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Abstract

Background Conventional chest and abdominal MRI require breath-holds to reduce motion artifacts. Neonates and infants
require general anesthesia with intubation to enable breath-held acquisitions.

Objective We aimed to validate a free-breathing approach to reduce general anesthesia using a motion-insensitive radial
acquisition with respiratory gating.

Materials and methods We retrospectively enrolled children <3 years old who were referred for MRI of the chest or abdo-
men. They were divided into two groups according to MRI protocol: (1) breath-held scans under general anesthesia with
T2-weighted single-shot fast spin-echo (SSFSE) and contrast-enhanced T1-weighted modified Dixon, and (2) free-breathing
scans using radial sequences (T2-W MultiVane XD and contrast-enhanced T1-W three-dimensional [3-D] Vane XD). Two
readers graded image quality and motion artifacts.

Results We included 23 studies in the free-breathing cohort and 22 in the breath-hold cohort. The overall imaging scores
for the free-breathing radial T2-W sequence were similar to the scores for the breath-held T2-W SSFSE sequence (chest, 3.6
vs. 3.2, P=0.07; abdomen, 3.9 vs. 3.7, P=0.66). The free-breathing 3-D radial T1-W sequence also had image quality scores
that were similar to the breath-held T1-W sequence (chest, 4.0 vs. 3.0, P=0.06; abdomen, 3.7 vs. 3.9, P=0.15). Increased
motion was seen in the abdomen on the radial T2-W sequence (P<0.001), but increased motion was not different in the chest
(P=0.73) or in contrast-enhanced T1-W sequences (chest, P=0.39; abdomen, P=0.15). The mean total sequence time was
longer in free-breathing compared to breath-held exams (P<0.01); however, this did not translate to longer overall exam
times (P=0.94).

Conclusion Motion-insensitive radial sequences used for infants and neonates were of similar image quality to breath-held
sequences and had decreased sedation and intubation

Keywords Abdomen - Anesthesia - Breath-holding - Chest - Children - Infants - Magnetic resonance imaging - Radial -
Sedation

P4 Lorna P. Browne
lorna.browne @childrenscolorado.org

Introduction

Department of Radiology, Section of Pediatric Radiology,
Children’s Hospital Colorado,

University of Colorado Anschutz Medical Campus,

13123 East 16th Ave., Aurora, CO 80045, USA

Philips Medical Systems, Best, the Netherlands

Department of Pediatrics, Section of Neonatology, Children’s
Hospital Colorado, Aurora, CO, USA

Division of Pediatric Anesthesiology, University of Colorado
Anschutz Campus, 13123 East 16th Ave., Aurora, CO 80045,
USA

Department of Bioengineering, University of Colorado
Anschutz Medical Campus, Aurora, CO, USA

@ Springer

Pediatric chest and abdominal imaging have traditionally
required breath-holding to mitigate image degradation that
can result from respiratory motion. Because volitional breath-
holding is not usually possible in young children, anesthesia
is often necessary [1, 2]. Many children need multiple MRIs,
each involving additional exposure to general anesthesia. With
the increased awareness of potential neurocognitive effects of
anesthesia on the developing brain of infants and children, sig-
nificant efforts are ongoing to reduce the need for anesthesia
in this vulnerable population [2—12]. The obstacles to adapta-
tion of free-breathing techniques in this population include
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high respiratory rates and a smaller field of view, which can
result in undesirable signal-to-noise ratio. Recent advances in
MRI technology, including multi-channel pediatric coils, faster
three-dimensional (3-D) volumetric acquisitions with parallel
imaging and compressed sensing, and more robust methods
of respiratory compensation, have enabled the possibility to
eliminate breath-holding and consequently reduce the dura-
tion, degree and overall use of anesthesia [13—15].

Most of the current focus on pediatric MR imaging is
directed at accelerating imaging times by using techniques
such as variable refocusing flip angles, partial Fourier tech-
niques or novel k-space encoding trajectories [16—18]. The use
of motion-insensitive radial acquisitions might reduce image
artifacts, need for breath-holding and hence anesthesia in this
patient population. For example, techniques such as periodi-
cally rotated overlapping parallel lines with enhanced recon-
struction (PROPELLER, or MultiVane XD; Philips Health-
care, Best, the Netherlands) uses a modified radial k-space
encoding pattern to mitigate motion artifacts [19]. MultiVane
XD is commercially available and thus easily implemented in
the clinical setting but is only applicable to two-dimensional
(2-D) acquisitions. In addition, 3-D radial k-space trajecto-
ries, such as 3-D Vane XD on the Philips platform, are often
used to encode k-space using radial spokes in a stack-of-stars
sampling scheme, enabling 3-D approaches that are robust to
motion [20].

