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Abstract

Background Post-contrast T1-weighted imaging is an essen-
tial component of a comprehensive pediatric abdominopelvic
MR examination. However, consistent good image quality is
challenging, as respiratory motion in sedated children can
substantially degrade the image quality.

Objective To compare the image quality of three different
post-contrast T1-weighted imaging techniques—standard
three-dimensional gradient-echo (3-D-GRE), magnetization-
prepared gradient-recall echo (MP-GRE) and 3-D-GRE with
radial data sampling (radial 3-D-GRE)—acquired in pediatric
patients younger than 5 years of age.

Materials and methods Sixty consecutive exams performed
in 51 patients (23 females, 28 males; mean age 2.5+1.4 years)
constituted the final study population. Thirty-nine scans were
performed at 3 T and 21 scans were performed at 1.5 T. Two
different reviewers independently and blindly qualitatively
evaluated all sequences to determine image quality and extent
of artifacts.

Results MP-GRE and radial 3-D-GRE sequences had the least
respiratory motion (P<0.0001). Standard 3-D-GRE se-
quences displayed the lowest average score ratings in hepatic
and pancreatic edge definition, hepatic vessel clarity and
overall image quality. Radial 3-D-GRE sequences showed
the highest scores ratings in overall image quality.
Conclusions Our preliminary results support the preference of
fat-suppressed radial 3-D-GRE as the best post-contrast T1-
weighted imaging approach for patients under the age of
5 years, when dynamic imaging is not essential.
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Introduction

Magnetic resonance imaging (MRI) has emerged as the im-
aging modality of choice in the evaluation of many pediatric
conditions and is being increasingly used for abdominopelvic
disease processes [1]. Body MRI in children can be challeng-
ing due to the variable extent of cooperation [2]. Motion
artifacts due to patient movement can be a significant imped-
iment to acquiring clinically relevant MRI information. While
all subject populations are susceptible to such artifacts, these
problems are especially prominent in young children,
who frequently have difficulty remaining still during
the required examination time. Almost all children in
the age group of 0 to 5 years old require sedation for
abdominopelvic MR imaging [2, 3].

Post-contrast T1-weighted imaging is an important com-
ponent of abdominopelvic MRI examination and is usually
performed using three-dimensional T1-weighted gradient-
echo (3-D-GRE) sequences, which usually require a 15-20 s
breath-hold. This method is sensitive to respiratory motion
and can result in suboptimal images in patients who cannot
adequately hold their breath [4, 5]. While sedation can help to
control gross body motion artifacts, it cannot control respira-
tory motion artifacts, limiting the use of multislice T1-
weighted GRE imaging in this age group. Common motion
correction techniques, such as respiratory and navigator-
triggering, tend to disturb the steady-state magnetization char-
acteristically achieved with standard T1-weighted imaging,
which can explain the ineffectiveness with most volumetric
2-D and 3-D T1-weighted spoiled GRE imaging [6]. A recent
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report from Young et al. [7] showed the feasibility of T1-
weighted imaging with a modified 3-D-GRE sequence incor-
porating a small navigator flip angle, showing modest image
quality improvement over free-breathing acquisitions. Fur-
thermore, these techniques require additional steps in clinical
workflow and can fail in cases of irregular respiration, which
may be observed in pediatric patients [8, 9]. Previous studies
[10-13] have described the development of a single-shot 2-D
inversion-recovery magnetization-prepared gradient recalled
echo (MP-GRE) technique. This T1-weighted imaging strat-
egy is robust to motion and may be acquired in a free-
breathing manner or using motion correction techniques. Oth-
er recent studies [6, 14—18] have described a new motion-
robust free-breathing 3-D-GRE approach with radial data
sampling (radial 3-D-GRE). This sequence uses the “stack-
of-stars” scheme to acquire the k-space data. It performs
conventional sampling in the slice direction but uses radial
readouts for each partition, such that the data is acquired along
overlapping spokes or radial views [19, 20]. This sequence
has been requested as an adequate alternative for patients who
cannot suspend respiration, with potential impact on pediatric
MR imaging [6, 16].

