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Arthrogryposis multiplex congenita (AMC) has recently drawn substantial attention from

researchers and clinicians. New effective surgical and physiotherapeutic methods have

been developed to improve the quality of life of patients with AMC. While it is clear that

all these interventions should strongly rely on the plastic reorganization of the central

nervous system, almost no studies have investigated this topic. The present study

demonstrates the feasibility of usingmagnetoencephalography (MEG) to investigate brain

activity in young AMC patients. We also outlined the general challenges and limitations of

electrophysiological investigations on patients with arthrogryposis. We conducted MEG

recordings using a 306-channel Elekta Neuromag VectorView system during a cued

motor task performance in four patients with arthrogryposis, five normally developed

children, and five control adults. Following the voice command of the experimenter, each

subject was asked to bring their hand toward their mouth to imitate the self-feeding

process. Two patients had latissimus dorsi transferred to the biceps brachii position, one

patient had a pectoralis major transferred to the biceps brachii position, and one patient

had no elbow flexion restoration surgery before the MEG investigation. Three patients

who had undergone autotransplantation prior to the MEG investigation demonstrated

activation in the sensorimotor area contralateral to the elbow flexion movement similar

to the healthy controls. One patient who was recorded before the surgery demonstrated

subjectively weak distributed bilateral activation during both left and right elbow flexion.

Visual inspection of MEG data suggested that neural activity associated with motor

performance was less pronounced and more widely distributed across the cortical areas

of patients than of healthy control subjects. In general, our results could serve as a proof

of principle in terms of the application of MEG in studies on cortical activity in patients with

AMC. Reported trends might be consistent with the idea that prolonged motor deficits
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FIGURE 2 | Summary of movement-associated activity in four AMC patients (P1, P2, P3, and P4) performing semi-self-paced elbow flexion. (A) Plot of individual

accelerometer power trials overlaid for the left and right elbows. (B) Averaged event-related fields (ERFs) at the representative channel. (C) Topographies of averaged

ERFs at maximum peak latency. Positive values indicate magnetic flux exiting the head (red colors) and negative flux entering the head (blue colors). (D) Source

reconstruction of ERFs. Neural activity is superimposed on the individual cortex model.

According to the accelerometers, the movements of the hands
were very similar: 2.4 and 2.3 s for the left and right side,
respectively. In fact, they did not have considerable differences

from those demonstrated by healthy control children. There
were wide but relatively clear peaks in the ERF waveforms
in both the left and right elbow flexion trials. Both left- and
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FIGURE 3 | Comparison of the averages of the three experimental groups. AMC, AMC patients; HCC, healthy control children; HCA, healthy control adults. (A) Plot of

averaged accelerometer power for each subject for the left and right elbows. The red line represents the group average. (B) Averaged ERFs at the representative

channel. (C) Topographies of averaged ERFs at maximum peak latency. Positive values indicate magnetic flux exiting the head (red colors) and negative flux entering

the head (blue colors). (D) Source reconstruction of ERFs. Neural activity is superimposed on the individual cortex model.

right-side movements were associated with maximum peaks
in the contralateral hemispheres, with the same latency of 92
and 60ms from movement onset, respectively. The absolute
maximum amplitude in the LH (while performing ride-side
action) was 270 fT, and in the RH (while performing left-side
action), it was 190 fT. The source activation, however, was not
at its maximum at the moment of MEFI (the biggest ERF peak)
but was delayed by 20–30ms. Beamformer analysis showed the
maximum PNAI at around 120ms for the left-side movement
trials. Activation was spread among the postcentral, superior
parietal, and inferior parietal gyri. For the right-side movement,
bilateral activation was evident in multiple cortical areas. At
the maximum, around 80ms, it involved the left and right
supramarginal gyri as well as the left inferior parietal, postcentral,
and precentral gyri.

Interestingly, in the case of P4, the near-perfect performance
was associated with relatively uncertain activation maps on the
source-estimation level.

Healthy Control (Normally Developed)
Children (8–10 Years Old), HCC
The HCC group average movement duration was 1.7 s for
both hands. The average HCC MEG had the highest amplitude
of a main peak among the three observed groups (Figure 3).
We can probably characterize it as a MEFI. For the RH at
MEG0731, the amplitude reached−334 fT 80ms after movement
onset in the average of the left-side movement trials. In the
LH at MEG0741, the amplitude reached 292 fT 54ms after
onset of right-side movement. Despite considerable individual
differences and high-level artifact contamination in both control
children and patients, on a group level, the maximum MEG
activity was always contralateral to the movement hemisphere

(Figure 3). These MEFI peaks in the left- and right-side trials
were subjectively similar, each with a bimodal maximum with
one slightly higher peak than the other in different hemispheres.
Considering the sample size, these bimodal peaks perhaps did not
reflect any underlying physiology but were simply the results of
an unequal contribution to the average by control subject #1, who
had a shorter latency MEFI peak and a large amplitude difference
between the LH and RH.