In attempts to introduce free-breathing algorithms, we have
experimented with free-breathing modifications to Cartesian
sequences, but these modifications were at the sacrifice of
image quality to a degree that prohibited widespread imple-
mentation. Prior studies have shown improved image qual-
ity and robustness to motion with radial approaches in adults
[21-28]. Given promising adult studies and in the pursuit of
high-quality free-breathing pediatric acquisitions, in 2019 our
institution began investigating the use of free-breathing radial
MRI sequences to reduce the number of children undergoing
general anesthesia. As a result, our conventional breath-hold
T1-weighted modified Dixon (mDixon) and T2-W single-shot
fast spin-echo (SSFSE) acquisitions were replaced with a res-
piratory-navigated stack-of-stars mDixon approach (3-D Vane
XD) and respiratory navigated T2-W PROPELLER (Multi-
Vane XD) sequences. Our hypothesis was that the introduc-
ing these free-breathing radial sequences in our youngest MRI
body patients could facilitate a reduction in the need for gen-
eral anesthesia while maintaining diagnostic imaging quality.

Materials and methods
Study cohort and imaging

Our institutional review board approved this study under
an existing approval for imaging studies related to quality

improvement by the Colorado Multiple Institutional Review
Board (COMIRB). We had a waiver of consent for this ret-
rospective study.

We selected neonates and infants from consecutive clini-
cally indicated MRI exams between 2017 and 2020, a time
period that included 18 months before and after the introduc-
tion of the free-breathing radial sequences. Exams were per-
formed on 1.5-tesla (T) or 3-T Ingenia or Elition X systems
(Philips Healthcare). Inclusion criteria were children ages
3 years or younger undergoing MRI chest/abdomen exami-
nations with axial fat-saturated T2-W and axial post-con-
trast (approximately 60 s after gadolinium administration)
T1-W imaging. Additional sequences or planes performed as
part of the child’s indication-driven MRI protocol were not
evaluated in this study. Children who only had non-contrast
exams were excluded. We divided children into two com-
parison cohorts:

Cohort I (breath-hold Cartesian sequences) included chil-
dren and infants (36 months and younger) who underwent
an MRI of the chest or abdomen and had T2-W and con-
trast-enhanced T1-W imaging with SSFSE and mDixon
techniques and sequential breath-holding (n=22). There
were 9 chest examinations and 13 abdomen examinations
in this cohort.

Cohort 2 (free-breathing radial sequences) included age-
matched children and infants who underwent MRI of
the chest or abdomen with both MultiVane XD (radial
T2-W) and contrast-enhanced 3-D Vane XD (3-D radial
with 160% radial coverage/116 phase encoding steps)
sequences performed using respiratory navigation
(n=23). There were 11 chest examinations and 12 abdo-
men examinations in this cohort.

Scan parameters are shown in Table 1 and patient demo-
graphics in Table 2.

Image interpretation and scan time computation

Qualitative imaging scoring of all children was performed
by two pediatric radiologists (L.P.B., with 15 years of
experience, and L.J.M., with 6 years of experience). MRI
examinations were deidentified and reviewed indepen-
dently in randomized order. The radiologists were blinded
to the underlying diagnosis, imaging report and previous
MRI examinations, as well as breath-held vs. free-breathing
technique. They evaluated images for visualization of pre-
defined anatomical features and the presence of artifacts.
Qualitative image scores were based upon the clarity of the
features of five thoracic anatomical landmarks (pulmonary
arteries, trachea and mainstem bronchi, lung parenchyma,
thymus and spinal cord) and five abdominal anatomical
landmarks (portal veins, diaphragmatic crura, pancreas,
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Table 1 Magnetic resonance imaging (MRI) sequence parameters