To our knowledge, there are limited reports comparing
different T1-weighted imaging schemes in pediatric patients
[6, 16, 21]. Thus, our purpose was to assess and compare the
image quality of three different post-contrast T1-weighted
GRE imaging techniques: standard 3-D-GRE, MP-GRE and
radial 3-D-GRE acquired in pediatric patients younger than
5 years ofage at 1.5 Tand 3 T.

Materials and methods
Population

Institutional review board approval was obtained for this
retrospective Health Insurance Portability and Accountability
Act (HIPAA) compliant study and informed consent was
waived. A retrospective search for all pediatric patients youn-
ger than 5 years of age who underwent abdominal MR exam-
ination between Sept. 15, 2009, and June 30, 2010, was
performed. Only studies that included at least one of the T1-
weighted sequences: MP-GRE, Standard 3-D-GRE and radial
3-D-GRE at 1.5 T or 3 T were reviewed. During this accrual
time, all of these T1-weighted sequences were used randomly.

Sixty consecutive exams performed in 51 patients (23
females, 28 males; mean age: 2.5+1.4 years) fulfilled the
search criteria and constituted the final study population. Five
patients underwent 2 MR scans and 2 patients underwent 3
MR scans. Thirty-nine scans were performed at 3 T (17 males,
17 females; mean age: 2.4+1.6 years) and 21 scans were
performed at 1.5 T (11 males, 8 females; mean age: 2.6+
1.2 years). Ten MR exams included all three T1-weighted

sequences (n=4 at 1.5 T; n=6 at 3 T). Twenty-four MR exams
included MP-GRE and 3-D-GRE T1-weighted sequences (n=
3 at 1.5 T; n=21 at 3 T). Six MR exams included MP-GRE
and radial 3-D-GRE T1-weighted sequences at 1.5 T. Twenty
MR exams included a single T1-weighted sequence: MP-
GRE (n=8 at 1.5 T; n=10 at 3 T) or 3-D-GRE (n=2 at 3 T).

All MR examinations were obtained for clinical evaluation.
The primary indications included: neuroblastoma evaluation
and post-treatment surveillance (n=10); Wilms tumor evalu-
ation and post-treatment surveillance for renal neoplasms (n=
10); unexplained persistent fever (n=6); abdominal mass (n=
4); evaluation of liver lesion(s) (#=4); renal mass evaluation
(n=3); pancreatic disease including pancreatitis or pseudocyst
evaluation (n=3); post hepatoblastoma resection surveillance
(n=2); neurofibromatosis (n=2); post sacrococcygeal tumor
resection surveillance (n=2); liver hemangioendothelioma
surveillance (n=2); post rhabdomyosarcoma resection sur-
veillance (n=1); myofibrosis (n=1); post liver laceration eval-
uation (n=1); adrenal mass evaluation (n=1); abdominal pain
(n=1); hemorrhoids (n=1); maternal carcinomatosis (n=1);
post liver transplant surveillance (n=1); spina bifida (n=1);
choroid plexus tumor (n=1), neck mass (n=1) and elevated
liver enzymes (n=1).

We tried to adjust for different scanning times on the
qualitative image evaluation and comparisons were made with
the contrast-enhanced interstitial phase acquisition data sets
that were closest to the time of injection.

MRI technique

MR imaging was performed at 1.5 T (Avanto; Siemens Med-
ical Systems, Malvern, PA) and 3 T (Magnetom trio; Siemens
Medical Systems, Malvern, PA) MR systems using a phased-
array torso coil.

All patients underwent post-contrast imaging, which was
performed following intravenous administration of
gadopentetate dimeglumine (0.1 mmol/kg) (Magnevist; Bayer
Schering, Berlin, Germany).

Three types of post-contrast T1-weighted techniques were
used in this study: Standard Cartesian 3-D-GRE, 2-D MP-
GRE and radial 3-D-GRE. Detailed parameters of the se-
quences are shown in Table 1.