The estimated source activity on a group level was higher
in the RH in left-side movement trials than in the LH in
right-side movement trials. The activation maximum was always
contralateral to movement. In the RH, it was relatively equally
distributed over the precentral and postcentral gyri 50–90ms
after movement onset. This period of maximum activity was
preceded by activation of the precentral gyrus from−10 to 30ms
and followed by a subjectively lower activation predominantly
over the postcentral gyrus from 110 to 140 ms.

In the LH, the maximum activity was slightly earlier: 40–
80ms after movement onset for the right-side movement trials.
However, the left precentral gyrus activation was always greater
than the left postcentral. Activity was detected in the left superior
frontal (−20 to 20ms) and left supramarginal (80 to 110ms) gyri
as well. In general, according to the results of visual inspection
of the beamformer source localization analysis, the performance
of the right elbow flexion task seemed to require less cortical
activation than the left.

Healthy Control Adults (22–38 Years Old),
HCA
The HCA group average movement duration was 1.7 s for both
hands. The HCA showed the clearest EMF peaks among the
three groups, although the MEFI amplitude was the smallest
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for the left-arm movement and comparable to patients for
the right-arm movement. The MF components were found
in the latency range of −100 to −10ms. Four of the five
participants had the biggest MEFI peak of 300–450 fT and
latency from 60 to 100ms. One participant had the biggest
MEFII, reaching 400 fT. The latency of MEFII was 150–240ms
across the subjects. The source-estimation analysis showed that
in the left-side movement trials, activity of the right precentral
and partially postcentral gyri started as early as −50ms relative
to movement onset. The maximum involvement of the right
precentral, postcentral, and partially supramarginal gyri was
evident at 80–90ms. The activity in these areas slowly diminished
up to 140ms and reappeared with a lesser amplitude around
190–200ms. In the right-side movement trials, activation was
first seen bilaterally in the precentral gyri at −60ms. Later, at
−40ms, it became greater in the left precentral gyrus than in
the right. Maximum activity in the precentral and postcentral
left gyri was seen from 80 to 90ms and diminished by 120ms.
Later in the trial, minor involvement of the left superior
parietal, supramarginal, and postcentral gyri was evident from
180 to 210ms. These dynamics roughly corresponded to the
average MF, MEFI, and MEFII peak latencies. For more detailed
information on the control children and adults, please see
Table 2.

Estimated Trial Durations
Since the introduced task was not intended to assess the
reaction time of the participants and imitate spontaneous self-
feeding process, we report trial consistency information in
Supplementary Table 2. The average trial duration (movement
onset to onset asynchrony) for AMC patients was 8.23 s; for the
healthy control children and adults, the duration was 8.20 and
6.0 s, respectively.

Summary of Results
We found fairly defined patterns of cortical activation in young
patients with arthrogryposis and control participants performing
semi-self-paced elbow flexion tasks. In general, patients tended
to have more bilateral activation for unilateral movements
than healthy participants. The ERF amplitudes were greatest in
normally developed kids and smallest (except for the MEFII
component) in the group of healthy adults. The peaks were
subjectively clearer in healthy adults. As the data indicate, the
estimated activity sources were considerably more focused in
adults and slightly better structured in healthy children than in
patients with AMC. The movement trajectory consistency was
subjectively greater in healthy children than in patients and was
greatest in healthy adults.

Considering the MEFI, a peak that reflects the afferent
feedback influence on the somatosensory cortex—in contrast
to the MF reflecting efferent motor control—perhaps the AMC
patients demonstrated afferent pathways less affected than
efferent ones than the healthy controls.

DISCUSSION

Despite substantial interest and impressive results in the
treatment of patients with arthrogryposis in the last few decades,

the mechanisms of the cortical organization of motor control
in these patients remain mostly unknown. Our research was
particularly motivated by the question to what extent the
sensorimotor cortical activity in children with inborn absences
or severe restrictions of extremity function who develop AMC
is different from the normally functioning brains of their
healthy peers. To answer this question, we chose an MRI-MEG
integrated approach, which is new to the studies of children
with AMC.

We compared individual results of the evoked brain activity
in response to self-movements in children with AMC with those
of age-matched normally developing children and healthy adults.
Three of the four patients had muscle transfers to the biceps
brachii, and one only had wrist contracture elimination on
both sides.