MRI parameters T2-weighted sequences

Contrast-enhanced T1-W sequences

Single-shot fast spin  Radial (MultiVane XD) Modified Dixon 3-D radial
echo (3-D Vane XD)
Voxel size (mm) 1.4x1.4x3 1.3x1.3x3 1.2x1.2x2 1.2x1.2x1.3
Field of view (cm) 20 20 20 20
TR/TE (ms) 1,000/70 1,860/80 3.711.9 5.7/1.9
Flip angle (°) 90 90 10 10
Number of averages 1 1-2 1 1
Parallel imaging (freq/phase) 1.71 2/1 None 171
Respiratory motion compensation Breath-hold Respiratory navigator Breath-hold Respiratory navigator
technique
Median scan time (s) 37 168 9 113

freq frequency, TE echo time, TR repetition time

Table 2 Patient demographics,

c . Breath-hold (n=22) Free-breathing (n=23) P-value®
examination and anesthesia
status Age 0.06
Age (y) 1.8+1.2 1.1+1.0
Range (y) [0.1-3.0] [0.01-3.0]
Gender, female 7 (31.8%) 15 (65.2%) 0.06
Indication 0.34
Tumor 10 (46.5%) 11 (47.8%)
Vascular malformation 7 (31.8%) 7 (30%)
Button battery ingestion 5(22.7%) 2 (9%)
Other 3 (13%)
Field strength, 3 T 14 (63.6%) 20 (87%) 0.07
Body part 0.87
MRI chest exam 9 (40.9%) 11 (47.8%)
MRI abdomen exam 13 (59.1%) 12 (52.2%)
Patient status, inpatient 5(22.7%) 8 (34.8%) 0.57
Anesthesia 0.001
General anesthesia with ETT 22 (100.0%) 3 (13.0%)
Sedation with nasal cannula 0 (0.0%) 12 (52.2%)
Sedation LMA 0 (0.0%) 3 (13.0%)
Feed and swaddle 0 (0.0%) 5(21.7%)

ETT endotracheal tube, LMA laryngeal mask airway, y years

4P<0.05 is significant (bold)

adrenal gland and spinal cord) using a 5-point Likert scale (1
= not distinguishable, 2 = limited visibility, 3 = diagnostic
visualization, 4 = good feature clarity, 5 = excellent feature
clarity). The readers evaluated all images for the presence of
motion artifacts based on a different 5-point Likert scale (1
= motion limiting assessment of most structures, 2 = motion
limiting assessment of 3 or more structures, 3 = artifacts
limiting assessment of 1-2 structures, 4 = minimal detect-
able artifacts, 5 = no detectable artifact). We determined
an overall imaging score (1-5) based upon the means of
anatomical and motion scores.

@ Springer

We calculated scan and sequence times from the Digital
Imaging and Communications in Medicine (DICOM) header
data and compared the mean and ranges across both cohorts
in the following manner:

(1) Total exam time was calculated as the entire duration of
the MRI examination from start to finish and included
time for repeat sequences or patient adjustments.

(2) Total sequence time represented the sum of all the
individual sequence times sent to the picture archiving
and communication system (PACS) for the examina-
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tion (this included all other sequences that were col-
lected during the child’s exam and included diffusion-
weighted imaging and additional sequence planes that
varied among the indication-based protocols). The
total sequence time did not include time spent between
sequences for technical setup, adjustment of patients/
coils, sequences that were stopped before completion
and not archived, and time for contrast or other medica-
tion administration between acquisitions (unlike total
exam time).

(3) Individual sequence times were calculated for the axial
T2-W and contrast-enhanced T1-W acquisitions and
compared.

Statistical analysis

We used a Shapiro-Wilk test to test for normal distribution
of the data. In cases with normal distributions, we sum-
marized data by mean + standard deviation; otherwise we
summarized the data as median (interquartile range). For
categorical variables, we used the Pearson chi-square test;
for continuous variables, we used a Wilcoxon rank sum test
to test the null hypothesis that there were no significant dif-
ferences between the free-breathing and breath-held acqui-
sitions. A P-value of less than 0.05 was considered statisti-
cally significant. We used the Cohen kappa coefficient to
assess the interclass correlation coefficient (ICC) with the
following scale of agreement: almost perfect (0.8—1.0), sub-
stantial (0.6-0.8), moderate (0.4-0.6), fair (0.2-0.4), slight
(0.0-0.2) and poor (<0.0).

Results

Patient demographics are summarized in Table 2, with the
most frequent clinical indications being mass (n=21), or
vascular malformations (n=14) and button battery inges-
tion (n=7). In terms of body part, there were comparable
numbers of chest and abdomen examinations across both
groups (chest free-breathing 40.9% vs. chest breath-hold
47.8%). With regard to anesthesia and sedation techniques,
the 22 breath-hold patients (including 4 neonates) all under-
went MRI following general anesthesia with endotracheal
intubation. Of the 23 children in the free-breathing radial
group, 5 were neonates (<3 months of age) and were fed
and swaddled for their MRI, 15 infants were sedated with
intravenous propofol without endotracheal intubation and
3 infants underwent general anesthesia with endotracheal
intubation for a combined MRI and surgical procedure.
There was a total of 535 anatomical landmark scores
across both cohorts. The average score between the two
readers is tabulated in Table 3 and summarized next.

