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Highlights 

 

 Supraspinal centres are likely to be an important driver in early motor behaviour 

 CineMRI has established itself as the optimal modality for the analysis of fetal motor 

behaviour in health and disease. 

 Fetal cineMRI has identified increasing intrauterine constraints as a potential influence for 

sensorimotor feedback, with implications for CNS maturation 

 Motor behaviour analysis is an important biomarker for neurodevelopmental disease, and 

will be augmented by a multimodal imaging approach. 

 

 

ABSTRACT 

 

We are entering a new era of understanding human development with the ability to perform studies at 

the earliest time points possible. There is a substantial body of evidence to support the concept that  

early motor behaviour originates from supraspinal motor centres, reflects neurological integrity, and 

that altered patterns of behaviour may precede clinical manifestation of disease. Cine Magnetic 

Resonance Imaging (cineMRI) has established its value as a novel method to visualise motor behaviour 

in the human fetus, building on the wealth of knowledge gleaned from ultrasound sonography based 

studies. This paper presents a state of the art review incorporating findings from human and preclinical 

models, the insights from which, we propose, can proceed a reconceptualisation of fetal motor 

behaviour using advanced imaging techniques. Foremost is the need to better understand the role of the 

intrauterine environment, and its inherent unique set of stimuli that activate sensorimotor pathways and 
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shape early brain development. Finally, an improved model of early motor development, combined 

with multimodal imaging, will provide a novel source of in utero biomarkers predictive of 

neurodevelopmental disorders. 

 

Keywords: fetal; MRI; neurodevelopment; motor behaviour; intrauterine constraints 

 

  

ACCEPTED M
ANUSCRIP

T



 

6 

INTRODUCTION 

Motor behaviour is a complex output of the neurological system, and one that evolves during early life. 

The maturation of neural networks governing motor output is incompletely understood, particularly in 

terms of normal physiological development in utero.  

 

The analysis of motor behaviour forms an integral part of the clinical assessment of neurological 

integrity throughout life. A substantial body of evidence has accumulated on the the relationship 

between neurological lesions and the impact on motor behaviour starting from the prenatal stage. 

Prematurely born infants have been studied at gestation-equivalent time points, as well as the fetus 

itself in utero using imaging techniques, finding that aberrations in early motor behaviour are 

associated with a spectrum of delayed onset neurodevelopmental disorders 

 

There are two fundamental issues that must be addressed in order to make observations of fetal motor 

behaviour meaningful: firstly, a framework must be defined which contains relevant evidence-based 

criteria for normal motor behaviour; secondly, an optimal method is required for detecting motor 

behaviour. Both issues must account for gestational age-related changes, whether from the perspective 

of the intrinsic developmental neurobiology of the fetus, or possible effects of its extrinsic uterine 

environment. 

 

This paper will begin by reviewing the current understanding of the neuroanatomical basis of fetal 

motor behaviour as gleaned from observations in human and experimental animal models, with a focus 

on emerging evidence for early cortical involvement in generating movements. Next will follow a 

discussion on the approaches to analysing fetal motor behaviour in utero, and the pathogenesis of 
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abnormal motor behaviour. The final sections will discuss the rationale for why the time has come to 

study fetal motor behaviour with MRI, highlight the new insights gained from several recent studies, 

examine current challenges with this technique, and argue the potential of a multimodal imaging 

approach to improve in utero neurological analysis and identify biomarkers for neurodevelopmental 

disease. 

 

 

1 THE NEUROANATOMICAL BASIS OF FETAL MOTOR BEHAVIOUR 

Mature motor behaviour is generated by a network of CNS regions converging on spinal motor circuits, 

with varied contributions from each element during early development. There are likely to be important 

developmental roles for independent inputs from the primary motor cortex, brainstem motor centres, 

cerebellum and spinal cord.  

 

Early theories for motor development proposed the existence of predetermined patterns in the central 

nervous system (CNS); later it was postulated that the mechanism involved interactions between 

genetic programmes and environmental signals, within which existed a set of behaviours that were 

highly conserved, and others that allowed for phenotypic variation.1 An alternative concept implicated 

the inherent properties of movement in terms of synergistic muscle forces, which limited the range of 

activation patterns available to the CNS. Motor development has also been conceptualised as a 

dynamical system in which behaviours emerge spontaneously through self-organisation, thus not 

requiring a priori representations in the CNS. A somewhat unifying theory emphasised gene-

environment interactions mediated through predetermined motor networks which undergo epigenetic 

regulation based on afferent information generated by motor behaviour. A selection process then 
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proceeds to retain favourable patterns of motor output.2 

 

These hypotheses have in part emerged from observations of the development of motor skills in early 

life, and so have provided a valuable framework within which to organise and direct experimentation 

that aims to elucidate the underlying mechanisms. The following section will discuss the experimental 

evidence from human and animal models for functional motor circuitry in the early CNS. 

 

1.1 SUPRASPINAL INVOLVEMENT IN EARLY MOTOR BEHAVIOUR 

The corticospinal tract (CST), originating principally in the primary motor cortex, contains axons that 

modulate the activation of alpha motor neurons, and is vital to the maturation of motor behaviour.3 

Unmyelinated CST axons reach lumbar regions of the spinal cord by Gestational Age (GA, or post-

menstrual) 24 weeks, though maturational processes are not complete until 2 years of age in humans. 

Evidence for early CST functionality has been found using transcranial magnetic stimulation of the 

motor cortex in ex utero preterm infants, where motor responses in the upper limbs are evoked from 

GA 26-equivalent age.4 

 

Recent functional MRI (fMRI) studies in preterm infants have provided insights into cortical 

involvement underlying spontaneous motor activity. Bilateral changes in blood-oxygen dependent level 

(BOLD) signal are observed in the peri-Rolandic area, which restrict to the contralateral cortex by term 

equivalent age. Nearer term the BOLD signal changes increasingly focus on an area that corresponds to 

the anatomical location of the primary motor cortex.5 However, findings from animal models suggest 

that CST-directed motor output is contingent on the maturation of connectional specificity with cord 

neurons, a sufficient capacity for CST synapses to modulate cord circuits, and the formation of the 
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motor homunculus.6 More specifically, studies in primates demonstrate that supraspinal motor 

pathways modulate posture and tone7,8, and provide a neurological basis for the functional impairments 

associated with localised CNS lesions.3 Other neuromotor activity is generated elsewhere but with CST 

modulation: bulbospinal pathways mediate extension in proximal muscles such as the trunk and neck, 

and flexion in distal muscles of the hands, both of which are antagonized by the CST. Early motor 

cortical damage may result in predictable pathological postures: opisthotonus, and highly flexed distal 

extremities.9,10 However, a marked degree of early CNS plasticity has been demonstrated with 

unilateral ablation studies to the motor cortex, which results in the long-term maintenance of both ipsi- 

and contralateral CST terminals in the spinal cord by the (contralateral) intact motor cortex.4,11 

 

1.2 SUBCORTICAL INTEGRATION OF MOTOR BEHAVIOUR 

A central component in the motor network is the motor thalamus: primate studies demonstrate that a 

subset of thalamic nuclei play a key role in the integration and relay of signals within the motor 

circuitry from central and peripheral regions.12 The nuclei within the motor thalamus show a degree of 

overlap with dendritic arbors extending beyond their functional domain, this may allow integration of 

signals from several networks and contribute to motor learning.13 The cerebellum and basal ganglia 

comprise the major projections to nuclei in the ventral thalamus, which in turn projects to the primary 

motor (M1), supplementary motor (SMA) and premotor cortices.14 The cerebello-thalamic efferent 

pathway focuses on M115, and appears to generate reactions in response to sensory input12, as it also 

projects extensively to the somatosensory cortex and receives input from spinal sensory afferents.16 The 

basal ganglio-thalamic pathway converges on the SMA, and is thought to be a contributor to volitional 

movement selection.17 
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To date there is a lack of study on these aspects of the motor network from a developmental 

perspective. However, a range of adverse conditions in early life appear to target these regions. Low-

risk preterm born infants show thalamic, globus pallidus and putaminal volume reductions18,19, and 

altered thalamo-cortical connectivity in a multitude of regions.20 Infants experiencing intrauterine 

growth restriction (IUGR) demonstrate a brain-sparing effect with preservation of global brain tissue 

volumes21, yet demonstrate altered cortio-striato-thalamic connectivity.22 Furthermore, studies in utero 

are required to understand the onset of these changes and how they may relate to altered motor 

behaviour. However, in early development motor behaviour is considered non-volitional and is likely 

to have contributors in rostral regions of the neuraxis, for which there is evidence that spontaneous 

activity in neural circuitry that may be contributing to motor behaviour. 

 

1.3 THE ROLE OF SPONTANEOUS NEURAL ACTIVITY IN GENERATING MOTOR 

BEHAVIOUR 

From an embryological perspective, spontaneous activation of motor circuits is important for the 

refinement of the pattern of axon terminals.23 Consistent with the development of visual pathways, 

nerve terminals that experience relatively higher levels of activity are advantaged in the competition for 

limited neurotrophic resources.6,24 Spinal motor neurons exhibit intrinsic depolarisations mediated by 

calcium-activated potassium channels that control rhythmic firing behaviour.25 This property of spinal 

circuits develops prior to muscle fibre innervation to facilitate axonal pathfinding, and eventually 

drives early limb movements in chick embryos.26 Vertebrates demonstrate cyclical motor activity in 

early stages of gestation, which manifests as a synchronous contraction of several muscle groups. In 

rodent models, this behaviour persists after transection of the spinal cord, suggesting a primary role for 

motor pattern generation independent of supraspinal influence.27 Furthermore, sheep models that have 

begun the transition towards early voluntary motor patterns will revert to cyclical behaviour following 

ACCEPTED M
ANUSCRIP

T



 

11 

high cervical-spine transection.28 

 

In humans this inherent neural activity has not been demonstrated in the spinal cord, contrary to other 

CNS regions such as the retina and cerebellum which contain pacemaker neurons - specialised cells 

with unstable membrane potentials that can fire without synaptic input.24 However, in anencephalic 

human fetuses, a variable repertoire of spontaneous motor activity has been observed despite the severe 

cortical and subcortical malformations29,30, which may support the hypothesis of spinal-located drivers 

for early motor behaviour. Furthermore, the relatively early development of cortical sensorimotor 

networks may in part result from afferent neuronal stimulation during spontaneous motor activity. 

