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ABSTRACT

BACKGROUND AND PURPOSE: Fetal motor behavior is widely used as a clinical indicator for healthy development; however, our
understanding of its potential as a marker for neurologic integrity is underdeveloped. MR imaging allows complete views of the whole
fetus, which, combined with brain imaging, may improve the characterization of this relationship. This study aimed to combine an analysis
of fetal motor behavior, brain MR imaging, and postnatal outcome, to provide insight into neurodevelopmental correlates of motor
behavior.

MATERIALS AND METHODS: Cine MR imaging was used to acquire sequences of fetal motor behavior in subjects with normal and
abnormal findings on conventional brain MR imaging between 18 weeks’ gestation and term. General movement sequences were analyzed
using established criteria. Brain MR imaging was reported by an expert fetal neuroradiologist. Subjects were followed for up to 4 years
postnatally with standard postnatal assessments.

RESULTS: Nineteen of 21 fetuses with normal brain MR imaging findings showed normal general movements, compared with 14 of 22 of the
fetuses with abnormal brain MR imaging findings, which, when classified by severity of the malformation, showed a significant relationship
with postnatal outcome (P = .021). There was a significant relationship among neurodevelopmental outcome, general movement quality,
and MR imaging of the brain (P = .020).

CONCLUSIONS: The findings from this study demonstrate that a combined structural and functional imaging approach to the fetus will
improve the characterization of early neurologic integrity, with the potential to inform postnatal outcome. This also lays the groundwork

for further in vivo research as advanced imaging techniques are developed to study fetal neurologic development.

ABBREVIATION: GM = general movements

M otor impairment is common to many neuropathologic
conditions at early stages of development. The assessment
of motor function constitutes an important component of the
neurologic examination in early infancy, with numerous studies
demonstrating that deviations in posture, tone, reflexes, and gross
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and fine motor behavior correlate strongly with neuropathol-
ogy."? Observations of spontaneous motor behavior in the full-
term and preterm infant have demonstrated that deviations in
their quality occur in the presence of supraspinal CNS lesions.’
The pattern of movements most frequently observed is termed
“general movements” (GM), which are characterized by a global
sequence of movements of variable speed, amplitude, direction,
and fluency.! Disruptions in the GM pattern are characterized
by changes in the quality of movements, which are qualitatively
described as monotonous and cramped movements, among oth-
ers.” The GM analysis approach has been extended to the fetus
using sonographic imaging; pathologic conditions in the fetus
have been associated with a variety of deviant GM patterns.*”
There is evidence to suggest that postnatal GM assessment is pre-
dictive of neurologic impairment, ranging from cerebral palsy to
cognitive impairment.®”

Sonography has been used for capturing fetal motor behavior
ata relatively high temporal resolution. However, the FOV is lim-
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ited; this limitation results in only a partial view of the fetus be-
yond the gestational age of 20 weeks, thus preventing accurate
GM assessment later in pregnancy. Relatively more recently, MR
imaging has been explored as a method for observing gross motor
activity in the fetus; MR imaging—based studies are taking advan-
tage of the improved global view of the fetus, particularly as it
approaches full-term.'°"'* By means of cine MRI, in an earlier
study by our group, changes in fetal motor behavior across gesta-
tion were characterized in relation to the volume of available in-
trauterine space.'”

In this study, we sought to test the hypothesis that the assess-
ment of the quality of fetal motor behavior using cine MRI is
associated with the presence of neurologic abnormalities demon-
strated on conventional clinical MR imaging of the brain and is
predictive of postnatal neurodevelopmental outcome.

MATERIALS AND METHODS

Ethics approval was obtained before the start of the study, and
written consent was obtained in all subjects. MR images were
acquired at the Robert Steiner MRI Unit, Hammersmith Hospi-
tal, between October 2007 and February 2010. Subjects were
either recruited prospectively as healthy volunteers or referred to
the unit following a routine ultrasound requiring further charac-
terization. All subjects had standard clinical MR imaging brain
sequences obtained, which were reported by an expert fetal neu-
roradiologist (M.A.R.).

Cine Image Acquisition

All imaging examinations were performed on a 1.5T Achieva
scanner (Philips Healthcare, Best, the Netherlands) using a
5-channel phased array cardiac coil. Sequence parameters were
flip angle, 60°; FOV, 50 cm?; TR/TE, 3.2/1.59 ms; voxel size, 2.2 X
2.2 mmy; slice thickness, 30—40 mm; partial Fourier, 62.5%; sen-
sitivity encoding factor, 2; specific absorption rate, 2 W/kg; slice
acquisition time, 0.303 seconds; temporal resolution, 3.3 frames
per second. Patients were scanned in a lateral tilt position to avoid
inferior vena cava compression by the uteroplacental unit, with-
out any sedation. Mothers were not given any specific advice
about eating and drinking. All examinations were performed in
the morning between 9 aM and 1 pM; no other variable was con-
trolled. Total MR imaging examination time was approximately
60 minutes, including all other clinical and research sequences.