Chest

Representative images for free-breathing and breath-held
chest exams are shown in Fig. 1 along with their corre-
sponding overall scores. Graphical and tabular summaries
of the chest scores for T1-W and T2-W imaging are shown
in Fig. 2 and Table 3. Both T2-W SSFSE and radial T2-W
sequences performed well in their cohorts (overall mean
imaging scores >3), with insignificant but higher overall
imaging score observed with the radial T2-W sequence as
compared with the T2-W SSFSE sequence (3.6 compared
with 3.2, respectively, P=0.07). For the individual anatomi-
cal landmark scores, the trachea and lungs were significantly
better visualized with the radial T2-W sequences (P=0.04
and P<0.01, respectively). For the contrast-enhanced
T1-W sequences, there were also higher overall scores in
the free-breathing cohort, but this did not reach statistical
significance (4.0 compared with 3.0, P=0.06). The thymus,
lungs and pulmonary arteries were all significantly better
visualized on the 3-D radial sequence (P=0.02, P=0.03 and
P=0.005, respectively). No thoracic structures were better
visualized on either breath-held T1-W or T2-W sequences.
There was also no significant difference in motion artifacts
between sequences (P=0.39 for T1-W and P=0.73 for T2-W
images).

Abdomen

Representative images for free-breathing and breath-held
abdomen exams are shown in Fig. 3. Abdomen scores for
T1-W and T2-W imaging are shown in Fig. 4. For the T2-W
sequences, there was no significant difference in the over-
all imaging scores (T2-W SSFSE mean 3.7 compared with
radial T2-W mean 3.9, P=0.66). For the individual land-
marks, the adrenal gland was the only structure that was
significantly better visualized on the radial T2-W sequences
(P<0.01). For the contrast-enhanced T1-W sequences,
although there was no significant difference in the overall
imaging scores between the two cohorts, or among the indi-
vidual anatomical landmarks, the pancreas was better visu-
alized on the T1-W mDixon than the 3-D radial (P=0.03).

Artifacts encountered were low in incidence for both
cohorts (mean motion artifact score was greater than 3.8 for
both cohorts) with significantly increased motion artifacts
encountered on the abdomen T2-W radial sequences (T2-W
SSFSE mean of 4.7 compared with T2-W radial mean of
4.0, P<0.001).

Neonates
We performed a sub-analysis of the small number of

neonatal exams, and representative images are shown in
Fig. 5. The overall imaging score for the feed-and-swaddle

@ Springer
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Table3 Mean + standard
deviation of scores between

Sequences and ana-  Abdomen

Chest

" tomical landmarks
readers as a function of exam

Breath-hold

Free-breathing  P-value® Breath-hold ~Free-breathing  P-value®

sequence and anatomical (n=13) (n=12) (n=9) (n=11)
landmark®

T2-W
Motion artifact 4.7+£0.7 4.0£0.6 <0.001 3.6x1.1 3.7+1.0 0.73
Main portal vein ~ 4.0+0.9 4.5+0.4 0.18
Diaphragmatic 4.0£0.6 3.9+04 0.49
crura
Pancreas 3.4+0.8 3.4+0.6 0.87
Right/left adrenal 2.4+0.8 3.5+£0.7 <0.01
Spinal canal 3.8+0.9 4.0+0.5 0.45 3.5+0.9 3.5+1.0 0.90
Pulmonary arter- 3.0+0.8 3.5+0.9 0.23
ies
Trachea 3.2+0.6 3.8+0.6 0.04¢
Lungs 2.7+0.6 3.4+0.4 <0.01
Thymus 3.7+0.8 4.0+0.5 0.37
Overall 3.7+0.5 3.9+0.3 0.66 3.2+04 3.6+0.5 0.068