Evidence from electroencephalographic (EEG) data in preterm infants showed delta-brush oscillations 

being driven by sensory stimulation in a cortical somatotopic pattern.31 

 

1.4 DEVELOPMENT OF THE PERIPHERAL CIRCUITRY REQUIRED FOR MOTOR 

BEHAVIOUR 

Beyond the CNS, there is evidence from post-mortem studies demonstrating that by GA 12 motor 

peripheral nerves in the upper limb have reached and innervated their muscle targets in human 

fetuses.32,33 The neuromuscular junction (NMJ) has been observed by GA 9 in the lower limb, and 

histological evidence for NMJ maturation in the masseter muscles has commenced by GA 12.34 The 

neural infrastructure for sensory and proprioceptive feedback appears relatively early in gestation; 

classical experiments in postmortem fetal tissue demonstrated reflexive responses to tactile cutaneous 

stimulation very early in development35,36, while muscle spindles mature between GA 20-30.3 

 

These findings complete the neural circuit from the cortex to the effector organs of movement at a 
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relatively early stage of in utero development, and thus allow for spontaneous motor behaviour to 

manifest. Early motor behaviour may confer survival advantages and contribute to physiological 

development; some of the proposed paradigms are discussed in the following section. 

 

1.5 PUTATIVE PHYSIOLOGICAL BENEFITS OF FETAL MOTOR BEHAVIOUR 

Preclinical models have found evidence for behavioural adaptation in fetuses using umbilical cord 

compression as a stimulant, which primarily results in reduced oxygen delivery to the fetus and a state 

of hypoxia. Cord compression led to a transient phase of hyperactivity in near-term age rodents, 

followed by a suppression of movement until clamp removal.37 The fetus demonstrated a hyperkinetic 

state with curls of its trunk and retroflexions of its head. The authors propose that an accidental cord 

compression by the fetal body, which is more likely to occur near term, is resolved by the vigorous 

activity, and is therefore an ontogenetic adaptation that promotes the survival of the fetus in utero. 

Hyperkinesis during a hypoxic state would be otherwise counterintuitive. 

 

An altogether different physiological relationship is between motor behaviour and mechanical loading 

for promoting skeletal development. Physical activity from skeletal muscle use is known to have 

beneficial effects on bone development in preclinical models and human preterm infants. Preclinical 

models have shown that in early infancy bone is very susceptible to exercise and immobilization, 

resulting in increased bone formation or rapid resorption.38,39 These findings are supported by human 

studies, whereby daily physical activity in the form of manipulation of limbs against passive resistance 

has been found to increase bone mineralization in preterm infants, a group that is particularly 

vulnerable to bone deficiency syndromes.40,41 
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The third trimester is associated with a significant increase in calcium and phosphorous across the 

placenta, which coupled with high levels of oestrogen and calcitonin favour bone formation; it is likely 

that ‘fetal kicking’ provides the mechanical load which facilitates the process.42 It is this missed 

increase in growth factors and the minimisation of motor activity that is thought to underlie the bone 

disease of prematurity.43 

 

Aside from these physiological benefits for early motor activity, the most studied paradigm is its role as 

a marker of neurological integrity and maturation. Several approaches have been utilised to interrogate 

this relationship: imaging modalities to directly visualise the fetus in utero; observations in preterm 

infants, but with several caveats; lastly, indirect measures of fetal movements that rely on maternal 

counting or more recently wearable devices. The following section will discuss these topics in greater 

detail. 

 

 

2 OBSERVATIONS AND CLINICAL ASSESSMENT OF FETAL MOTOR BEHAVIOUR 

2.1 THE ROLE OF ULTRASONOGRAPHY IN FETAL MOTOR ANALYSIS 

Ultrasound Sonography (USS) is the traditional method for studying fetal motor function, and is able to 

capture fetal movements at a high temporal resolution and provide an impression of fetal activity as 

part of a developmental assessment. In the UK it is routine clinical practice to be offered USS by GA 

15, in order to estimate the fetal age, parity, and to screen for gross morphological anomalies.44 A 

further USS scan is recommended at GA 20 for the purpose of detecting structural abnormalities.45 

From a research perspective, USS has been used to investigate motor behaviour from its emergence 

early in gestation through to term age.46–48 However, a major limitation of USS is the restricted field-
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of-view and the consequential partial view of the fetus beyond GA 20. In order to circumvent this 

problem two USS transducers have been used to increase the field-of-view between GA 20-3649; 

though this approach has not been widely adopted and remains inadequate.50 

 

The following sections will describe and synthesise the wealth of information that has been gleaned 

from several decades of USS-based interrogation of motor behaviour in utero; focussing on the 

emergence of motor activity, its classification into behavioural states, and how motor behaviour is 

altered in response to CNS lesions and insults. 

 

2.2 THE ONTOGENESIS OF NORMAL FETAL MOTOR BEHAVIOUR 

Fetal motor activity in humans emerges at approximately GA 7. Early work on fetal motor behaviour 

suggested three categories: exteroceptive elicited reflexes, proprioceptive reflexes, spontaneous 

movements.35 The early spontaneous motor repertoire including startles, isolated limb and regional 

movements, generalised sequences that involve the whole body, twitches, breathing and swallowing 

(Fig 1).46,51–53  

 

Once established, the standard repertoire of motor behaviour spans the whole gestational period up to 

the commencement of voluntary behaviour at 3-5 months post-term.46,51,54 The spontaneous motor 

behaviour that occurs at the highest frequency is General Movements (GM). GM involve the whole 

body in a sequence of globalised movements of variable speed, amplitude, direction and fluency55,56; 

GM may last from a few seconds to several minutes, and wax and wane in intensity and force, and have 

a gradual onset and end. During GM limbs will demonstrate flexion/extensions with superimposed 

rotations and directional changes.57 
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Fetal motor behaviour has also been assessed using alternative perspectives, namely behavioural states 

and maternal counting of fetal movements. Despite significant research, their clinical utility is limited, 

though they have provided some useful insights into the organisation of fetal behaviour; their 

contributions are discussed in the following sections. 

 

2.2.1 THE ESTABLISHMENT OF FETAL BEHAVIOURAL STATES 

The level of arousal or ‘behavioural state’ is known to be a important factor when examining the motor 

activity of an infant58, and so it is advisable to make observations when subjects are in non-sleep states, 

and also when not crying or fussing. Preferably, GM analysis should be performed when in active 

wakefulness or ‘state 4’.59 In the neonate (including preterm-born infants), behavioural states have been 

defined based on EEG and phases of rapid eye movements, which can distinguish sleep-like states from 

wakefulness from approximately GA 27.60 

 

In- and ex utero studies have implemented continuous observations for up to 24 hours, and found 

decreasing trends in overall activity near term.61–63 Fetal studies have described stable linkages between 

physiological parameters that categorise behaviour into 4 states (1F to 4F), based on fetal activity, heart 

rate patterns and eye movements.64 Several studies have found well-defined cyclical variation in fetal 

behavioural states from approximately GA 34, and possibly from GA 30.65–67 This finding appears to 

have played a significant role in the perspective that it is circadian-type entrainment of behaviour 

which is the primary and most influential driving force underlying reductions in activity levels later in 

gestation.68 
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In the fetus, a temporal concordance between phases of rapid eye movement and breathing movements 

has been found to emerge at a similar age and is indicative of its behavioural state within the sleep-

wake cycle.69 Recent improvements in transabdominal fetal cardiac activity monitoring has allowed 

better definition of ventricular rate and beat variability.70 Associations have emerged between relatively 

greater cardiac variability, but not rate, and better mental development and psychomotor indices.71 

Fetal behaviour is also affected by chemical exposure via maternal circulation, with disruption of 

behavioural states due to alcohol consumption, steroids, opioids, and possibly caffeine.72–76  

 

This body of work has limited use clinically, but has been important in terms of developing a broader 

understanding of behavioural physiology, and for providing important reference data for how levels of 

activity change during gestation. 

 

2.2.2 MATERNAL PERCEPTION OF FETAL MOVEMENTS 

In more routine clinical practice is fetal movement counting (FMC) by the mother, particularly later in 

gestation.77 FMC is postulated as a non-specific indicator of fetal well-being, particularly when there 

are concerns, though definitions and its implementation vary.78 Generally FMC is a method whereby 

the mother quantifies the movements she feels in order to alert caregivers to fetal compromise.79 

 

However, there is a significant discrepancy between actual fetal movements and those maternally 

perceived, with estimates ranging from 16 to 100% depending on the type of movement.77 This is 

further complicated by the misappropriated perception of physiological processes, such as breathing or 

uterine contractions.80–82 Attempts to devise wearable technology to detect patterns of motor behaviour 

still demonstrate an accuracy of between 40-80%.83 Though there may be a limited role for FMC as 
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part of fetal health monitoring, it is very unlikely to be a useful parameter for improving our 

understanding of CNS maturation.  

 

It is long established that CNS insults and lesions are likely to result in identifiable neuromotor 

abnormalities even with subtle neuropathological changes. This concept has been extended to the fetus 

based on the reference data of normal in utero motor behaviour; the following sections will discuss the 

context for this discovery and how motor analysis has been applied. 

 

2.3 PATHOGENESIS AND ANALYSIS OF ABNORMAL FETAL MOTOR BEHAVIOUR 

Impaired motor function is a common sequela of many pathological conditions in early life. The 

assessment of motor function has historically constituted an important component of the neurological 

examination in early infancy84,85, since abnormalities in posture, tone, reflexes, and gross and fine 

motor behaviour correlate strongly with neuropathology.57,86–88 An interactive fetal examination is not 

feasible, but an assessment of spontaneous motor behaviour may serve as a marker and predictor of 

neurological integrity.89 

 

The sensitivity of the assessment of spontaneous movements has been investigated for the neurological 

evaluation of the neonate (preterms and up to voluntary movements at 3 months of age), and deemed 

adequate for incorporation into several comprehensive assessment tools.88,90 Furthermore, the analysis 

of spontaneous motor activity, namely General Movements, has been shown to be predictive of 

cerebral palsy in infants born preterm58, which when combined with white matter anomalies on 

structural brain imaging reaches a sensitivity and specificity of 100%.91,92 
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2.3.1 DEFINING ABNORMAL MOTOR BEHAVIOUR 

Continuing with the concept of spontaneous motor behaviour being predictive of neurodevelopmental 

disorders, disruption to the normal GM pattern is defined by altered character, or quality, of motor 

sequences. There are several descriptive systems for abnormal GM, which rely on the Gestalt analysis 

of the assessor, for both ex utero infants and the fetus using imaging. The initial step is to judge the 

normality of an individual’s GM in terms of complexity, fluency, and variability. Subsequently the GM 

sequence can be classified according to the original categorisation, which included the following 

subtypes: (1) ‘Poor repertoire’, when a sequence of successive movement components is monotonous 

and movements of the different body parts do not occur in the normally complex manner. (2) 

‘Cramped-synchronised’, GM appear rigid and lack the normal smooth and fluent character; all  limb 

and trunk muscles contract and relax almost simultaneously. (3) ‘Chaotic’, GM demonstrate large 

amplitude movements without fluency, and movements can appear abrupt.59 

 

There have been attempts to quantify the subjective assessment of GM using an ‘optimality’ construct, 

in which each aspect of the GM is scored 2 for normality, and 1 if abnormal, and the global score used 

for quantitative analysis; however the overall scores did not lend themselves to re-synthesis of the 

actual motor behaviour, resulting in the abandonment of this approach.59 Furthermore, the use of 

quantitative changes in motor behaviour analysis in pathological cases compared to age-matched 

healthy controls has not been shown to provide clinically useful information, in terms of parameters 

such as the number of movements in a given period of time.29,93,94  

 

A further classification was suggested in which spontaneous movements were categorised as hypo- or 

hyperkinetic; a relatively broad spectrum of genetic syndromes were classified, resulting in the 
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suggestion that autosomal recessive disorders with a predilection for neuromuscular-skeletal-skin 

disorders tended to show hypokinetic motor patterns. Whereas hyperkinesis-associated conditions 

consisted of sporadic or rare structural or chromosomal disorders that involve the CNS.95 It is difficult 

to generalise this concept as the study sample contained severe diseases with a high mortality rate: only 

14% survived but with disability. 

