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Abstract
MRI potentially offers an alternative to CT, and thus is central to an ALARA strategy. However,
long exam times, limited magnet availability, and motion artifacts are barriers to expanded use of
MRI. This article reviews developments in pediatric body MRI that may reduce these barriers:
high field systems, acceleration, navigation, and newer contrast agents.

The Paradox
In the setting of pediatric body applications, MRI is both scarce and underutilized. This is
particularly true for younger patients who conventionally require anesthesia. The task of
obtaining an anesthesia slot (a scarce resource as well) that coincides with free magnet time
can be quite daunting. As a result, although MRI can offer excellent spatial resolution and
contrast, even an MRI enthusiast often shunts patients to CT, despite its ionizing radiation.

Ironically, MRI scanners often sit idle for significant lengths of time between cases. This is a
result of the inherent turn-around time for anesthesia. In addition, the length of time the
scanners sit idle is somewhat unpredictable. Utilization of this down-time is challenging
because often sequences in MRI have to be repeated due to artifacts. Thus, pediatric MRI is
paradoxically both an underutilized and scarce resource. However, a number of recent
developments offer hope that these challenges can be addressed. This article highlights some
of these developments.

Hardware
Higher field strength often yields higher signal to noise-ratio. Thus 3T potentially offers
two-fold SNR increase over 1.5T, [1] though this is somewhat reduced by longer T1
relaxation times. [2, 3] Although this SNR gain is valuable in adult imaging, the impact is
stronger on pediatrics. For a child being imaged without anesthesia, the signal gain may be
expended for faster imaging: 4-fold faster imaging may be obtained with the same SNR.
Thus, a 28 second breath-hold for abdominal imaging becomes 7 seconds, which is much
more reliably obtained in a child. Alternatively, for the sedated child, who is often smaller,
the signal can be used to obtain diagnostic images at higher resolution. The conventional
wisdom has been that 3T will play a limited role in abdominal imaging. This largely stems
from the adult imaging community, where the larger size of patients results in significant
dielectric shading problems. However, for most children, dielectric shading issues are
reduced.
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Along with higher field strength, a new generation of phased-array receive coils has entered
the market. Whereas prior generations of coils for body imaging typically had 8 elements,
32-channel systems are now available. [4–6] With a few exceptions [7], the current
geometries of these coils are not optimal for children, as the individual coil elements are too
large to provide adequate coil sensitivity variation over the smaller patient. Nonetheless, the
relatively reduced element sizes of high channel coils provide a further enhancement of
SNR. In fact, this SNR enhancement can equal or exceed that of transitioning to 3T [8, 9].
Alternatively, as seen below, the increased number of coils permits a degree of accelerated
imaging.

Parallel Imaging and Beyond
Parallel imaging has become a mainstream component of pediatric body MRI exams and has
been covered extensively in other articles[10]. Further, recent efforts have been devoted to
combining parallel imaging with other undersampling strategies for even higher
accelerations. These strategies include radial undersampling and model-based iterative
image reconstruction, such as compressed sensing [11, 12]. Here, we will focus on three
applications that have the strongest potential to reduce anesthesia need, depth, and duration.

Contrast-enhanced dynamic imaging
Cardiovascular, abdominal, and pelvic imaging protocols routinely incorporate dynamic
contrast enhancement sequences. These sequences must contend with fast circulatory
dynamics in children and limited breathholding capability; thus imaging speed is vital. [10,
13] Parallel imaging can largely address the encoding limitation of MRI, i.e. adequate
sampling of k-space in a short time. However, parallel imaging does not address the
compromised SNR of a short scan; this is best addressed by combining it with higher field
strength and high-density receive coils. For the unsedated child, a volumetric acquisition
using this approach can be obtained at high resolution in under 10 seconds.

Volumetric (3D) T2-weighted imaging
Conventional T2-weighted imaging employs fast spin echo techniques and requires a
lengthy repetition interval for T1 relaxation, so a 3D T2-weighted acquisition is
impractically long. However, a very long echo train can be obtained by slowly increasing
the refocusing flip angle to counters the effects of T2 relaxation. [14–18] At the same time,
the scan time of such a technique, despite the longer echo train, is still prohibitive. With
parallel imaging however, scan times for the abdomen and pelvis can be under 5 minutes.
Additionally, images can be obtained with near isotropic voxel size, permitting reformatting
of image data set in arbitrary planes and 3D reconstructions. This approach works
particularly well for the sedated child and may reduce the number of sequences in a
protocol.