Contrast-enhanced T1-W
Motion artifact 4.3+0.6 3.8+0.8 0.15 3.0+1.8 4.0+0.7 0.39
Main portal vein ~ 4.7+0.6 4.2+0.8 0.06
Diaphragmatic 4.5+0.5 4.3+0.7 0.46
crura
Pancreas 3.5+0.6 3.0+0.6 0.03¢
Right/left adrenal 3.6+0.6 3.9+0.9 0.23
Spinal canal 3.5+0.7 3.4+0.6 0.56 3.2+1.1 3.4+0.4 0.74
Pulmonary arter- 2.7+1.3 4.5+0.7 <0.01
ies
Trachea 3.6+0.7 4.1+0.2 0.10
Lungs 3.1+0.9 3.8+0.3 0.03¢
Thymus 3.1+14 4.6+0.5 0.02
Overall 4.0+0.4 3.6+0.8 0.16 3.0+1.1 4.0+0.3 0.06

#Values shown are the average of the two readers

P<0.05 is significant (bold)

“Indicates where statistical power is below a threshold of 80% as determined by cohort sample size

examinations using radial T2-W sequences was not sta-
tistically different from either the total breath-hold group
(encompassing all ages) (T2-W SSFSE mean of 3.3
compared with radial T2-W mean of 3.8, P=0.06) or an
age-matched group of breath-held neonates (P=0.15).
Similarly, there was no difference in the overall imaging
scores in the feed-and-swaddle contrast-enhanced T1-W
sequences using 3-D radial imaging from the breath-
held T1-W sequence (T1 mDixon mean of 3.5 compared
with 3-D radial mean of 3.8, P=0.20) or the age-matched
breath-held neonates (T1 mDixon mean of 2.9 compared
with 3-D radial mean of 3.8, P=0.07). Motion artifact
scores across the age-matched groups were also not sig-
nificantly different for the T2-W sequences (T2-W SSFSE
mean of 4.0 compared with radial T2-W mean of 3.6,
P=0.30) or for the contrast-enhanced T1-W sequences

@ Springer

(T1-W mDixon mean of 4.3 compared with 3-D radial
mean of 4.2, P=0.70).

Interobserver variability

Cohen kappa for the intraclass correlation coefficient (ICC)
between the two observers across the range of 535 anatomi-
cal landmark scores was 0.69 (95% confidence interval [CI]
= 0.60, 0.77), indicating substantial agreement. Online Sup-
plementary Material 1 shows the Cohen kappa as a function
of anatomical landmark.

Exam time
As expected, the free-breathing T1-W and T2-W sequences

took longer to acquire than their breath-hold comparisons;
the median acquisition time of the T2-W radial sequences
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Fig. 1 Chest imaging examples
and their scores. a Free-
breathing axial radial T2-W
fat-saturated MRI performed
with intravenous sedation in

a 7-month-old girl follow-

ing button battery ingestion.
The overall imaging score for
the T2 sequence was 4.6. b
Breath-held axial T2-W single-
shot fast spin-echo (SSFSE)
MRI performed with general
anesthesia in a 6-month-old
girl with vascular malforma-
tion (VM). The overall score
for the T2 sequence was 3.8. ¢
Axial contrast-enhanced T1-W
3-D radial MRI performed with
intravenous sedation in same
infant as (a), with an overall
imaging score of 4.6. d Breath-
held axial T1-W modified Dixon
MRI performed with general
anesthesia in same infant as (b).
The overall imaging score was
4.2. FS fat saturated

T2 Weighted FS, Chest T1 Weighted FS, Chest
a . . ‘ b ‘ ‘ .
spinal.canal spinal.canal
breathhold breathhold l
pulmonary.arteries pulmonary.arteries
breathhold I breathhold
reepreanne I . respreaine _
>
o trachea trachea
=]
L breathhold breathhold .
©
(8]
=
£
§ freebreathing - freebreathing .
%]
lungs lungs
breathhold breathhold l
freebreathing freebreathing
thymus thymus
breathhold - breathhold - -
freebreathing - freebreathing _
T T T

50% 0 50% 50% 0 50%
Percentage Distribution of Scores (centered on ‘diagnostic') Percentage Distribution of Scores (centered on ‘diagnostic')
not distinguishable B limited visability " diagnostic visualization  good feature clarity " excellent feature clarity Bl not distinguishable Bl limited visability ""| diagnostic visualization  good feature clarity | excellent feature clarity Bl