 

Finally, a simpler method of classifying abnormal GM into ‘mild’ and ‘definite’ was devised using a 

set of infants with relatively more common neurological lesions both in preterm and full-term infants. 

These categories continued to be based on GM complexity, variation and fluency, of which lack of 

fluency determines mildly abnormal GM; all three features must be altered for definitely abnormal 

GM. CNS lesions included cerebral oedema, parenchymal haemorrhages, hydrocephalus, and 

periventricular leukomalacia. In this small study the authors demonstrated a strong association between 

infants with definitely abnormal GM and neurological disability; the majority of infants with mildly 

abnormal GM had a normal development.96 

 

Using the definitions devised in earlier studies explained above, the following section will explore the 

strength of the association between the analysis of spontaneous motor behaviour and CNS lesions and 

neurodevelopmental outcome, beginning with findings from ex utero studies. 

 

2.3.2 ASSOCIATIONS BETWEEN EARLY LIFE ADVERSITY, ABNORMAL MOTOR 

BEHAVIOUR AND NEURODEVELOPMENTAL OUTCOME 

As alluded to earlier, for term-born infants GM analysis is predictive of severe neurodevelopmental 

disorders with predominant motor symptomatology, such as cerebral palsy97, particularly in high-risk 
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cohorts that showed ‘definitely abnormal’ GM such as periventricular leukomalacia, preterm birth and 

haemorrhagic or ischaemic stroke.85 Abnormal GM have particular characteristics that are associated 

with cerebral palsy and behavioural problems by 8 years of age, motor patterns that show stiff 

movements and reduced complexity.98 Up to 75% of infants that experience perinatal asphyxia, based 

on abnormal cardiotocography, low APGAR, or acidosis, show abnormal GM, of which approximately 

half normalised by 3 months; long term outcomes remained unknown.99 

 

There are emerging associations between abnormal GM and the spectrum of mild neurological 

dysfunction (MND), albeit with lower sensitivity and specificity.100,101 MND encompasses several 

domains including posture, tone, voluntary motor control, coordination and fine motor control.102 In 

low risk cohorts postnatally, there is a relatively low proportion of subjects that demonstrate abnormal 

GM, and very rarely show major neurological disease. Up to 10% may show complex MND in early 

childhood, that is, several domains assessed as abnormal. There is a weak association between 

definitely abnormal GMs in the perinatal period and complex MND at 18 months of age.103 ‘Mildly 

Abnormal’ GM soon after birth is associated with abnormal outcomes in childhood such as attention-

deficit hyperactivity disorder, and attendance at special educational schools.98,104 Furthermore, 

abnormal GM at 2 weeks post-term is associated with MND affecting multiple domains at 18 months 

and 4 years of age.103,10565,66 

 

The fetus has been studied in pathological conditions using USS, although less extensively than pre- 

and full-term infants, and with smaller sample sizes and largely in single observational studies. The 

analysis of fetal GM using a robust framework has the potential to allow earlier detection and 

prediction of neurodevelopmental disorders. 
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Anencephalic fetuses, though not clinically useful in terms of long term outcomes due to the absolute 

mortality rate, demonstrate abnormal GM, which are forceful, jerky and large amplitude.29 This finding 

is useful to illustrate several issues: that in the presence of severe supraspinal abnormalities motor 

behaviour continues to be generated , displays abnormal character, and provides some support for 

infracortical drivers.  

 

A case report of Smith-Lemli-Opitz syndrome, an inborn error of cholesterol metabolism with a broad 

range of clinical features and outcomes, demonstrated abnormal GM: altered complexity, and 

preponderance of head and trunk movements over limb involvement.106 Again, this case represents a 

severe end of early genetic disorders with neurological sequelae, but with altered motor behaviour that 

may be reflect specific CNS lesions: ventriculomegaly, abnormal gyrification, corpus callosum 

abnormalities and cerebellar hypoplasia.  

 

Maternal stress in the form of trauma (motor vehicle and cycling accidents, falls) showed no effect on 

the quality of GM, and normal neurodevelopmental outcomes at 12 months.107 However, this sample 

contained a heterogeneous gestational age range and restricted mechanism of injury, and so presents 

difficulties in generalisability particularly if the physiological stress response of the mother was not 

sufficiently induced as suggested by the lack of hypercortisolaemia. 

 

The IUGR population has been studied more than other clinically relevant paradigms with GM 

analysis. IUGR fetuses demonstrate an overall reduction in the level of spontaneous motor behaviour, 

and GM that appear abnormal with monotonous, slower and less variable sequences.108  A later small 
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longitudinal cohort study showed that uncomplicated IUGR showed no alterations in GM quality. 

However with worsening condition of the fetus as indexed by heart rate patterns, GM quality changed 

to poor repertoire, followed by negligible motor behaviour. This study was also able to show that the 

quality of GM was consistent immediately pre- and postnatally.109 Interestingly, in IUGR without 

structural brain lesions on imaging, there appears to be a normalisation of GM quality with increasing 

age postnatally (noting that GM cease at 3-5 months), which may reflect a degree of CNS 

plasticity94,110, but does not imply that there may not be longer standing subtle alterations in structure or 

functional networks that manifest later in life. 

 

Fetuses exposed to premature rupture of amniotic membranes, with resultant reduction in amniotic 

fluid volume, had movements of smaller amplitude and reduced speed, which returned to normal 

appearances rapidly after birth.111 Later work in larger groups of premature membrane rupture and 

oligohydramnios also found fetal GM with altered amplitude, speed and complexity.112  

 

These studies in infants or fetuses using USS have provided compelling evidence for alterations in 

motor behaviour either as a result of neurological aberrations, or predating the onset of overt clinical 

manifestations of a range of subtle and severe neurodevelopmental disorders. Furthermore, some of 

these studies have presented some of the first human data on the effects of physical restriction on motor 

behaviour as seen in oligohydramnios, though this may be due to a confounder effect. The following 

section explores the emergence of MRI as a novel modality for interrogating fetal motor behaviour, 

presents the rationale for reconceptualising motor behaviour, and discusses the potential for multimodal 

MRI to provide a comprehensive neurological assessment in utero. 
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3 RECONCEPTUALISING FETAL MOTOR BEHAVIOUR USING MRI 

MRI has transformed our ability to conceptualise neurological integrity at all stages of development; by 

offering a multimodal approach that MRI data presents the closest measures of in vivo CNS structure 

and function. In light of several recent studies exploring the role of MRI in human motor behaviour, 

new insights have been formed on the characterisation of motor behaviour during gestation, and its 

potential role as a biomarker of neurological disease.  

 

The following section will present an overview of practical aspects of in utero MRI, followed by a 

discussion on the effects of intrauterine constraints on motor behaviour, and finally how motor 

behaviour has been shown to reflect the condition of the CNS and neurodevelopmental outcomes. 

Pertinent evidence from complementary studies in animal models will be used to contextualise the 

findings from these preliminary studies in humans, as well as provide targets for future directions. 

 

3.1 PRINCIPLES OF MRI AND APPLICATIONS IN THE HUMAN FETUS 

MRI is a versatile modality for studying a broad spectrum of biological phenomena throughout human 

life. Spontaneously generated fetal motor behaviour has previously degraded images of anatomical 

structures due to long acquisition times. However sub-second image acquisition coupled with post-

processing computational methods allow volumetric reconstruction of fetal neuroanatomy which has 

opened an avenue for accurate objective measures of neurological development.81 Furthermore, this has 

allowed MRI studies of dynamic processes such as swallowing, movements at joints, and cardiac 

motion.113–116 
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Where available, MRI is being used to diagnose and monitor a range of congenital and acquired 

anomalies, particularly following the detection of a suspicious finding on USS. Fetal MRI and USS 

have been compared to each other in a variety of pathological states, the consensus being that these two 

techniques are complementary, often providing a more comprehensive neuroimaging assessment117–119, 

though MRI shows improved detection of CNS anomalies.120,121 

 

3.1.1 MRI SAFETY IN EARLY NEUROLOGICAL DEVELOPMENT 

MRI is a safe, non-invasive and non-ionizing clinical imaging modality. Concerns naturally arise when 

using any imaging modality in the fetus, both in terms of immediate teratogenicity and long term 

development effects. In this regard, UK guidelines do not recommend MRI prior to 18 weeks gestation, 

unless there are exceptional clinical concerns. The magnitude of the primary magnetic field does not 

occur in natural phenomena, however there are no known adverse biological effects due to such 

interactions.122 However repeated radiofrequency pulses result in energy deposition in tissues and can 

lead to heating effects. This is measured by the specific absorption rate and the distribution of thermal 

energy deposition has been investigated in pregnancy. Animal models have demonstrated that thermal 

energy generated by metabolic processes in the fetus dissipate through two routes: thermal energy 

transfer from fetal to maternal blood in the placenta and directly from the fetal tissues into the 

surrounding amniotic fluid.123 Specific absorption rate remains within safety limits if the average 

radiofrequency deposition based on the adult mother is limited to 2 Watts/kilogram.124,125 Clinical 

studies into the long term effects of MRI exposure to fetuses have also shown no adverse outcomes in 

terms of growth deficits126, or changes in physiological parameters.127 
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3.1.2 DEVELOPMENT OF CINE MRI SEQUENCES FOR VISUALISING FETAL MOTOR 

BEHAVIOUR 

MRI has emerged as a research method for observing motor behaviour in the fetus with advantages 

over USS (Fig 2).128–130 Firstly, MRI has a larger field-of-view, and allows visualisation of the whole 

fetal body. Secondly, the spatial resolution of MRI is higher than USS which allows for improved 

representation of fetal anatomy. 