Qualitative Analysis of Fetal Motor Behavior

The assessment of the quality of motor behavior was based on the
criteria for analysis of general movements.”>'> This motor se-
quence was selected due to the capability of visualizing the whole
fetus with cine MRI, the need for a noninteractive assessment tool,
and the established predictive validity of GM analysis in both fetal
and ex utero subjects.”'* General movements are defined as a
spontaneously generated variable sequence of movements in
which there is generalized involvement of the limbs, head, and
trunk; the sequence can last from a few seconds to several min-
utes. The assessment of the quality of GM focuses on 3 main
components: fluency—movements should have a smooth ap-
pearance and be free from rigidity; variability—a difference in
the pattern of movements from one GM to the next; and com-
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plexity—movements should involve most of the body. GM
sequences that fulfill all the above criteria are deemed normal
(see On-line Videos 1-3 for examples of normal and 4—6 for
examples of abnormal fetal GM).

All GM assessment was performed by 2 raters (T.T.A.H. and
M.M.-B.) who had undergone formal training in GM assessment
in preterm infants and healthy and unhealthy neonates and were
blinded to findings on brain MR imaging. A consensus decision
was made on cases in which the individual raters made different
assessments.

Assessment of Postnatal Neurologic Outcome

Outcome data were obtained in the form of postnatal neurologic
assessment using the Bayley Scales of Infant Development'” or the
Griffiths Mental Development Scales.'® Assessments were per-
formed by pediatricians experienced with these methods. Other
outcomes such as postnatal death, termination of pregnancy, or
intrauterine death were also recorded. The aim was to follow the
subjects at 12 and 24 months postnatally.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism soft-
ware, Version 7.0 (GraphPad Software, San Diego, California).
Relationships among GM, structural malformations and neu-
rodevelopmental outcome, GM analysis, and brain MR imag-
ing were analyzed using x> and Fisher Exact tests. In the group
with abnormal brain imaging findings, a further classification
and analysis were made on the basis of the severity of malfor-
mation, with subjects with isolated ventriculomegaly classified
as “mild,” and the others, as “severe.” Interrater variability was
calculated after a training period using all datasets and was
tested using the Cohen « statistic. P values < .05 were consid-
ered significant.

RESULTS

Fetal general movements were assessed in 43 pregnancies (median
gestational age, 25 weeks; range, 20—36 weeks); the interrater vari-
ability was 0.764 (Cohen k). The median number of GM se-
quences assessed per fetus was 3 (range, 1-7). Four subjects were
lost to follow-up, all of whom were in the subgroup that had
normal brain imaging findings and normal GM. The On-line
Table summarizes the unhealthy cases, including the findings
from the clinical brain images, the movement analysis, and the
outcome assessment.

Analysis of the Cohort with Normal Brain MR Imaging
Findings

Twenty-one subjects were included in this cohort (median ges-
tational age, 25 weeks; range, 20—34 weeks), of which 18 were
healthy volunteers. The median postnatal follow up was 22
months (range, 1-47 months); 4 subjects were lost to follow-up.
Fifteen subjects had a normal outcome, of whom 13 had normal
GM. Two subjects had abnormal outcomes (neonatal death asso-
ciated with premature birth at a gestational age of 26 weeks; mild
language delay at 25 months), and both showed normal GM.
There was no association between GM and outcome (P = .583,
Fisher exact test).



Analysis of the Cohort with Abnormal Brain MR Imaging
Findings

Twenty-two subjects were included in this cohort (median gesta-
tional age, 25 weeks; range, 21-36 weeks), all of whom were re-
ferred following abnormal ultrasound findings. The median post-
natal follow-up was 24 months (range, 12-31 months; On-line
Table); none were lost to follow-up. Six pregnancies were termi-
nated, of which 3 showed abnormal GM. Seven subjects had ab-
normal outcomes, of whom 4 showed abnormal GM. Nine sub-
jects had normal outcomes, of whom 3 showed abnormal GM.
There was no association between GM and outcome (P = .607,
Fisher exact test); subjects were further classified into mild and
severe groups based on brain malformations, for which a signifi-
cant relationship was drawn between GM and outcome (P = .021,
X~ test).

Association with Postnatal Neurodevelopmental
Outcome

There was a significant relationship between MR imaging and
postnatal outcome (P = .004, Fisher exact test) and among the 3
variables for both cohorts combined: GM assessment, postnatal
outcome, and MR imaging brain findings (P = .020, x* test); if
the classification combined normal and mild malformations
into a single group, the relationship remained positive (P =
.022, x* test).