Fig.2 Scoring distribution for chest imaging. a, b Graphs show scoring distribution of T2-weighted (a) and T1-weighted (b) MRI individual
landmark scores as a function of the percentages of all scores

was 2.1 min longer than the median of the breath-hold  cases is shown in Table 4 and Fig. 6. In summary, the
T2-W sequences, and the median acquisition time of the =~ mean total exam time for free-breathing studies was not
3-D radial sequences was 1.7 min longer than that of the  significantly different from the mean in breath-hold stud-
breath-hold T1-W sequences (Table 1). The distribution of ~ ies (P=0.94). Sub-analysis of the exam types found that
overall exam times for the free-breathing and breath-hold  the neonatal group with feed-and-swaddle (n=5) technique
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Fig.3 Abdomen imaging examples and their scores. a Free-breathing
axial radial T2-W MRI with fat saturation performed with intrave-
nous sedation in a 24-month-old boy shows a dilated intrahepatic duct
(arrow). The overall imaging score for the T2 sequence was 4.6. b
Breath-held axial T2-W single-shot fast spin-echo (SSFSE) MRI per-
formed with general anesthesia in a 29-month-old boy with lipoblas-

a T2 Weighted FS, Abdomen

portal.vein

breathhold

freebreathing

diaphragmatic.crura
breathhold

freebreathing

pancreas
breathhold

freebreathing

Scoring Category

right.left.adrenal

breathhold

freebreathing

spinal.canal

breathhold

freebreathing

T T
50% 0 50%

Percentage Distribution of Scores (centered on 'diagnostic')

not distinguishable [l limited visability [ diagnostic visualization  good feature clarity {11 excellent feature clarity lll

toma and retroperitoneal and subcapsular hepatic metastases (M). The
imaging score for the T2 sequence was 3.8. ¢ Axial contrast-enhanced
T1-W 3-D radial MRI performed with intravenous sedation in same
infant as (a), with an imaging score of 4.6. d Breath-hold axial T1-W
modified Dixon performed with general anesthesia in same infant as
(b), with an imaging score of 4.2

b T1 Weighted FS, Abdomen
! L L
portal.vein
preatnhold _
freebreathing -
diaphragmatic.crura
e _
reetreatno _
pancreas
breathhold I

freebreathing I

right Teft.adrenal

breathhold l
freebreathing I -

spinal.canal

breathhold

freebreathing .

T T T
50% 0 50%

Percentage Distribution of Scores (centered on 'diagnostic')

not distinguishable [l limited visability diagnostic visualization good feature clarity excellent feature clarity [l

Fig.4 Scoring distribution for abdomen imaging. a, b Graphs show score distribution for T2-weighted (a) and T1-weighted (b) MRI individual

landmark scores as a function of the percentages of all scores
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Fig.5 Neonatal imaging exam-
ples and their scores. a Free-
breathing axial radial T2-W
fat-saturated MRI performed
with swaddling in a 9-day-old
boy with a right adrenal mass
cyst (C). The overall imaging
score for the T2-W sequence
was 3.8. b Breath-hold axial
T2-W single-shot fast spin-echo
(SSFSE) MRI performed with
general anesthesia in a 1-month-
old boy with vascular malfor-
mation (VM), with an imaging
score for the T2 sequence of
3.4. ¢ Axial contrast-enhanced
T1-W 3-D radial image
obtained with intravenous
sedation in same infant as (a),
with an overall imaging score of
3.4. d Breath-held axial T1-W
modified Dixon image obtained
with general anesthesia in same
infant as (b), with an overall
imaging score of 4.0

Table 4 Exam time and

A . Studies Breath-hold (n=22)* Free-breathing (n=23)* P-value?
sequence time comparison
across both breath-holding and Median total exam time, min
free-breathing cohorts All studies 48.5 (43.2, 54.9) 48.0 (42.2, 56.6) P=0.94
Chest only 49.1 (44.2,59.8) 49.0 (42.2, 56.6) P=0.86
Abdomen only 48.3 (42.2,53.3) 47.8 (43.8,52.7) P=0.80
Neonates only 47.8 (43.5,52.2) 44.6 (37.5, 80.2) P=1.00
Median total sequence time, min
All studies 9.5(6.3,16.9) 18.2 (13.8,21.0) P<0.01
Chest only 12.8 (6.4, 28.7) 18.3 (13.8,24.5) P=0.46
Abdomen only 9.2 (6.8, 10.8) 17.6 (14.5,20.4) P<0.001
Neonates only 12.6 (8.1, 17.5) 14.7 (9.9, 15.1) P=0.90
Median utilized sequence time, min
All studies 1.3 (0.8, 2.8) 4.6 (3.8,5.8) P<0.01
Chest only 4.6 (1.0, 11.8) 4.6 (4.1,5.4) P=0.97
Abdomen only 1.1 (0.8, 1.7) 4.7 (3.6,5.8) P<0.001
Neonates only 1.7 (1.5, 2.0) 4.1 (3.9,4.6) P=0.04