 

Several dynamic MRI sequences (cineMRI) have the potential to capture fetal motor behaviour: Echo-

planar imaging is capable of acquiring cine data but has to compromise on signal-to-noise ratio when 

used at high temporal resolution, thus lowering spatial resolution.131 Single shot Fast Spin Echo can 

achieve images at high spatial resolution, but also suffers from low signal-to-noise ratio and incurs a 

high specific absorption rate when operated at high temporal resolution.132 Studies have suggested that 

balanced-steady state free precession cine sequences are particularly suited to imaging fetal 

movements128,129,133,134, and has several advantages: firstly, specific absorption rates are lower 

compared to Spin Echo sequences under equivalent imaging conditions.135 Secondly, it offers high 

signal-to-noise ratio and image contrast properties that show fluid/tissue boundaries 

unambiguously.133,136 

 

Fetal cineMRI studies have used slice acquisition times that result in frame rates of approximately 3 

frames per second.129,130 However, simulations of edited video sequences of a postnatal limb 

movements have suggested that there is no loss of detectable movements.128 Furthermore, using 30-

40mm slices coupled with multislice imaging allowed sufficient spatial coverage to capture all of the 

fetal limbs together with head and trunk whilst also providing a detailed view of fine movements in the 
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extremities at all gestations, and helped to track limbs as they moved in 3D space. An early study 

utilised cineMRI to capture motor behaviour in fetuses with severe neurological abnormalities in 

comparison to a control group, and suggested a reduction in movement in fetuses with 

myelomeningoceles.129 

 

3.1.3 FETAL MOTOR BEHAVIOUR OBSERVED USING CINE MRI 

Observations of fetal motor activity using cineMRI data showed no 

gestational age−dependent change in the fetal motor repertoire in terms 

of either the cessation or introduction of new movement patterns. 

Rotations, flexions, and extensions in the main anatomic regions (upper 

limbs, lower limbs, head, and trunk) were observed, both in isolation and 

as part of GM. Fine-motor activity in the fingers was observed from GA 18, 

as well as grasping and stroking movements. Yawns and other mouthing 

movements, including swallowing occurred less frequently. Eye and 

breathing movements were also present at all ages. Non-GM movements 

involving the whole body occurred irregularly at all GAs, these included 

kicking, brief twitches, and startles. Fetal GM had an observable pattern 

similar to those in neonates, usually with a brief isolated twitch 

indicating the start.128 

 

This data is consistent with the findings from the archive of USS studies. However, cineMRI has 

afforded a significantly improved visualisation of the fetus within the constraints of the intrauterine 
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environment, and how this relationship changes with age. This has highlighted potentially significant 

issues with motor analysis in utero, and are elaborated on in the following sections. 

 

3.2 NEW INSIGHTS FROM CINE MRI ANALYSIS OF FETAL MOTOR FUNCTION 

3.2.1 THE INTRAUTERINE ENVIRONMENT AND ITS EFFECT ON MOTOR BEHAVIOUR 

The fetus is surrounded by the physical barrier of the uterus, which undergoes dramatic changes during 

pregnancy: organ mass increases from 70 grams to over a kilogram, with volumetric changes of 10 

milliliters to 5 litres; uterine wall thickness shows minimal increases from approximately 5 to 7 

milimetres, but with regional variability.137–139 These factors together with intrauterine pressure 

determine the wall tension, which increases with gestation.137 These structural changes form the basis 

of the problem of increasing intrauterine constraints as a function of gestational age, a problem that has 

been largely overlooked in the USS-based literature. The general consensus being that motor activity is 

consistent pre and postnatally, and that the overall physiological reduction in activity is solely related to 

the establishment of behavioural states.51,140,141 There is now evidence in humans, as well as a 

significant body of findings from animal studies that require a careful examination of mechanical 

aspects of the intrauterine environment as the fetus ages. With this information it is erroneous to 

suggest that fetal GM are similar in the near term period either to those performed earlier in gestation, 

or to ex utero preterm and term born infants.  

 

Several USS-based studies that posit that fetal movements near term age are performed as freely as 

earlier in gestation and with no difference to ex utero infants.142,143 However, they have tended to 

restrict their analysis to gross body movements, presumably because other movements are more 

difficult to concurrently identify with USS - a field-of-view limitation. With cineMRI, it is observed 

ACCEPTED M
ANUSCRIP

T



 

28 

that it may be challenging for the fetus to change from a flexed to an extended posture or vice versa 

from GA 28 onwards128, coupled with a lack of uterine stretch under the pressure of fetal kicking. A 

study modelling limb forces during motor behaviour showed uterine deformation during fetal kicking 

at mid-gestational age resulted in a maximal deflection of only 7mm.114 Thus supporting the view that 

near term fetuses are not as free to move as earlier in gestation.128  

 

CineMRI demonstrates that the quality of movements is affected by spatial constraints, as near term 

fetuses are restricted to smaller amplitude limb movements. There is a quantitative influence of spatial 

constraints in a localised manner, with a reduction in lower limb movements from GA 31.128 The lower 

limb demonstrates a high degree of flexion at the hip and knee joints, corroborating a similar finding in 

an USS study, but with a cohort whose age was restricted to GA 30 onwards.144 Full-term infants are 

also more flexed in their lower limbs than preterm infants at term equivalent age, indicated by smaller 

joint angles in the knee and ankle.145 Furthermore, it was estimated that distal lower limb muscles are 

able to generate over twice the force as proximal muscle groups. Whether this is a direct effect of 

uterine restrictions requires studies with larger sample sizes. 

 

Moreover, studies have examined limb postures as a possible prognostic marker in the context of 

neurological lesions in early development, suggesting that frequent movement toward the face is a 

positive marker.146,147 CineMRI data suggests that the uterine morphology facilitates fetal shoulder 

adduction and elbow flexion, thus enabling the extremities to be positioned nearer the face, as there 

appears negligible amniotic fluid adjacent laterally. This may be a mechanical consequence, whether 

despite this there continues to be neurological advantages remains unknown. Similar findings have 

been shown when placing preterm infants in a nest-style bed, which facilitates midline-directed hand 
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movements.148 

 

The concept of pre and post-natal motor behaviour being consistent is challenged by biomechanical 

studies in ex utero infants, which show that by manipulating lower limb posture divergent behavioural 

and dynamic effects are manifested: upright postures result in increased resistance to motion at the hip, 

and so require larger muscle torques to drive flexion, which ultimately leads to smaller amplitude 

movements and more synchronous movements at the knee joint.149 The physiological environment of 

the fetus is fundamentally different, providing a reduced, though not abolished, gravitational exposure, 

and changing level of mechanical interactions with the uterine walls.150 These factors are likely to 

induce a different set of limb and trunk postures than those experienced ex utero, which will influence 

the forces and amplitudes of joint motion, an issue that has only recently been investigated with a pilot 

study using cineMRI data.114 Current findings are restricted to modelling joint motion and forces in 

healthy fetuses and within a very narrow age range, but do provide a proof of principle for the 

technique. 

 

Animal models of fetal motor behaviour have explored the possibility of a direct influence of a 

restrictive environment on motor development.151 Furthermore, spatial constraints also provide 

evidence of motor learning in murine models, which have shown an increase and persistence of 

conjugate limb movements after removing a mechanical restraint between limb pairs.152 There is also 

evidence for the abolition of certain fetal movements as free space reduces with gestation, as well as an 

overall reduction in motor activity; both effects are reversed postpartum and with exteriorization of the 

murine fetus.153  
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Further studies have recorded the overall level of activity as measured by the total movement frequency 

of all anatomical regions within a 20-minute widow in fetuses of an altricial species during the last 

period of gestation (Embryonic day 16-21, rat fetus movement begins on E16).153,154 The fetuses were 

observed under several conditions: firstly, in utero (observations were made through a maternal midline 

abdominal incision); secondly, in amnion (fetuses were externalised but remained within the amniotic 

membranes); thirdly, in bath (fetuses completely removed from all membranes and placed in a saline 

bath); in all preparations the umbilical cord remained attached. A significantly higher level of activity 

was found towards the end of this age range in fetuses in the bath, as compared to both other 

preparations. Their findings suggest a direct influence of the lack of free space on movement 

frequency. The environmental changes that are experienced by the rat fetus are remarkably similar to 

those found in the human, such as the faster volumetric growth of the fetus relative to the uterus, a 

reduction in amniotic fluid volume near term, and also an increase in fluid viscosity with increasing 

gestation.155 

 

The findings from cineMRI coupled with animal studies show a clear effect of in utero spatial 

constraints both in terms of influencing motor activity as well as effects on CNS development as 

suggested by evidence for motor learning in animals. Furthermore, the sensory driven effects of neural 

plasticity are evident from studies of neural function in utero, with evidence that the environment plays 

a role in moulding neural circuitry both pre and postnatally. Furthermore endogenous spontaneous 

brain activity is likely to be an important driver for maturation156, and as discussed earlier there is 

mounting evidence for a sufficiently mature sensorimotor network with peripheral connectivity.5,157,158 

The environment of the fetus changes substantially during gestation, likely resulting in an evolving 

sensorimotor activation pattern. Preliminary work modelling forces involved with motor behaviour, if 
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extended more broadly across gestation may provide further characterisation of environmental 

influences driving maturation of sensorimotor networks.114  

 

The following section will explore novel findings from cineMRI relating abnormal motor behaviour to 

CNS lesions, which contains in itself a potential biomarker for CNS-related disease, and is likely to 

contribute to a comprehensive neurological analysis in utero. 

 

3.2.2 CINE MRI MOTOR ANALYSIS AS A BIOMARKER OF NEURODEVELOPMENTAL 

DISEASE 

Our group performed the first study relating fetal motor analysis with brain structure and associated 

postnatal neurodevelopmental outcomes.159 This study used cineMRI to identify normal and abnormal 

sequences consistent with established GM definitions. A positive association was found between 

postnatal outcome, structural MRI and GM analysis in a heterogeneous cohort, providing further 

support that fetal motor analysis reflects pathological deviations in CNS development. 

 

The abnormal subgroup was heterogeneous both in type of CNS lesions and severity; we stratified this 

group based on severity, and found a positive relationship between GM and neurodevelopmental 

outcome after a relatively short period of follow up. This may be related to a high representation of 

ventriculomegaly cases, which are known to be associated with milder outcomes, often requiring a 

longer duration of follow up to identify cognitive-behavioural adversity.160 The use of structural brain 

MRI to assess neurological integrity in the fetus has an important caveat, in that CNS lesions are 

associated with a variable clinical outcome.160–162 Again, sufficient follow up will allow for 
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maturational processes to occur and the emergence of the utimate neurodevelopmental status against 

which the strength of structural, functional and behavioural biomarkers can be judged.   