Standard Cartesian 3-D-GRE (VIBE) is a conventional and
routinely used sequence with short repetition time and the
shortest out-of-phase echo time in which central k-space lines
can be acquired volumetrically in a segmented fashion, within
the early portion of data acquisition.

Two-dimensional MP-GRE is considered a motion resis-
tance sequence in which the center of the k-space is acquired a
time TI (inversion time) after the initial non-selective 180
preparatory inversion pulse. All the lines for a given slice
are acquired after a single inversion pulse with total echo-
train duration of about 1 s to avoid respiratory motion artifacts.

@ Springer
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applicable, or increase in streak artifact. Spatial misregistra-
tion was defined as nonconformity of slice position evident by
discontinuity or overlap between abdominal structures along
the z-axis. Streak artifact arises in radial imaging when an
inadequate number of planes causes breakdown in the inter-
polation process necessary to create correct k-space, resulting
in streaking in the reconstructed image [6]. Shading artifact
was defined as nonuniformity of signal intensity throughout
the slice, mainly along the phase-encoding direction.

Overall image quality was graded on a 5-point scale
(1, poor; 2, fair; 3, good; 4, very good; 5, excellent). Overall
image quality was assessed using the following consider-
ations: image sharpness, homogeneity of signal intensity, liver
and pancreatic signal intensity, and extent of artifacts.

Statistical analysis

Kappa statistics were used to assess the interobserver agree-
ment for the independent qualitative data analysis using a
standard Landis and Koch schema [25].

For qualitative ratings of image quality, the Kruskal-
Wallis nonparametric test was used to assess statistically
significant differences among the three sequences at 1.5 T
and 3 T. For those parameters in which a statistically
significant difference in ratings was observed, a compar-
ison between pairs of sequences was then made using the
Mann—Whitney U test.

Associations were considered statistically significant if
two-tailed analyses showed a P<0.05. A Bonferroni correc-
tion for multiple comparisons (three comparisons) was ap-
plied and P<0.017 were considered statistically significant.

All statistical analyses were performed using IBM SPSS
Statistics for Mac OS X, Version 22; IBM Corp (Armonk,
NY).

Results

Kappa values for independent qualitative data analyses were
as follows: 0.41-0.60 (11%), 0.61-0.80 (33%), and >0.80
(56%), representing moderate to excellent agreement between
the two readers.

The average scores of all evaluated parameters including
artifacts and overall image quality in free-breathing 3-D-GRE,
MP-GRE and radial 3-D-GRE acquisitions at 1.5 Tand 3 T are
displayed in Tables 2 and 3. Concerning respiratory motion,
MP-GRE and radial 3-D GRE sequences had the highest
mean score ratings at 1.5-T and 3-T systems (p<0.0001)
(Fig. 1). MP-GRE sequences displayed the minimum score
ratings for misregistration (Fig. 2).

Streak artifacts were only present in radial 3-D-GRE se-
quences, with score ratings ranging from mild to absent.

Table 2 Qualitative analysis of standard 3-D-GRE, MP-GRE and radial 3-D-GRE sequences at 1.5 T

Sequences

Quality parameters

MP-GRE vs.
radial 3-D-GRE

Standard 3-D-GRE vs.
radial 3-D-GRE

Standard 3-D-GRE

vs. MP-GRE

10)

Radial 3-D-GRE

=21
) o

MP-GRE (n

=7)