DISCUSSION

The assessment of GM was originally devised to study the motor
function of neonates and preterm infants as a marker of neurologic
integrity in a range of conditions.”>'”'® The presence of GM is sta-
ble from its emergence in the first trimester to 3-5 months postterm,
which has led to the investigation of fetal GM with ultrasound.® Use
of MR imaging was a natural progression and allowed a more de-
tailed view of the fetus, particularly in late gestation.'>

This study has shown that cine MRI can capture fetal general
movements across a wide range of gestational ages and can be
used to identify findings of normal and abnormal sequences that
are consistent with the GM definitions for premature infants and
neonates. A positive association was found among postnatal out-
come, structural MR imaging, and GM analysis and suggests that
fetal motor assessment may reflect pathologic deviations in CNS
development. The data did not reach significance for demonstrat-
ing a relationship between GM and outcome in each cohort when
classified by structural brain imaging.

The use of brain MR imaging to assess neurologic integrity in the
fetus has a caveat: Several studies have shown that structural malfor-
mations are associated with a variable clinical outcome.'**" The
likely explanation is the capacity for plasticity in the early CNS, which
allows a range of normal or mildly abnormal outcomes, despite mal-
formations or insults. Evidence for this has emerged from studies that
report neurodevelopmental outcomes after several years of fol-
low-up and which demonstrate a high proportion of neurologically
normal outcomes despite structural malformations.**** Thus, a lon-
ger period of follow-up in the present study may allow brain matu-
ration and emergence of the likely long-term neurodevelopmental
status for these subjects against which in utero GM assessment could
be assessed. On the contrary, other studies with long-term follow-up

have shown the emergence of autism and related disorders in indi-
viduals with a distribution of incidental CNS lesions similar to those
in controls.”®

There are certain limitations when using cine MRI: In partic-
ular, the frame rate generated with the sequence is approximately
3 frames per second, compared with a video, which can be up to
30 frames per second, similar to ultrasound. In a previous study,12
we showed that important information pertaining to fetal move-
ment and its complexity was notlost. Also due to the practicalities
of MR imaging as an imaging technique, there are limitations on
the maximum duration of cine sequence acquisition, which in-
clude patient tolerability, limitations due to the specific absorp-
tion rate, and the need to acquire other clinical and research data.
Given the limitations of ultrasound in the latter half of gestation,
further exploration of the role of motor behavioral analysis as 1
element of a complete MR imaging—based fetal neurologic assess-
ment would be justified.

Spontaneous fetal movements are generally considered a bar-
rier to effective MR imaging acquisition due to motion corruption
of static brain images. However, as with all ex utero age groups,
useful clinical information regarding the integrity of the neuraxis
is contained in motor output. This study is limited by its relatively
small size and heterogeneous group of neurologic malformations;
therefore, the study may not be sufficiently powered to elucidate a
positive association. The subgroup with abnormal findings is also
very variable in the severity of malformations, and the high rep-
resentation of ventriculomegaly cases in particular is associated
with milder outcomes, some of which require alonger duration of
follow-up.”® The potential for a mild, if not normal, outcome in
the ventriculomegaly subjects may be reflected in the positive re-
lationship between GM and outcome when the group with abnor-
mal findings was further subdivided on the basis of the severity of
malformations. This finding is important and suggests that GM
analysis has the potential to serve as a biomarker of CNS integrity
and add to the assessment provided by brain structure.

There is still a need to improve the understanding of fetal
movement and to further explore classifying motor output into
normal and pathologic. Further studies may better demonstrate
their association with the underlying neurologic integrity, allow-
ing motor patterns to represent a relevant biomarker when com-
bined with emerging functional and structural imaging tech-
niques such as fMRI and tractography.””*® Last, a detailed
characterization of motor patterns, with a model of the role of

. . : 11,29
intrauterine constraints,

will help develop a comprehensive
understanding of the maturation of sensorimotor networks,
which, from studies in preterm infants, have been shown to un-
dergo important developmental trajectories early in life and

which are likely affected by the physical environmental.”®

CONCLUSIONS

This study has provided exploratory data on the use of general
movements as a framework for analyzing fetal motor behavior
using cine MRI in both neurologically healthy and unhealthy fe-
tuses. Future studies could expand the cohort to include larger
homogeneous groups of pathologic conditions and to continue
long-term monitoring of subjects to establish the predictive value
of fetal GM analysis as a marker of neurologic integrity. This ex-
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pansion may provide a foundation for a framework for the in
utero clinical assessment of motor behavior as an adjunct to cur-
rent approaches and provide a functional marker that could be
related to data gathered using advanced imaging techniques that
are currently undergoing development.
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