  

There is still a need to improve the understanding of fetal motor behaviour, and the classification of 

abnormal patterns. A detailed characterisation of motor patterns, together with a model of the role of 

intrauterine constraints will help develop a comprehensive understanding of the maturation of 

sensorimotor networks, which from studies in preterm infants have been shown to undergo important 

developmental trajectories early in life, and which are likely affected by the physical environmental.5 

 

 

4 FUTURE PROSPECTS FOR THE ROLE OF FETAL MOTOR BEHAVIOUR ANALYSIS  

With the current state of imaging technology and the enormous capacity for plasticity in the developing 

CNS, it is unwise to function within a paradigm that a single unifying biomarker exists to index 

neurological integrity. All parameters have an inherent degree of uncertainty. Therefore, an optimal 

approach is to integrate all feasible parameters to interrogate the CNS and generate a comprehensive 

characterisation, which ultimately may personalise to the individual. This paper has argued for one 

such biomarker. This final section will draw together the potential of MRI to generate multiple indices 

of neurological integrity, and discuss the role of motor behaviour in this emerging landscape. 

 

The last fifteen years has witnessed the adoption of fetal brain MRI as a valid clinical imaging 

modality. The maturation of fetal image acquisition tools and analytical methods will herald a new era 

for characterizing and understanding the development of the CNS in vivo. Advances in image 

registration techniques allow the construction of robust 3D volumes of the brain overcoming image 

ACCEPTED M
ANUSCRIP

T



 

33 

degradation due to motion artefacts.163–165 More recently functional MRI (fMRI) derived fetal resting 

state networks have been acquired166, again with solutions devised to maintain the integrity of datasets 

without discarding motion corrupted data.167  Logical next steps would be to characterise the neural 

networks involved in motor activity in normal and abnormal cohorts, which may also elucidate further 

differences with preterms. 

 

From a clinical perspective, with the improved visualisation of the fetus, it would be prudent to develop 

a robustly designed study with longitudinal assessments, to further explore the utility of an in utero 

assessment of motor activity. Given the routine use of clinical motor assessment from childhood, and 

the range of tools available for early postnatal life, there is certainly the potential to incorporate the 

analysis of spontaneous movements as a biomarker for later impairments. This will require research 

using homogeneous cohorts of known CNS disease with a spectrum of severity to attempt to identify in 

which groups a combined structural and neuromotor analysis confers a greater predictive ability. 

 

A potential paradigm for application arises from small longitudinal cohorts of individuals at high risk 

of schizophrenia-spectrum disorder. There is evidence that neuromotor dysfunction predates the onset 

of disease by many years, is manifest in childhood, and is restricted to the first 2 years postnatal - a 

period of rapid neuromotor development.168,169 This concept is consistent with the neurodevelopmental 

hypothesis of schizophrenia.170,171 In the study several neuromotor parameters were assessed including 

postures, coordination, tone, involuntary movements amongst others, which showed significantly 

poorer neuromotor abnormalities and motor skills compared to control groups which included 

unaffected siblings and healthy controls. Aberrant motor behaviour may reflect an in utero exposure 

related to maternal factors, or an intrauterine insult.169 It would be logical to perform a prospective 
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study to investigate for the presence of in utero motor dysfunction coupled with structural and 

functional imaging biomarkers that might be associated with delayed onset neurological, 

neurodevelopmental and neuropsychiatric disorders.172–176 

 

To reiterate, General Movement analysis as the fetus approaches term will require more detailed study 

and a novel framework, given that over the last 10 weeks of gestation the character of normal fetal 

movements is fundamentally different from the large amplitude movements present in preterm infants 

of equivalent age.50,142 This should proceed in parallel to improving our understanding of intrauterine 

constraints, regarding which there are two pertinent issues: firstly, how is the uterus imposing 

mechanical constraints on movement, particularly with increasing gestation, and if so what are the 

consequences; secondly, are there active feedback pathways (sensorimotor, proprioceptive), that are 

stimulated by the fetus’ interactions with its immediate physical environment, which modulate and 

shape its motor development.  

 

These issues may be addressed with progress on automated and quantitative analysis of the mechanics 

of fetal movement across gestation, for which pilot studies have begun to develop novel methods. This 

will allow objective tracking of anatomical regions and limbs, in the context of age-related intrauterine 

constraints, and so define the level of freedom or restriction that a fetus is likely to encounter as it 

progresses through gestation.177 

 

CONCLUSIONS 

There now exists an optimised and validated fetal MRI protocol which has been utilised to observe the 

full range of fetal motor behaviour. CineMRI imaging is an effective method for monitoring and 
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quantifying movements in late gestation with near full-body coverage, and is thus able to add new 

information on physiological motor development beyond what was capable previously with USS. The 

nature of the intrauterine environment has been highlighted as an important influence, which imposes 

both global and localized spatial restrictions on fetal movements. Animal studies have paved the way 

for in vivo human studies, and can suggest how to address the question of how early neuromotor 

development may be modulated by sensory and proprioceptive feedback mechanisms. Further work is 

required to improve the characterisation of fetal motor behaviour in the context of CNS lesions, and 

then to draw associations with potential findings from advanced imaging techniques that will provide 

an insight into the functional circuitry driving these changes. 

 

  

ACCEPTED M
ANUSCRIP

T



 

36 

 

Ethical Approval 

 

For this type of submission formal consent or approval is not required. 

 

 

Author Contributions 

 

TTAH and MAR wrote and conceived the manuscript.  

 

Competing Interests 

 

The authors declare no competing interests. 

 

Funding 

 

This work was supported by a Medical Research Council PhD Studentship 

 

Acknowledgements 

 

None 

ACCEPTED M
ANUSCRIP

T



 

37 

 

 

REFERENCES 

 

 

1. Forssberg, H. Neural control of human motor development. Curr. Opin. Neurobiol. 9, 676–682 

(1999). 

2. Sporns, O. & Edelman, G. M. Solving Bernstein’s problem: a proposal for the development of 

coordinated movement by selection. Child Dev. 64, 960–981 (1993). 

3. Sarnat, H. B. Functions of the corticospinal and corticobulbar tracts in the human newborn. J. 

Pediatr. Neurol. 1, 3–8 (2003). 

4. Eyre, J. A., Taylor, J. P., Villagra, F., Smith, M. & Miller, S. Evidence of activity-dependent 

withdrawal of corticospinal projections during human development. Neurology 57, 1543–1554 

(2001). 

5. Allievi, A. G. et al. Maturation of Sensori-Motor Functional Responses in the Preterm Brain. 

Cereb. Cortex 26, 402–413 (2016). 

6. Martin, J. H. The corticospinal system: from development to motor control. Neuroscientist 11, 

161–173 (2005). 

7. Lawrence, D. G. & Kuypers, H. G. The functional organization of the motor system in the 

monkey. I. The effects of bilateral pyramidal lesions. Brain 91, 1–14 (1968). 

8. Lawrence, D. G. & Kuypers, H. G. The functional organization of the motor system in the 

monkey. II. The effects of lesions of the descending brain-stem pathways. Brain 91, 15–36 (1968). 

9. Sarnat, H. B. & Alcala, H. Human cerebellar hypoplasia: a syndrome of diverse causes. Arch. 

Neurol. 37, 300–305 (1980). 

10. Wassmer, E., Davies, P., Whitehouse, W. P. & Green, S. H. Clinical spectrum associated with 

ACCEPTED M
ANUSCRIP

T



 

38 

cerebellar hypoplasia. Pediatr. Neurol. 28, 347–351 (2003). 

11. Martin, J. H., Kably, B. & Hacking, A. Activity-dependent development of cortical axon 

terminations in the spinal cord and brain stem. Exp. Brain Res. 125, 184–199 (1999). 

12. Sommer, M. A. The role of the thalamus in motor control. Curr. Opin. Neurobiol. 13, 663–670 

(2003). 

13. Haber, S. N. & Calzavara, R. The cortico-basal ganglia integrative network: the role of the 

thalamus. Brain Res. Bull. 78, 69–74 (2009). 

14. Bosch-Bouju, C., Hyland, B. I. & Parr-Brownlie, L. C. Motor thalamus integration of cortical, 

cerebellar and basal ganglia information: implications for normal and parkinsonian conditions. 

Front. Comput. Neurosci. 7, 163 (2013). 

15. Sakai, S. T., Inase, M. & Tanji, J. The relationship between MI and SMA afferents and cerebellar 

and pallidal efferents in the macaque monkey. Somatosens. Mot. Res. 19, 139–148 (2002). 

16. Huffman, K. J. & Krubitzer, L. Thalamo-cortical connections of areas 3a and M1 in marmoset 

monkeys. J. Comp. Neurol. 435, 291–310 (2001). 

17. Van Donkelaar, P., Stein, J. F., Passingham, R. E. & Miall, R. C. Temporary inactivation in the 

primate motor thalamus during visually triggered and internally generated limb movements. J. 

Neurophysiol. 83, 2780–2790 (2000). 

18. Boardman, J. P. et al. Abnormal deep grey matter development following preterm birth detected 

using deformation-based morphometry. Neuroimage 32, 70–78 (2006). 

19. Boardman, J. P. et al. A common neonatal image phenotype predicts adverse neurodevelopmental 

outcome in children born preterm. Neuroimage 52, 409–414 (2010). 

20. Ball, G. et al. The influence of preterm birth on the developing thalamocortical connectome. 

Cortex 49, 1711–1721 (2013). 

21. Damodaram, M. S. et al. Foetal volumetry using magnetic resonance imaging in intrauterine 

ACCEPTED M
ANUSCRIP

T



 

39 

growth restriction. Early Hum. Dev. 88 Suppl 1, S35–40 (2012). 

22. Eixarch, E., Muñoz-Moreno, E., Bargallo, N., Batalle, D. & Gratacos, E. Motor and cortico-

striatal-thalamic connectivity alterations in intrauterine growth restriction. Am. J. Obstet. Gynecol. 

214, 725.e1–9 (2016). 

23. Marder, E. & Rehm, K. J. Development of central pattern generating circuits. Curr. Opin. 

Neurobiol. 15, 86–93 (2005). 

24. Blankenship, A. G. & Feller, M. B. Mechanisms underlying spontaneous patterned activity in 

developing neural circuits. Nat. Rev. Neurosci. 11, 18–29 (2010). 

25. Bond, C. T., Maylie, J. & Adelman, J. P. SK channels in excitability, pacemaking and synaptic 

integration. Curr. Opin. Neurobiol. 15, 305–311 (2005). 

26. Milner, L. D. & Landmesser, L. T. Cholinergic and GABAergic inputs drive patterned 

spontaneous motoneuron activity before target contact. J. Neurosci. 19, 3007–3022 (1999). 

27. Robertson, S. S. & Smotherman, W. P. The neural control of cyclic motor activity in the fetal rat 

(Rattus norvegicus). Physiol. Behav. 47, 121–126 (1990). 

28. Cooke, I. R. & Berger, P. J. Development of patterns of activity in diaphragm of fetal lamb early 

in gestation. J. Neurobiol. 30, 385–396 (1996). 

29. Visser, G. H., Laurini, R. N., de Vries, J. I., Bekedam, D. J. & Prechtl, H. F. Abnormal motor 

behaviour in anencephalic fetuses. Early Hum. Dev. 12, 173–182 (1985). 