Standard 3-D-GRE (n

0.772
0.17

<0.0001

<0.0001
0.272
0.012

4.89+0.32
5.00+0.00
3.67+0.76
3.33+0.84
3.89+0.67
3.89+0.76
5.00+0.00
3.61+0.85

4.95+0.23
4.84+0.37

2.5+1.16
5.00+0.00
2.92+1.07
2.78+0.97

Respiratory motion®
Misregistration®

0.710

0.018

3.61+0.82
2.81+0.89

Liver edge sharpness®

0.005

0.144
0.03

N/A

0.966
0.158

N/A

Pancreas edge sharpness®

Vessel clarity®

0.230

N/A

3.63+0.82
5.00+0.00
4.95+0.23
2.65+0.48

3.21+0.97
5.00+0.00
4.64+0.74
2.28+1.07

Streak artifacts®

Shading®

0.146 0.912

0.001

0.090

<0.0001

0.122

Overall image quality®

Results were considered statistically significant if p<0.017 (using a Kruskal-Wallis test) followed by a Mann—Whitney test with a Bonferroni correction used for statistical analysis

Values represent Mean + standard deviation

N/A not applicable

b 1, unreadable; 2, extreme blur; 3, moderate blur; 4, mild blur; 5, no blur

41, severe; 2, moderate; 3 mild; 4, minimal; 5, absent
€1, poor; 2, fair; 3, good; 4, very good; 5, excellent

(5
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Table 3 Qualitative analysis of 3-D-GRE, MP-GRE and radial 3-D-GRE sequences at 3 T

Quality parameters Sequences
3-D-GRE MP-GRE Radial 3-D-GRE 3-D-GRE vs. 3-D-GRE vs. MP-GRE vs.
(n=29) (n=37) (n=6) MP-GRE radial 3-D-GRE radial 3-n-GRE
Respiratory motion® 1.89+0.92 4.52+0.62 4.67+0.49 <0.0001 <0.0001 0.674
Misregistration® 5.00+0.00 4.64+0.53 5.00+0.00 <0.0001 1 0.024
Liver edge sharpness® 2.38+0.80 3.15+0.81 3.33+£0.98 <0.0001 0.002 0.624
Pancreas edge sharpness® 2.14+1.01 2.38+0.84 2.75+1.36 0.052 0.134 0.476
Vessel clarity® 3.07+0.97 3.75+£0.79 3.17+1.75 <0.0001 0.576 0.492
Streak artifacts® 5.00+0.00 5.00+0.00 3.33+£0.89 N/A N/A N/A
Shading® 4.44+0.57 4.61+0.59 5.00+0.00 0.062 0.001 0.048
Overall image quality® 1.66+0.75 2.61+0.88 2.75+1.54 <0.0001 0.022 0.828

Results were considered statistically significant if P<0.017 (using a Kruskal-Wallis test) followed by a Mann—Whitney test with a Bonferroni correction
used for statistical analysis

Values represent mean + standard deviation

N/A not applicable

#1, severe; 2, moderate; 3, mild; 4, minimal; 5, absent

b 1, unreadable; 2, extreme blur; 3, moderate blur; 4, mild blur; 5, no blur

1, poor; 2, fair; 3, good; 4, very good; 5, excellent

Fig. 1 MR scan of a 3-year-old
boy with history of choroid
plexus tumor performed at 1.5 T.
Post-contrast standard Cartesian
Standard 3-D-GRE (a) shows and
post-contrast radial 3-D-GRE (b)
sequences. Standard 3-D-GRE (a)
show substantial degradation due
to respiratory motion. Post-
contrast radial 3-D-GRE-image
(b) quality was significantly
better than free-breathing
standard 3-D-GRE (a)

Fig. 2 MR scan of a 3-year-old girl with history of renal clear cell contrast MP-GRE images demonstrate motion-robustness characteristics
sarcoma, post resection, performed at 1.5 T. Post-contrast MP-GRE (a) (a) with good image quality. Standard 3-D-GRE shows mild to moderate
and post-contrast standard Cartesian 3-D-GRE (b) sequences. Post- respiratory motion (b)

@ Springer
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At 1.5 T, radial 3-D-GRE sequences had significantly
higher average image quality scores ratings compared to both
3-D-GRE (p=0.001) and MP-GRE (p<0.0001) sequences. At
3 T, MP-GRE and radial 3-D-GRE sequences showed the
highest scores ratings in overall image quality (Fig. 3); the
former, statistically significant compared to 3-D-GRE
sequences (p<0.0001).

