2 (1/T2)
and R2* (1/T2*) relaxometry techniques, and MR
susceptometry.

The most popular of the signal intensity ratio (SIR)
methods is that of Gandon and colleagues [54], which uses a
combination of five breath-hold GRE sequences with different
T1, proton density, T2 and T2* weighting. Using their specific
parameters, LIC can be estimated. The Gandon method has
several limitations, with its accuracy being affected by mac-
roscopic field inhomogeneities and the variability of coil sen-
sitivity profiles.

The R2 relaxometry technique uses a series of single
spin echoes (SSE), each acquired after a separate excita-
tion, or by using a train of spin echoes following a single
excitation using a Carr–Purcell–Meiboom–Gill sequence
[55]. The echo times used typically range from <5 ms to
15–30 ms. R2 can be estimated by plotting the decay of
signal intensity values with TE as a mono-exponential or
bi-exponential decay. The main limitation of the R2
relaxometry method is the long acquisition time required
for R2 mapping by using SSE image sequences. The St.
Pierre method is the most popular R2 relaxometry tech-
nique based on the non-linear relationship between R2
and LIC [56]. This method was approved by the U.S.
Food & Drug Administration in 2005 and is commercially
available as FerriScan® (ResonanceHeath, Claremont,
WA, Australia). FerriScan® is robust and well validated.
The limitations, however, include the cost per study, time
of acquisition (10–20 min) and possibly the report turnover
time of approximately 2 business days.

R2* relaxometry, based on gradient echo acquisition
(to measure T2*) has the potential to overcome some of
the limitations of the R2-based techniques because it pro-
vides full liver coverage without motion artifacts in a sin-
gle breath-hold [53]. The T2* estimation method has

Fig. 13 Three-dimensional T2-WMR in a 6-year-old boy with recurrent
pancreatitis diagnosed with pancreas divisum. A shaded surface display
created from a 3-D T2-weighted dataset shows a classic pancreas
divisum, where the common bile duct is draining into the major papilla
(straight arrow) whereas the pancreatic duct is draining more superiorly
into the minor papilla (curved arrow)

Fig. 14 Three-dimensional MR cholangiopancreatography in a 17-year-
old girl with choledochal cyst. Volume-rendered image obtained from 3-
D MR cholangiopancreatography source data demonstrates fusiform
dilation of the common bile duct (C) and central intrahepatic ducts
compatible with a type IV choledochal cyst. Gallbladder (G) abuts the
dilated common bile duct

Fig. 15 Maximum-intensity projectionMR imaging in a 12-year-old boy
with recurrent pancreatitis. Coronal curved planar image of the main
pancreatic (Wirsung) duct demonstrates a focal stricture in the mid-
pancreatic body (arrows)
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become the most common quantification method. A 1.5-T
MR scanner is preferred to 3T or other field strengths,
partly because of the higher availability of 1.5T, and most
of the literature on calibration of liver iron concentration
is based on T2* values at 1.5T. There is also increased
dephasing from T2* effect and rapid loss of signal that
happens with 3T as compared to 1.5T field strength. T2*
can be obtained by performing multiple gradient echo
sequences (2-D or 3-D spoiled gradient echo) with differ-
ent TE values from 1 ms to 20 ms with a fixed TR.
Prescanning should not be performed between sequences
because the transmit-and-receive gains could change [57].
It may be necessary to use a small frequency matrix (192
or 224), fractional echo sampling, and high receiver band-
width (>100 kHz) to achieve the appropriate echo time
combination [53, 57].

A region of interest (ROI) can be placed on the same
location in the liver for the images obtained at different
TE values. The mean signal intensity value obtained can
be plotted to exhibit an exponential decay. When the nat-
ural logarithmic value of the ROI is plotted against TE
values (in milliseconds), there is a linear drop in signal
with gradual flattening of the slope because of noise. The
inverse of the slope of this plot (excluding the signal from
the background noise and ignoring the negative sign) is
the T2* value (in milliseconds). T2* value multiplied by
1,000 gives R2* (in Hertz). R2* value can be used to
calculate the iron content in the liver. One of the more
well-known and accepted methods for estimating LIC (in
mg/g dry liver weight) is that by Wood [58], Hernando
et al. [53] and Tran et al. [57], using the following equa-
tion: LIC=0.0254×R2* +0.202

The above equation has been validated for 1.5-T magnetic
field strength using imaging parameters and image reconstruc-
tion as described by Wood [58]. It has, however, been shown
that R2* at 3T magnetic field strength is two times the value
obtained at 1.5Tand therefore this can be used to also estimate
LIC on 3-T MR scanners. Nevertheless, because of the 2-
times faster loss of signal at 3T as compared to 1.5T, higher
liver iron concentration cannot be evaluated accurately, which
is even an issue at 1.5-T field strength for extreme iron over-
load. Ultrashort TE techniques can be helpful to overcome this
limitation [53, 59].

To exclude ROI signal values resulting from background
noise, only the ROI signal values in the steepest linear portion
are used for calculation of R2* value. Hepatic fat can con-
found the estimation of LIC, but it is usually not much of an
issue in the pediatric population. A typical MR protocol in-
cludes T1 in-phase and opposed-phase images to showwheth-
er there is any significant hepatic fat deposition. Using con-
sistent image acquisition protocols and T2* quantification
methods, good inter-center and intra-center reproducibility
of results can be achieved.

Summary

In this review, we have highlighted a number of techniques
that have recently been developed to address many of the
challenges encountered in pediatric abdomino-pelvic imag-
ing. These newer techniques can help pediatric radiologists
to overcome some of the challenges in clinical body MR
imaging.
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