30. Kurjak, A. et al. The antenatal development of fetal behavioral patterns assessed by four-

dimensional sonography. J. Matern. Fetal. Neonatal Med. 17, 401–416 (2005). 

31. Milh, M. et al. Rapid cortical oscillations and early motor activity in premature human neonate. 

Cereb. Cortex 17, 1582–1594 (2007). 

32. Unver Dogan, N., Uysal, I. I., Karabulut, A. K. & Fazliogullari, Z. The motor branches of median 

and ulnar nerves that innervate superficial flexor muscles: a study in human fetuses. Surg. Radiol. 

ACCEPTED M
ANUSCRIP

T



 

40 

Anat. 32, 225–233 (2010). 

33. Albay, S., Kastamoni, Y. & Sakalli, B. Motor branching patterns of the ulnar nerve in the 

forearms of fetal cadavers. Surg. Radiol. Anat. 35, 951–956 (2013). 

34. Molina, W., Reyes, E., Joshi, N., Barrios, A. & Hernandez, L. Maturation of the neuromuscular 

junction in masseters of human fetus. Rom. J. Morphol. Embryol. 51, 537–541 (2010). 

35. Hooker, D. Development reaction to environment. Yale J. Biol. Med. 32, 431–440 (1960). 

36. Hakamada, S., Hayakawa, F., Kuno, K. & Tanaka, R. Development of the monosynaptic reflex 

pathway in the human spinal cord. Brain Res. 470, 239–246 (1988). 

37. Smotherman, W. P. & Robinson, S. R. Behavior of rat fetuses following chemical or tactile 

stimulation. Behav. Neurosci. 102, 24–34 (1988). 

38. Yeh, J. K., Liu, C. C. & Aloia, J. F. Effects of exercise and immobilization on bone formation and 

resorption in young rats. Am. J. Physiol. 264, E182–9 (1993). 

39. Hagihara, Y. et al. Running exercise for short duration increases bone mineral density of loaded 

long bones in young growing rats. Tohoku J. Exp. Med. 219, 139–143 (2009). 

40. Moyer-Mileur, L. J., Brunstetter, V., McNaught, T. P., Gill, G. & Chan, G. M. Daily physical 

activity program increases bone mineralization and growth in preterm very low birth weight 

infants. Pediatrics 106, 1088–1092 (2000). 

41. Moyer-Mileur, L. J., Ball, S. D., Brunstetter, V. L. & Chan, G. M. Maternal-administered physical 

activity enhances bone mineral acquisition in premature very low birth weight infants. J. 

Perinatol. 28, 432–437 (2008). 

42. Land, C. & Schoenau, E. Fetal and postnatal bone development: reviewing the role of mechanical 

stimuli and nutrition. Best Pract. Res. Clin. Endocrinol. Metab. 22, 107–118 (2008). 

43. Sharp, M. Bone disease of prematurity. Early Hum. Dev. 83, 653–658 (2007). 

44. Whitworth, M., Bricker, L., Neilson, J. P. & Dowswell, T. Ultrasound for fetal assessment in early 

ACCEPTED M
ANUSCRIP

T



 

41 

pregnancy. Cochrane Database Syst. Rev. 4, CD007058 (2010). 

45. Pathak, S. & Lees, C. Ultrasound structural fetal anomaly screening: an update. Arch. Dis. Child. 

Fetal Neonatal Ed. 94, F384–90 (2009). 

46. Luchinger, A. B., Hadders-Algra, M., van Kan, C. M. & de Vries, J. I. Fetal onset of general 

movements. Pediatr. Res. 63, 191–195 (2008). 

47. Groome, L. J. et al. Spontaneous motor activity in the perinatal infant before and after birth: 

stability in individual differences. Dev. Psychobiol. 35, 15–24 (1999). 

48. Kurjak, A. et al. Normal standards for fetal neurobehavioral developments--longitudinal 

quantification by four-dimensional sonography. J. Perinat. Med. 34, 56–65 (2006). 

49. Roodenburg, P. J., Wladimiroff, J. W., van Es, A. & Prechtl, H. F. Classification and quantitative 

aspects of fetal movements during the second half of normal pregnancy. Early Hum. Dev. 25, 19–

35 (1991). 

50. Cioni, G. & Prechtl, H. F. Preterm and early postterm motor behaviour in low-risk premature 

infants. Early Hum. Dev. 23, 159–191 (1990). 

51. de Vries, J. I., Visser, G. H. & Prechtl, H. F. The emergence of fetal behaviour. I. Qualitative 

aspects. Early Hum. Dev. 7, 301–322 (1982). 

52. de Vries, J. I., Visser, G. H. & Prechtl, H. F. The emergence of fetal behaviour. III. Individual 

differences and consistencies. Early Hum. Dev. 16, 85–103 (1988). 

53. de Vries, J. I., Visser, G. H. & Prechtl, H. F. The emergence of fetal behaviour. II. Quantitative 

aspects. Early Hum. Dev. 12, 99–120 (1985). 

54. Prechtl, H. F. New perspectives in early human development. Eur. J. Obstet. Gynecol. Reprod. 

Biol. 21, 347–355 (1986). 

55. Guzzetta, A. et al. General movements detect early signs of hemiplegia in term infants with 

neonatal cerebral infarction. Neuropediatrics 34, 61–66 (2003). 

ACCEPTED M
ANUSCRIP

T



 

42 

56. Hadders-Algra, M. Neural substrate and clinical significance of general movements: an update. 

Dev. Med. Child Neurol. 60, 39–46 (2018). 

57. Prechtl, H. F. et al. An early marker for neurological deficits after perinatal brain lesions. Lancet 

349, 1361–1363 (1997). 

58. Einspieler, C., Prechtl, H. F., Bos, A., Ferrari, F. & Cioni, G. Prechtl’s method on the qualitative 

assessment of general movements in preterm, term and young infants. (Mac Keith Press, 2004). 

59. Einspieler, C., Prechtl, H. F., Ferrari, F., Cioni, G. & Bos, A. F. The qualitative assessment of 

general movements in preterm, term and young infants--review of the methodology. Early Hum. 

Dev. 50, 47–60 (1997). 

60. Lehtonen, L. & Martin, R. J. Ontogeny of sleep and awake states in relation to breathing in 

preterm infants. Semin. Neonatol. 9, 229–238 (2004). 

61. Patrick, J., Campbell, K., Carmichael, L., Natale, R. & Richardson, B. Patterns of gross fetal body 

movements over 24-hour observation intervals during the last 10 weeks of pregnancy. Am. J. 

Obstet. Gynecol. 142, 363–371 (1982). 

62. Natale, R., Nasello-Paterson, C. & Turliuk, R. Longitudinal measurements of fetal breathing, body 

movements, heart rate, and heart rate accelerations and decelerations at 24 to 32 weeks of 

gestation. Am. J. Obstet. Gynecol. 151, 256–263 (1985). 

63. Giganti, F. et al. Activity patterns assessed throughout 24-hour recordings in preterm and near 

term infants. Dev. Psychobiol. 38, 133–142 (2001). 

64. Nijhuis, J. G. Fetal behavior. Neurobiol. Aging 24 Suppl 1, S41–6; discussion S47–9, S51–2 

(2003). 

65. Romanini, C. & Rizzo, G. Fetal behaviour in normal and compromised fetuses. An overview. 

Early Hum. Dev. 43, 117–131 (1995). 

66. Visser, G. H., Poelmann-Weesjes, G., Cohen, T. M. & Bekedam, D. J. Fetal behavior at 30 to 32 

ACCEPTED M
ANUSCRIP

T



 

43 

weeks of gestation. Pediatr. Res. 22, 655–658 (1987). 

67. Mulder, E. J., Visser, G. H., Bekedam, D. J. & Prechtl, H. F. Emergence of behavioural states in 

fetuses of type-1-diabetic women. Early Hum. Dev. 15, 231–251 (1987). 

68. Peirano, P., Algarin, C. & Uauy, R. Sleep-wake states and their regulatory mechanisms throughout 

early human development. J. Pediatr. 143, S70–9 (2003). 

69. Okai, T., Kozuma, S., Shinozuka, N., Kuwabara, Y. & Mizuno, M. A study on the development of 

sleep-wakefulness cycle in the human fetus. Early Hum. Dev. 29, 391–396 (1992). 

70. Hofmeyr, F. et al. Fetal heart rate patterns at 20 to 24 weeks gestation as recorded by fetal 

electrocardiography. J. Matern. Fetal. Neonatal Med. 27, 714–718 (2014). 

71. DiPietro, J. A., Bornstein, M. H., Hahn, C.-S., Costigan, K. & Achy-Brou, A. Fetal heart rate and 

variability: stability and prediction to developmental outcomes in early childhood. Child Dev. 78, 

1788–1798 (2007). 

72. Mulder, E. J., Morssink, L. P., van der Schee, T. & Visser, G. H. Acute maternal alcohol 

consumption disrupts behavioral state organization in the near-term fetus. Pediatr. Res. 44, 774–

779 (1998). 

73. Smith, G. N. et al. Development of tolerance to ethanol-induced suppression of breathing 

movements and brain activity in the near-term fetal sheep during short-term maternal 

administration of ethanol. J. Dev. Physiol. 11, 189–197 (1989). 

74. Derks, J. B., Mulder, E. J. & Visser, G. H. The effects of maternal betamethasone administration 

on the fetus. Br. J. Obstet. Gynaecol. 102, 40–46 (1995). 

75. Arduini, D., Rizzo, G., Dell’Acqua, S., Mancuso, S. & Romanini, C. Effect of naloxone on fetal 

behavior near term. Am. J. Obstet. Gynecol. 156, 474–478 (1987). 

76. Szeto, H. H. Effects of narcotic drugs on fetal behavioral activity: acute methadone exposure. Am. 

J. Obstet. Gynecol. 146, 211–216 (1983). 

ACCEPTED M
ANUSCRIP

T



 

44 

77. Heazell, A. E. & Froen, J. F. Methods of fetal movement counting and the detection of fetal 

compromise. J. Obstet. Gynaecol. 28, 147–154 (2008). 

78. Heazell, A. E., Green, M., Wright, C., Flenady, V. & Froen, J. F. Midwives’ and obstetricians' 

knowledge and management of women presenting with decreased fetal movements. Acta Obstet. 

Gynecol. Scand. 87, 331–339 (2008). 

79. Mangesi, L. & Hofmeyr, G. J. Fetal movement counting for assessment of fetal wellbeing. 

Cochrane Database Syst. Rev. CD004909 (2007). 

80. Rayburn, W. F. & McKean, H. E. Maternal perception of fetal movement and perinatal outcome. 

Obstet. Gynecol. 56, 161–164 (1980). 