“Median (interquartile range)
®P<0.05 is significant (bold)

had exam times lasting an average of 16.8 min longer than
their breath-held general anesthesia counterparts. There
was large variation in the total exam time for both cohorts,
with the greatest variability found in the free-breathing
cohort. The shortest breath-hold study lasted 27 min and
the shortest free-breathing study took 29 min. The long-
est breath-hold study was 86 min and the longest free-
breathing study (feed and swaddle) was 83 min. Both of
these exams were outliers when compared to the other
examinations (Fig. 6). There was also a notable difference

between total exam times and the total sequence times for
both the free-breathing and breath-hold techniques. This
suggests that considerable time was spent during both
cohorts adjusting sequence parameters and patient factors
(including repositioning/airway management/reswaddling/
contrast administration). The group with the largest differ-
ence between exam time and the summed sequence times
was the neonatal feed-and-swaddle cohort, which had a
mean difference of 41.8 min, likely because of repeat feed-
ing and swaddling when the baby awoke.
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Fig.6 Comparison of histograms representing exam and sequence
duration times for the breath-hold and free-breathing approaches. a—c
Histograms of the (a) exam, (b) sequence and (c) scored sequence
times are shown for breath-hold studies on the positive y-axis and
the freebreathing studies on the negative y-axis. The distribution
of the overall exam times is similar and shows a few outliers with
especially long scan times in both cohorts, but the free-breathing

Discussion

During the first 3 years after birth, 10% of children in devel-
oped countries undergo a general anesthetic for a medical,
diagnostic or surgical procedure [2]. In December 2016, fol-
lowing results from animal studies, the U.S. Food and Drug
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sequences trend longer, with the mean of the scored sequences being
significantly different. Possible reasons for the comparable overall
exam times could be related to the need for breath-hold instructions,
required time between breath-holds for oxygen recovery, or need to
repeat breath-hold sequences because of decreased sedation and res-
piratory paralysis level as medications are metabolized

Administration issued a warning that repeated or lengthy
use of general anesthetic and sedation drugs during surger-
ies or procedures in children younger than 3 years might
affect brain development, and subsequently issued labeling
changes to these agents in April 2017 [2, 3]. Since that time,
there have been conflicting results in human investigations
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of a potential association between general anesthesia neu-
rotoxicity in early life and longer-term neurodevelopmen-
tal outcomes [4—7]. While ongoing large-scale randomized
controlled trials are being conducted, parental and provider
concerns regarding the safety of these agents persist and
necessary exams might be delayed in a misguided attempt to
avoid general anesthesia. Irrespective of longer-term anes-
thesia neurocognitive effects, short-term adverse events from
MRI-related anesthesia have been well described in the lit-
erature: infants younger than 1 year, infants who were born
preterm, those with pulmonary or cardiac disease, and those
with a higher American Society of Anesthesiology status
(ASA>3) are at higher risk of hypoxemia and hemodynamic
instability [9—12]. In addition, when an adverse event occurs,
the unique challenges of the MRI environment can compli-
cate resuscitation efforts [10, 11]. Despite the fact that most
children who undergo MRI-related anesthesia do so without
any short-term or lasting effects, any opportunity to reduce
the degree and duration of sedation/anesthesia or eliminate it
entirely is beneficial to the patient. For these reasons, apply-
ing motion-robust, accelerated imaging methods in pediatric
patients has become a primary objective [13-18].

PROPELLER, or blade techniques with motion correc-
tion, have been shown to be robust to motion in adults across
the body, including the most motion-challenging areas such
as the heart and lungs [21-29]. In pediatrics, the approach
first emerged as a technique to reduce motion in pediatric
brain MRI [30], but relatively few articles have evaluated its
use for pediatric body MRI [24, 31] and none has described
its application in neonates and infants. Our study evaluated
the performance of this approach in challenging scenarios,
including awake neonates with large potential for motion
degradation. The introduction of free-breathing radial
sequences to our protocols had a dramatic effect on our
pediatric imaging program, producing images that exceeded
our previous experimentations with free-breathing Carte-
sian sequences [32]. This resulted in an immediate effect
on reducing the need, duration and degree of sedation used
in our patients, including non-sedated neonatal imaging
and near-elimination of the need for invasive airway intu-
bation in sedated infants. This study demonstrates that the
decrease in sedation degree, time or need did not come at the
expense of image quality, and in some cases the radial free-
breathing exams exhibited improved diagnostic quality over
the conventional breath-held T2-W and contrast-enhanced
T1-W studies performed with the gold standard of general
anesthesia. Interestingly, motion artifacts were minimal to
none in the resulting images, despite the decreased sedation
level, lack of paralytics and the neonatal feed-and-swaddle
technique.