Single shot imaging
The applicability of single shot imaging with T2-weighting (SSFSE, HASTE) to various
abdominal and pelvic applications has been debated. For the unsedated child, the speed of
these sequences and their robustness to motion are appealing. On the side of clear value is
cholangiography and bowel imaging. The more debatable applications include oncologic
and gynecologic. The questionable wisdom of substituting a single shot approach to T2
weighted imaging for conventional FSE sequences stems from several factors: (1) reduced
SNR, (2) blurring due to T2 decay over the long echo train, and (3) image contrast that may
be different from conventional T2. For cholangiography and bowel imaging, the long T2 of
bile/bowel lumen mitigates these issues.
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For evaluation of solid organs in the abdomen and pelvis, all of these issues may be
addressed by the combination of 3T, a good coil, and parallel imaging. In my personal
experience, adequate SNR can certainly be obtained at 3T with a 32 channel coil. Further,
these coils typically have two plates, anterior and posterior, and each plate consists of
roughly a 4x4 array. Thus, for coronal imaging, four-fold acceleration can be obtained and
the resulting echo train length is comparable to conventional FSE T2 imaging.

Navigation
Besides shortening breath-holds with sheer imaging speed, body MRI exams may be
enabled in partially cooperative patients by using navigation. Navigators are additional
echoes that measure displacements and either reject or correct data based on those
displacements, retrospectively or prospectively. [19, 20] These approaches are most
widespread for handling respiration in cardiovascular MRI. [21] In the abdomen, navigators
are most used with hepatobiliary examinations, again for mitigating respiratory motion. [22–
25] While mostly used for T2-weighted imaging, T1-weighted imaging can be navigated so
long as the navigator flip angle is kept to a minimum to avoid saturation artifacts. [26

CONTRAST AGENTS
Recently, two classes of MRI contrast agents have become available that potentially offer
some unique advantages for pediatric body imaging, though they are approved by the FDA
for adult imaging indications. One is gadoxetate disodium (Eovist), which has
approximately 50% biliary excretion and has a hepatocyte parenchymal phase of contrast
enhancement that begins about 15 minutes after administration and lasts for approximately
an hour [27, 28] The other agent is gadofosveset trisodium (Ablavar), which lasts in the
blood pool for considerably longer than conventional extracellular agents. [29–35] By
offering a longer window of imaging time, these agents enable two approaches of particular
value in pediatrics: (1) repeat scanning in the event of lack of cooperation with a breath-
hold, and/or (2) respiratory triggered or navigated free-breathing imaging.

Summary and Synergies
The developments described here synergize to broaden the applicability of MRI to pediatric
body imaging. Examples are shown in Figures 1–4. A combination of high field strength,
high-density receive coils, advanced image reconstruction methods, and new intravenous
contrast agents will permit more children to be scanned faster and with reduced use and
depth of anesthesia. This will hopefully result in diminished radiation burden from CT.
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Figure 1.
16 year old female MRI at 1.5T with an 8 channel coil. (a) Sagittal contrast enhanced MRA.
Note the limited SNR, particularly at the superior mesenteric artery (SMA, arrow) and noise
in the subcutaneous fat (circle). (b) Compressed sensing reconstruction of same data as in (a)
results in enhanced delineation of the SMA. Noise is reduced, but to a lesser degree in
regions that are at the boundaries of coil sensitivities (circle). (c and d) Zoomed coronal
reformats of of (a) and (b) respectively, showing enhanced delineation of the left renal artery
(dashed arrow). This highlights the potential of advanced reconstruction methods.
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Figure 2.
3T images with a 32 channel coil on a 5 year old female with a renal transplant. Rapid MRI
protocol consisting of volumetric T2 (a) and its axial reformat (b). Note urothelial
thickening (arrow), which can be seen in rejection, is well demonstrated even on reformats.
(c) Diffusion weighted imaging is fast (1 minute) and may be relatively motion robust as it
is a single shot EPI technique. Finally contrast enhanced images in early venous (d) and late
venous (e) phase show high resolution despite 13 second scan time. The resolution rivals
CT, as seen by zoomed sagittal reformat (f).
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Figure 3.
3T images with 32 channel custom coil sized to this 5 year old child with a fever and
abdominal pain. (a) Single shot technique with acceleration of 4 shows little blurring due to
the shortened echo train. Although fluid sensitive and with some T2 weighting, the contrast
is not identical to conventional FSE, as seen by lack of corticomedullary differentiation in
the kidneys (dashed arrow). Note pneumonia that was the source of fever (black arrow). (b)
Axial T1 volumetric imaging with navigation and without intravenous contrast shows
minimal respiratory artifact (white arrow) despite free breathing. Pneumonia was confirmed
on a chest x-ray (c). The MRI protocol consisted of a localizer and two sequences, and was
completed in under ten minutes without anesthesia or sedation. Traditionally fever and
abdominal pain would trigger a CT scan.
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Figure 4.
Blood pool agent free-breathing MRA in a 4 year old. The scan is obtained with a combined
respiratory and cardiac triggering technique. Because of the combined triggering the scan
takes five minutes, and thus requires a blood pool agent for optimal enhancement. (a)
Traditional parallel imaging reconstruction highlights lack of respiratory motion at the
diaphragm (black arrow) and cardiac motion at the left coronary (dashed arrow). Note
enhancement of the entire blood pool, including portal and hepatic veins (white arrows). (b)
Iterative reconstruction reduces the noise in the image, best seen by comparing the region in
the white circles.
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