81. Olesen, A. G. & Svare, J. A. Decreased fetal movements: background, assessment, and clinical 

management. Acta Obstet. Gynecol. Scand. 83, 818–826 (2004). 

82. Hijazi, Z. R. & East, C. E. Factors affecting maternal perception of fetal movement. Obstet. 

Gynecol. Surv. 64, 489–97; quiz 499 (2009). 

83. Lai, J. et al. Performance of a wearable acoustic system for fetal movement discrimination. PLoS 

One 13, e0195728 (2018). 

84. Yang, M. Newborn neurologic examination. Neurology 62, E15–7 (2004). 

85. Hielkema, T. & Hadders-Algra, M. Motor and cognitive outcome after specific early lesions of the 

brain - a systematic review. Dev. Med. Child Neurol. 58 Suppl 4, 46–52 (2016). 

86. Saint-Anne Dargassies, S. Value of assessing clinical neuropathology at birth. Proc. R. Soc. Med. 

64, 468–471 (1971). 

87. Als, H., Tronick, E., Lester, B. M. & Brazelton, T. B. The Brazelton Neonatal Behavioral 

Assessment Scale (BNBAS). J. Abnorm. Child Psychol. 5, 215–231 (1977). 

88. Dubowitz, L., Ricciw, D. & Mercuri, E. The Dubowitz neurological examination of the full-term 

newborn. Ment. Retard. Dev. Disabil. Res. Rev. 11, 52–60 (2005). 

ACCEPTED M
ANUSCRIP

T



 

45 

89. DiPietro, J. A. Neurobehavioral assessment before birth. Ment. Retard. Dev. Disabil. Res. Rev. 11, 

4–13 (2005). 

90. Amiel-Tison, C. Update of the Amiel-Tison neurologic assessment for the term neonate or at 40 

weeks corrected age. Pediatr. Neurol. 27, 196–212 (2002). 

91. Bosanquet, M., Copeland, L., Ware, R. & Boyd, R. A systematic review of tests to predict cerebral 

palsy in young children. Dev. Med. Child Neurol. 55, 418–426 (2013). 

92. Skiöld, B., Eriksson, C., Eliasson, A.-C., Adén, U. & Vollmer, B. General movements and 

magnetic resonance imaging in the prediction of neuromotor outcome in children born extremely 

preterm. Early Hum. Dev. 89, 467–472 (2013). 

93. Bos, A. F., Einspieler, C. & Prechtl, H. F. Intrauterine growth retardation, general movements, and 

neurodevelopmental outcome: a review. Dev. Med. Child Neurol. 43, 61–68 (2001). 

94. Bos, A. F. et al. Spontaneous motility in preterm, small-for-gestational age infants. II. Qualitative 

aspects. Early Hum. Dev. 50, 131–147 (1997). 

95. de Vries, J. & Fong, B. Changes in fetal motility as a result of congenital disorders: an overview. 

Ultrasound Obstet. Gynecol. 29, 590–599 (2007). 

96. Hadders-Algra, M., Klip-Van den Nieuwendijk, A., Martijn, A. & van Eykern, L. A. Assessment 

of general movements: towards a better understanding of a sensitive method to evaluate brain 

function in young infants. Dev. Med. Child Neurol. 39, 88–98 (1997). 

97. Novak, I. et al. Early, Accurate Diagnosis and Early Intervention in Cerebral Palsy: Advances in 

Diagnosis and Treatment. JAMA Pediatr. 171, 897–907 (2017). 

98. Hamer, E. G., Bos, A. F. & Hadders-Algra, M. Specific characteristics of abnormal general 

movements are associated with functional outcome at school age. Early Hum. Dev. 95, 9–13 

(2016). 

99. van Iersel, P. A., Bakker, S. C., Jonker, A. J. & Hadders-Algra, M. Quality of general movements 

ACCEPTED M
ANUSCRIP

T



 

46 

in term infants with asphyxia. Early Hum. Dev. 85, 7–12 (2009). 

100. Darsaklis, V., Snider, L. M., Majnemer, A. & Mazer, B. Predictive validity of Prechtl’s Method on 

the Qualitative Assessment of General Movements: a systematic review of the evidence. 

Developmental Medicine & Child Neurology 53, 896–906 (2011). 

101. Burger, M. & Louw, Q. A. The predictive validity of general movements--a systematic review. 

Eur. J. Paediatr. Neurol. 13, 408–420 (2009). 

102. Hadders-Algra, M. Two distinct forms of minor neurological dysfunction: perspectives emerging 

from a review of data of the Groningen Perinatal Project. Dev. Med. Child Neurol. 44, 561–571 

(2002). 

103. Bennema, A. N. et al. Predictive value of general movements’ quality in low-risk infants for 

minor neurological dysfunction and behavioural problems at preschool age. Early Hum. Dev. 94, 

19–24 (2016). 

104. Hadders-Algra, M. & MC Groothuis, A. Quality of general movements in infancy is related to 

neurological dysfunction, ADHD, and aggressive behaviour. Developmental Medicine & Child 

Neurology 41, 381–391 (1999). 

105. Hadders-Algra, M. et al. Quality of general movements and the development of minor 

neurological dysfunction at toddler and school age. Clin. Rehabil. 18, 287–299 (2004). 

106. Hagen, M. A., Stuurman, K. E. & de Vries, J. I. Abnormal motor behavior at 23 weeks in a fetus 

with Smith-Lemli-Opitz syndrome (SLOS). Prenat. Diagn. 33, 807–809 (2013). 

107. van der Knoop, B. J. et al. Effect of (minor or major) maternal trauma on fetal motility: A 

prospective study. Early Hum. Dev. 91, 511–517 (2015). 

108. Bekedam, D. J., Visser, G. H., Mulder, E. J. & Poelmann-Weesjes, G. Heart rate variation and 

movement incidence in growth-retarded fetuses: the significance of antenatal late heart rate 

decelerations. Am. J. Obstet. Gynecol. 157, 126–133 (1987). 

ACCEPTED M
ANUSCRIP

T



 

47 

109. Sival, D. A., Visser, G. H. & Prechtl, H. F. The effect of intrauterine growth retardation on the 

quality of general movements in the human fetus. Early Hum. Dev. 28, 119–132 (1992). 

110. Rosier-van Dunne, F. M. et al. General movements in the perinatal period and its relation to 

echogenicity changes in the brain. Early Hum. Dev. 86, 83–86 (2010). 

111. Sival, D. A., Visser, G. H. & Prechtl, H. F. Does reduction of amniotic fluid affect fetal 

movements? Early Hum. Dev. 23, 233–246 (1990). 

112. Rosier-van Dunne, F. M., van Wezel-Meijler, G., Bakker, M. P., Odendaal, H. J. & de Vries, J. I. 

Fetal general movements and brain sonography in a population at risk for preterm birth. Early 

Hum. Dev. 86, 107–111 (2010). 

113. Manganaro, L. et al. Evaluation of normal brain development by prenatal MR imaging. Radiol. 

Med. 112, 444–455 (2007). 

114. Verbruggen, S. W. et al. Modeling the biomechanics of fetal movements. Biomech. Model. 

Mechanobiol. 15, 995–1004 (2016). 

115. Salomon, L. J., Sonigo, P., Ou, P., Ville, Y. & Brunelle, F. Real-time fetal magnetic resonance 

imaging for the dynamic visualization of the pouch in esophageal atresia. Ultrasound Obstet. 

Gynecol. 34, 471–474 (2009). 

116. Kulinna-Cosentini, C., Schima, W. & Cosentini, E. P. Dynamic MR imaging of the 

gastroesophageal junction in healthy volunteers during bolus passage. J. Magn. Reson. Imaging 

25, 749–754 (2007). 

117. Benacerraf, B. R., Shipp, T. D., Bromley, B. & Levine, D. What does magnetic resonance imaging 

add to the prenatal sonographic diagnosis of ventriculomegaly? J. Ultrasound Med. 26, 1513–

1522 (2007). 

118. Picone, O., Simon, I., Benachi, A., Brunelle, F. & Sonigo, P. Comparison between ultrasound and 

magnetic resonance imaging in assessment of fetal cytomegalovirus infection. Prenat. Diagn. 28, 

ACCEPTED M
ANUSCRIP

T



 

48 

753–758 (2008). 

119. Malinger, G. et al. Fetal brain imaging: a comparison between magnetic resonance imaging and 

dedicated neurosonography. Ultrasound Obstet. Gynecol. 23, 333–340 (2004). 

120. Guibaud, L. Contribution of fetal cerebral MRI for diagnosis of structural anomalies. Prenat. 

Diagn. 29, 420–433 (2009). 

121. Griffiths, P. D. et al. Use of MRI in the diagnosis of fetal brain abnormalities in utero 

(MERIDIAN): a multicentre, prospective cohort study. Lancet 389, 538–546 (2017). 

122. Schenck, J. F. Physical interactions of static magnetic fields with living tissues. Prog. Biophys. 

Mol. Biol. 87, 185–204 (2005). 

123. Gilbert, R. D., Schröder, H., Kawamura, T., Dale, P. S. & Power, G. G. Heat transfer pathways 

between fetal lamb and ewe. J. Appl. Physiol. 59, 634–638 (1985). 

124. Hand, J. W., Li, Y. & Hajnal, J. V. Numerical study of RF exposure and the resulting temperature 

rise in the foetus during a magnetic resonance procedure. Phys. Med. Biol. 55, 913–930 (2010). 

125. Gowland, P. A. & De Wilde, J. Temperature increase in the fetus due to radio frequency exposure 

during magnetic resonance scanning. Phys. Med. Biol. 53, L15–8 (2008). 

126. Myers, C., Duncan, K. R., Gowland, P. A., Johnson, I. R. & Baker, P. N. Failure to detect 

intrauterine growth restriction following in utero exposure to MRI. Br. J. Radiol. 71, 549–551 

(1998). 

127. Michel, S. C. et al. Original report. Fetal cardiographic monitoring during 1.5-T MR imaging. AJR 

Am. J. Roentgenol. 180, 1159–1164 (2003). 

128. Hayat, T. T. A. et al. Optimization and initial experience of a multisection balanced steady-state 

free precession cine sequence for the assessment of fetal behavior in utero. AJNR Am. J. 

Neuroradiol. 32, 331–338 (2011). 

129. Guo, W. Y. et al. Dynamic motion analysis of fetuses with central nervous system disorders by 

ACCEPTED M
ANUSCRIP

T



 

49 

cine magnetic resonance imaging using fast imaging employing steady-state acquisition and 

parallel imaging: a preliminary result. J. Neurosurg. 105, 94–100 (2006). 

130. Shen, S. H., Guo, W. Y. & Hung, J. H. Two-dimensional fast imaging employing steady-state 

acquisition (FIESTA) cine acquisition of fetal non-central nervous system abnormalities. J. Magn. 

Reson. Imaging 26, 672–677 (2007). 