The reduction in general anesthesia and intubation
were obtained at the expense of increased and widely
variable imaging times; however, overall exam time was

not prolonged by free-breathing radial approaches. Some
sequences and exams in both cohorts were obvious outliers
in terms of acquisition times. The reasons for these surpris-
ingly long acquisition times were not recorded, but we can
surmise based upon experience that they were caused by an
intermittent technical/patient-related complication during
acquisition. Patient-related complications such as desatu-
ration and hypotension occur relatively frequently in this
population and necessitate careful management because of
the fragility of these children’s physiology. Anesthesia and
paralytic agents in the anesthesia group sometimes need to
be readministered, and it is likely that unsedated neonates in
this cohort might have awoken. A surprise result from this
study was the considerable dead-time between sequences
that was highlighted by the large differences between total
exam time and total sequence time. There are likely many
contributors to this dead-time in the scanner. In addition to
physiological instability in sick neonates and infants neces-
sitating evaluation, technical difficulties are very common
in this age group and include problems with oxygen and
blood pressure monitoring and intravenous access failure.
These complications are rarely reported in the medical
record because of their frequency of occurrence, but the high
incidence highlights the importance of decreasing sedation.
Now that we have demonstrated comparable imaging quality
with robust motion-sensitive techniques, future efforts can
work to speed up the free-breathing acquisitions.

Feed and swaddle

To attain sequence homogeneity in this study, we only
included feed-and-swaddle exams that had contrast-
enhanced T1-W imaging, limiting the overall volume of
neonates in this study. In practice, our clinical protocol is
to avoid intravenous contrast agent for our feed-and-swad-
dle MRI chest and abdomen cases where possible to limit
interventions that might wake the sleeping neonate and to
minimize exam time.

Limitations

Limitations of this study include its retrospective nature with
different MRI sequences between the two patient groups.
Modification of image acquisition parameters evolved as our
experience with these novel sequences and feed-and-swaddle
technique increased over the study period. However, the fun-
damental scan parameters across the two patient groups were
similar and did not change across the study period (Table 1).
There are slight differences in patient demographics between
the two groups, with a slightly younger mean age in the
free-breathing group, which was the result of increased
referral of neonates to MRI following introduction of this
free-breathing algorithm during our study period. Additional
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confounders in this study include low patient number, MRI
signal strength variations and the inevitable different physi-
ological states between the two patient groups. These fac-
tors are impossible to completely untangle from changes in
MRI sequences alone; however, this represents a real-life
implementation of a technical advancement, which should
translate well across pediatric radiology practices. Adverse
incidents related to general anesthesia/sedation were not
recorded in this study. Overall patient numbers were low
and ultimately limit detailed statistical and power analysis
where insignificant differences were seen. Statistical analysis
was further limited by the inherently subjective nature of
qualitative analysis between scorers, although ICC analysis
was reassuring. Neonatal exams are underrepresented in this
study because neonates who underwent feed-and-swaddle
exams without contrast agent (most of our neonatal exams)
were excluded to facilitate anatomical landmark evaluation
on T1-W examinations, which was not reliable when using
non-contrast-enhanced T1-W sequences. Also, neonates who
underwent feed-and-swaddle exams and required more than
one MRI appointment attempt were excluded, even if the
second attempt was successful.

Conclusion

Free-breathing MRI chest and abdominal imaging using
radial sequences can be performed successfully in infants
and neonates. Free-breathing MRI exams provide compara-
ble image quality to breath-holding examinations, facilitat-
ing unsedated neonatal imaging and reductions in the degree
of sedation and airway intubation in infants. Our findings
have allowed institutional implementation of free-breathing
MRI techniques in young children undergoing chest and
abdominal MR imaging, thereby reducing anesthesia, airway
instrumentation, imaging cost and risk of anesthetic-related
complications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00247-022-05298-7.
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