Discussion

Our study evaluated the image quality of three types of post-
contrast T1-weighted GRE sequences in sedated pediatric
patients younger than 5 years of age at 1.5 T and 3 T. To our
knowledge, this is the first study to evaluate three T1-
weighted sequences in this age group.

Our results demonstrated that good-quality post-contrast
T1-weighted imaging is achievable, and that free-breathing
radial 3-D-GRE and MP-GRE sequences in sedated children
constitute a comprehensive scanning approach with consis-
tently good overall image score ratings at both 1.5 Tand 3 T.

The parameters of image quality; including liver and pan-
creatic edge sharpness, hepatic vessel clarity, and shading
were scored higher by both readers for the MP-GRE and radial
3-D-GRE sequences than those for the standard 3-D-GRE at
both 1.5 T and 3 T. However, there was no significant differ-
ence between the former two. Three-dimensional imaging
sequences usually demonstrate diminished organ outline de-
lineation [11]. However, the better performance of radial 3-D-
GRE sequences may be related to the diminished respiratory
motion and shading effect, in addition to the use of a higher
matrix resolution.

The degradation of image quality in standard 3-D-GRE se-
quences is related to their sensitivity to respiratory motion [4, 5].
While sedation and general anesthesia can help control gross
body motion artifacts, they cannot control respiratory motion
artifacts. Decreased sensitivity to motion is a clear advantage of
radial k-space sampling in radial 3-D-GRE, and to the single-shot

Fig. 3 MR scan of a 4-year-old boy with history of alpha-1 antitrypsin
deficiency performed at 3 T. Post-contrast MP-GRE (a), post-contrast
standard Cartesian 3-D-GRE (b), and post-contrast radial 3-D-GRE (c)
sequences. MP-GRE (a) and radial 3-D-GRE (c¢) show less motion
susceptibility; however, radial 3-D-GRE (c¢) images display higher image

nature of MP-GRE [6, 10-18]. With radial 3-D-GRE, the radial
sampling pattern, in which, the readout direction is altered each
repetition, and every acquired line passes through the center of &-
space, translates into decreased motion susceptibility [6, 15, 17].
The single-shot nature of MP-GRE, where each slice is acquired
in less than 1 s, explains its resistance to movement [12]. These
advantages have been observed in prior studies [10—13].

One advantage of radial 3-D-GRE over MP-GRE is its
multislice capability without misregistration between slices.
As expected, minor misregistration of slices was mainly found
in MP-GRE sequences related to the single-shot type of the
sequence. Interestingly, the score ratings ranged between mild
and absent. We conjecture that sedated children in this age
group have more shallow respiration patterns, without signifi-
cant variations in amplitude throughout the respiratory cycle.

Streak artifacts are only found in radial 3-D-GRE sequences
[6, 15, 23] and they have the potential to degrade image quality
and obscure image details. These artifacts are caused by respi-
ratory motion, but may also result from undersampling [26],
which particularly occurs in larger patients [18]. Structures that
experience motion can also appear slightly blurry with the
radial acquisition scheme [16]. These streak artifacts in radial
3-D-GRE sequences had average ratings scores ranging be-
tween absent and mild, without significant reduction in image
quality. This may be explained by the smaller abdominal
circumference in small children compared to that of adults
and by the patients’ arms remaining outside the field of view
[18]. This observation concurs with previously published data
by Azevedo et al. [6] and Chandarana et al. [16] representing an
additional advantage of radial 3-D-GRE in pediatric imaging.
For radial acquisitions of k-space, distortions of the mag-
netic BO field and gradient fields distant from the isocenter
can cause significant streaking artifacts [26] and degrade
image quality, particularly if the excited object volume
exceeds the region of linear gradient fields along the z-
direction. One simple alternative may be the acquisition of
axial isotropic, high-resolution images allowing high-quality
multiplanar reformation [18].