131. Stehling, M. K., Turner, R. & Mansfield, P. Echo-planar imaging: magnetic resonance imaging in 

a fraction of a second. Science 254, 43–50 (1991). 

132. Anquez, J. et al. Interest of the steady state free precession (SSFP) sequence for 3D modeling of 

the whole fetus. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2007, 771–774 (2007). 

133. Scheffler, K. & Lehnhardt, S. Principles and applications of balanced SSFP techniques. Eur. 

Radiol. 13, 2409–2418 (2003). 

134. Prayer, D. et al. MRI of normal fetal brain development. Eur. J. Radiol. 57, 199–216 (2006). 

135. Chung, H. W. et al. T2-Weighted fast MR imaging with true FISP versus HASTE: comparative 

efficacy in the evaluation of normal fetal brain maturation. AJR Am. J. Roentgenol. 175, 1375–

1380 (2000). 

136. Carr, J. C. et al. Cine MR angiography of the heart with segmented true fast imaging with steady-

state precession. Radiology 219, 828–834 (2001). 

137. Sokolowski, P. et al. Human uterine wall tension trajectories and the onset of parturition. PLoS 

One 5, e11037 (2010). 

138. Degani, S., Leibovitz, Z., Shapiro, I., Gonen, R. & Ohel, G. Myometrial thickness in pregnancy: 

longitudinal sonographic study. J. Ultrasound Med. 17, 661–665 (1998). 

139. Verbruggen, S. W., Oyen, M. L., Phillips, A. T. M. & Nowlan, N. C. Function and failure of the 

fetal membrane: Modelling the mechanics of the chorion and amnion. PLoS One 12, e0171588 

(2017). 

ACCEPTED M
ANUSCRIP

T



 

50 

140. Ferrari, F., Cioni, G. & Prechtl, H. F. Qualitative changes of general movements in preterm infants 

with brain lesions. Early Hum. Dev. 23, 193–231 (1990). 

141. de Vries, J. I. & Fong, B. F. Normal fetal motility: an overview. Ultrasound Obstet. Gynecol. 27, 

701–711 (2006). 

142. Einspieler, C. & Prechtl, H. F. Prechtl’s assessment of general movements: a diagnostic tool for 

the functional assessment of the young nervous system. Ment. Retard. Dev. Disabil. Res. Rev. 11, 

61–67 (2005). 

143. Kurjak, A. et al. Fetal behavior assessed in all three trimesters of normal pregnancy by four-

dimensional ultrasonography. Croat. Med. J. 46, 772–780 (2005). 

144. Almli, C. R., Ball, R. H. & Wheeler, M. E. Human fetal and neonatal movement patterns: Gender 

differences and fetal-to-neonatal continuity. Dev. Psychobiol. 38, 252–273 (2001). 

145. Heriza, C. B. Comparison of leg movements in preterm infants at term with healthy full-term 

infants. Phys. Ther. 68, 1687–1693 (1988). 

146. Kurjak, A. et al. Fetal hand movements and facial expression in normal pregnancy studied by 

four-dimensional sonography. J. Perinat. Med. 31, 496–508 (2003). 

147. Ververs, I. A., Van Gelder-Hasker, M. R., De Vries, J. I., Hopkins, B. & Van Geijn, H. P. Prenatal 

development of arm posture. Early Hum. Dev. 51, 61–70 (1998). 

148. Ferrari, F. et al. Posture and movement in healthy preterm infants in supine position in and outside 

the nest. Arch. Dis. Child. Fetal Neonatal Ed. 92, F386–90 (2007). 

149. Jensen, J. L., Schneider, K., Ulrich, B. D., Zernicke, R. F. & Thelen, E. Adaptive Dynamics of the 

Leg Movement Patterns of Human Infants: I. The Effects of Posture on Spontaneous Kicking. J. 

Mot. Behav. 26, 303–312 (1994). 

150. Wood, C. Weightlessness: its implications for the human fetus. J. Obstet. Gynaecol. Br. 

Commonw. 77, 333–336 (1970). 

ACCEPTED M
ANUSCRIP

T



 

51 

151. Smotherman, W. P. & Robinson, S. R. Caveats in the study of perinatal behavioral development: 

utility of fetal study. Neurosci. Biobehav. Rev. 18, 347–354 (1994). 

152. Robinson, S. R. Conjugate limb coordination after experience with an interlimb yoke: evidence for 

motor learning in the rat fetus. Dev. Psychobiol. 47, 328–344 (2005). 

153. Smotherman, W. P. & Robinson, S. R. Environmental determinants of behaviour in the rat fetus. 

Anim. Behav. 34, 1859–1873 (1986). 

154. Ronca, A. E., Kamm, K., Thelen, E. & Alberts, J. R. Proximal control of fetal rat behavior. Dev. 

Psychobiol. 27, 23–38 (1994). 

155. Robinson, S. R. & Smotherman, W. P. Behavioral response of altricial and precocial rodent 

fetuses to acute umbilical cord compression. Behav. Neural Biol. 57, 93–102 (1992). 

156. Anderson, A. L. & Thomason, M. E. Functional plasticity before the cradle: a review of neural 

functional imaging in the human fetus. Neurosci. Biobehav. Rev. 37, 2220–2232 (2013). 

157. Eyre, J. A., Miller, S., Clowry, G. J., Conway, E. A. & Watts, C. Functional corticospinal 

projections are established prenatally in the human foetus permitting involvement in the 

development of spinal motor centres. Brain 123 ( Pt 1), 51–64 (2000). 

158. Sarnat, H. B. Do the corticospinal and corticobulbar tracts mediate functions in the human 

newborn? Can. J. Neurol. Sci. 16, 157–160 (1989). 

159. Hayat, T. T. A., Martinez-Biarge, M., Kyriakopoulou, V., Hajnal, J. V. & Rutherford, M. A. 

Neurodevelopmental correlates of fetal motor behaviour assessed using cine magnetic resonance 

imaging. AJNR Am. J. Neuroradiol. (2018). 

160. Gaglioti, P. et al. Fetal cerebral ventriculomegaly: outcome in 176 cases. Ultrasound Obstet. 

Gynecol. 25, 372–377 (2005). 

161. Poretti, A. et al. Outcome of severe unilateral cerebellar hypoplasia. Dev. Med. Child Neurol. 

(2009). 

ACCEPTED M
ANUSCRIP

T



 

52 

162. Chervenak, F. A. et al. Outcome of fetal ventriculomegaly. Lancet 2, 179–181 (1984). 

163. Rutherford, M. et al. MR imaging methods for assessing fetal brain development. Dev. Neurobiol. 

68, 700–711 (2008). 

164. Jiang, S. et al. MRI of moving subjects using multislice snapshot images with volume 

reconstruction (SVR): application to fetal, neonatal, and adult brain studies. IEEE Trans. Med. 

Imaging 26, 967–980 (2007). 

165. Bertelsen, A. et al. Improved slice to volume reconstruction of the fetal brain for automated cortex 

segmentation. in Proceedings of the 17th Scientific Meeting of the International Society for 

Magnetic Resonance in Medicine (ISMRM, 2009). 

166. Schöpf, V., Kasprian, G., Brugger, P. C. & Prayer, D. Watching the fetal brain at ‘rest’. Int. J. 

Dev. Neurosci. 30, 11–17 (2012). 

167. Ferrazzi, G. et al. Resting State fMRI in the moving fetus: a robust framework for motion, bias 

field and spin history correction. Neuroimage 101, 555–568 (2014). 

168. Walker, E. F., Savoie, T. & Davis, D. Neuromotor precursors of schizophrenia. Schizophr. Bull. 

20, 441–451 (1994). 

169. Fish, B., Marcus, J., Hans, S. L., Auerbach, J. G. & Perdue, S. Infants at risk for schizophrenia: 

sequelae of a genetic neurointegrative defect. A review and replication analysis of 

pandysmaturation in the Jerusalem Infant Development Study. Arch. Gen. Psychiatry 49, 221–235 

(1992). 

170. Marenco, S. & Weinberger, D. R. The neurodevelopmental hypothesis of schizophrenia: following 

a trail of evidence from cradle to grave. Dev. Psychopathol. 12, 501–527 (2000). 

171. Weinberger, D. R. From neuropathology to neurodevelopment. Lancet 346, 552–557 (1995). 

172. Teitelbaum, P., Teitelbaum, O., Nye, J., Fryman, J. & Maurer, R. G. Movement analysis in 

infancy may be useful for early diagnosis of autism. Proc. Natl. Acad. Sci. U. S. A. 95, 13982–

ACCEPTED M
ANUSCRIP

T



 

53 

13987 (1998). 

173. Cannon, M. et al. Evidence for early-childhood, pan-developmental impairment specific to 

schizophreniform disorder: results from a longitudinal birth cohort. Arch. Gen. Psychiatry 59, 

449–456 (2002). 

174. van Harten, P. N., Walther, S., Kent, J. S., Sponheim, S. R. & Mittal, V. A. The clinical and 

prognostic value of motor abnormalities in psychosis, and the importance of instrumental 

assessment. Neurosci. Biobehav. Rev. 80, 476–487 (2017). 

175. Filatova, S. et al. Early motor developmental milestones and schizophrenia: A systematic review 

and meta-analysis. Schizophr. Res. 188, 13–20 (2017). 

176. Peralta, V. & Cuesta, M. J. Motor Abnormalities: From Neurodevelopmental to 

Neurodegenerative Through ‘Functional’ (Neuro)Psychiatric Disorders. Schizophr. Bull. 43, 956–

971 (2017). 

177. Bowles, C. et al. Machine learning for the automatic localisation of foetal body parts in cine-MRI 

scans. in SPIE Medical Imaging (2015). 

 

 

  

ACCEPTED M
ANUSCRIP

T



 

54 

 

Figure Captions  

 

Figure 1 Onset of Fetal Motor Behaviour 

Fetal motor activity appears to emerge at 7 weeks of gestation, with a slow truncal flexions. Over the 

subsequent weeks internal organic develop slightly earlier to limb movements. Generalised motor 

activity also begins at approximately 8-9 weeks, lastly eye movements are observed towards the end of 

the first trimester.1,46,141 
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Figure 2 Cine MRI Acquisition of Fetal Motor Behaviour  

Cine MRI affords an unrestricted view of the whole fetus, each row represents a different subject. 

Current cine sequences are acquired at 3 frames per second. Figures A-B are of a GA 23 fetus, at 5 and 

6 seconds (s) of a single movement sequence, where the fetus is able to translocate and rotate its body 

by kicking. Figures C-D are of a GA 28 fetus at 10 and 12s, where the trunk is able to rotate in plane, 

and with sufficient space to extend its lower limbs. Figures E-F are at GA 36 at 15 and 19s, where the 

majority of the intrauterine volume comprises the fetus, thus limiting the amplitude of movements (see 

supplementary data for complete cine sequences). 
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