quality with almost no blur along the liver and pancreatic edges. Mild
respiratory motion is noted on standard Cartesian 3-D-GRE (b) slightly
degrading image quality. This inconsistent finding may be related to a
more shallow respiration, without significant variations in amplitude
throughout the respiratory cycle

@ Springer
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The radial sampling scheme is more vulnerable to off-
resonance effects than the standard Cartesian 3-D-GRE se-
quences. Standard 3-D-GRE sequences use different readout
directions to perform k-space sampling. Strongly off-resonant
signals, like fat, cause signal blurring instead of a unidirec-
tional chemical shift; therefore, it is essential to perform radial
3-D-GRE sequences with fat saturation [16].

Despite the higher overall image quality scores of radial 3-
D-GRE in comparison with MP-GRE, they were only signif-
icant at 1.5 T. The 2-D nature of MP-GRE, along with minor
misregistration between slices, should favor the use of radial
3-D-GRE sequences for post-contrast evaluation.

One limitation of radial 3-D-GRE is the relatively long
acquisition time (64—156 s in our study). These long acquisi-
tion times of radial 3-D-GRE sequence restrict its utility in
dynamic imaging [6, 15]. Portal and equilibrium phase exam-
inations can be performed with radial 3-D-GRE sequences.
However, the acquisition of the hepatic arterial phase cannot
be achieved with the conventional approach. One option may
be the use of k-space weighted image contrast (KWIC) recon-
struction, which provides high temporal resolution by acquir-
ing undersampled data sets; permitting reduction in the num-
ber of projections and MR data acquisition time [27]. This
approach may generate reconstructed time-resolved subframe
images. However, KWIC reconstruction needs further optimi-
zation a decreasing number of views leads to streak artifacts
[15] and the temporal profile of pixels near the edges of the
lesions may be less accurate, particularly during the initial
contrast arrival period when the signal is rapidly changing [19,
27], and also may increase image blurring [15, 27]. An addi-
tional limitation of radial 3-D-GRE is that it is not yet com-
mercially available and only accessible under generalized
manufacturer research agreement; however, due to its good
image quality, our center has been using it since 2010 as the
main post-contrast T1-weighted sequence in patients with
breath-hold difficulties.

This study has some limitations related to the retrospective
nature of the study, unavailability of all three sequences in all
patients, and nonuniformity of the pediatric abdominopelvic
imaging protocols related to the lack of consensus of which
T1-weighted sequence performs better in this age subgroup.
Another limitation is the lack of liver lesion detection
and conspicuity evaluation on the tested sequences,
mainly due the follow-up nature of the treated diseases
in the majority of evaluated patients and the small
number of lesions. Based on prior reports [11, 12, 16,
18], we anticipate that detection and conspicuity of liver
lesions on pre- and post-contrast MP-GRE and radial 3-
D-GRE will be satisfactory, and improved compared to
free-breathing standard 3-D-GRE.

Another possible limitation is the noninclusion of con-
trolled apnea T1-weighted imaging approach, in which high
image quality is expected with standard 3-D-GRE sequences
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due to the arrest of the mechanical ventilation in anesthetized
children during the acquisition of the sequence [28]. This
approach was deliberately excluded from our study due to
the paucity of patients undergoing this imaging approach and
our choice to focus on sequences that can be easily translated
for daily clinical practice. This choice is based on the logistical
problems associated with the procedure and greater risks
associated with general anesthesia compared to sedation.

Another limitation is related to the remote period of data
collection, during which three different T1-weighted sequences
were randomly at use at both 1.5 T and 3 T systems, including
standard 3-D-GRE, radial 3-D-GRE and MP-GRE sequences.
To our knowledge, these are still the same sequences currently
at use and with the same level of development.

Conclusion

The improved T1-weighted image quality of MP-GRE and
radial 3-D-GRE acquisitions showed that respiratory motion
of sedated young children can be overcome. Our results
support the preference of radial 3-D-GRE as the best post-
contrast T1-weighted imaging approach for patients younger
than the age of 5 years.
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