To the best of our knowledge, no studies of proximal
motor function using an MEG approach have been reported
so far. We specifically designed and tested a paradigm in
which the participants flexed their elbows to imitate the
self-feeding process to register the brain correlates with
which medical doctors can address the efficiency of extremity
treatment in patients with AMC. Most motor and sensorimotor
findings reported in the literature have been devoted to
distal function (14, 22, 23). The disproportionately few
brain studies (24) of proximal function are due to the
difficulty of monitoring hand-related activity, which (1) causes
vast artifactual activity and (2) recruits several proximal
muscles that might be difficult to interpret based on the
brain signal.

We, however, admit the significant limitations of our
paradigm for further applications in cortical mapping of
proximal muscle function. In our view, the paradigm is not
strictly specific for proximal muscles, but we chose to use
an ecological movement that is aimed to be restored by
the operation. Of note, several other upper limb muscles
are active apart from the biceps. However, this study is the
first attempt to create a bridge between the less subjective
clinical assessment of arm flexion in the context of huge
variability of the pathological conditions of the patients and
the more objective measurements of movement-related brain
activity using MEG. Moreover, there are currently no uniform
standards in the AMC community in assessing the estimation
of motor impairment [only general guidelines are available;
see (30, 31)].

The premovement MF, MEFI, and MEFII brain responses of
healthy adults who served as control participants corroborated
the previous results described for voluntary finger movement
(21, 22). According to Cheyne et al. theMF peak observed around
50ms prior to movement onset represents the preparation
and initiation of movement, the MEFI observed 40ms after
movement onset reflects proprioceptive and tactile feedback
from the muscle, and MEFII registered at 140ms is probably
responsible for fine movement control and adjustment. In our
study, the temporal dynamics appeared to be different from those
reported for finger movement (21, 22). The average MF latency
was ∼75ms before movement onset, MEFI latency was around
90ms after, and MEFII was 200ms after in our adult control
group. On the one hand, the delay in both EMG and MEF

Frontiers in Pediatrics | www.frontiersin.org 11 October 2021 | Volume 9 | Article 626734

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Golosheykin et al. MEG Experiments in Children With Arthrogryposis

responses could be due to the neurophysiological differences
between distal and proximal muscles, that is, the former are finer
and quicker than the latter. On the other hand, the differences
in response patterns could be explained by the differences
in our experimental manipulations. Finger movements usually
show less amplitude and more predictable trajectories than do
forearm and shoulder movements. In our experiment, the elbow
flexion movement was not restricted in amplitude or angle,
and although the biceps brachii is expected to be a major
contributor to elbow flexion, the movement involves more than
one group of muscles. The results of the source analysis of MEG
activity also agree well with previous MEG findings (21, 22).
The activation of the precentral and partially postcentral gyri
of the contralateral-to-movement hemisphere recorded in our
study also well-corresponds to the MF component of adult
ERF reported by Cheyne et al. (21). A subjectively greater
activation of the contralateral postcentral gyrus than of the
precentral gyrus associated with MEFI as well as the relatively
equal involvement of both at a latency of MEFII components
fits the location of MF and MEF sources in the motor cortex,
somatosensory cortex, and both the motor and somatosensory
cortex, respectively.

Consistent with previously published observations (14, 23),
using visual inspection, we found a relatively wider MEFI peak in
typically developed children than in adults. However, the MEFI
amplitudes of those children were higher than adult MEFIs and
their MEFI latencies were shorter. Higher amplitudes in children
can be due to the neuronal sources likely being closer tomagneto-
gradiometers because of the smaller distance between the head
surface and cortex. Shorter latencies could be due to the shorter
peripheral axonal pathways in children.

Finally, the MEFIIs were less pronounced in healthy children
than in adult controls. The sources of neural activity patterns
and amplitude were similar in the groups of healthy children
and adults, the only difference being the lower neural activity
amplitude in the LH during right elbow flexion movement.

Our study reveals noticeable differences in cortical activation
during the performance of elbow flexion tasks by patients with
AMC and control children and adults.

First, we found subjectively less consistent movement
trajectories registered by 3D accelerometer sensors in the
patients with AMC than in their healthy peers and the adult
control subjects. The patients also performed movements at
a noticeably slower pace. Previous studies have shown the
interdependence of movement accuracy and lateralized readiness
potentials during self-initiated movement tasks (32). Although
we had no chance to access the pre-movement readiness
field, which is a direct analog of EEG readiness potentials,
the observed movement inconsistency is likely associated
with general difficulties of movement initiation in patients
with AMC.

The second obvious difference at the level of visual inspection
between the clinical and healthy participants was the shape
of their MEF peaks. The peaks were the widest in the AMC
group, moderate in the healthy control children, and smallest
in the adult controls. Only P2 and P3 performing right
elbow movement showed MEF peaks visually comparable to

those of control children. The slower movement initiation and
performance in individual trials and the higher intertrial variance
both contributed to the smeared shapes of the peaks. In addition,
the peak amplitude was the highest in healthy children, moderate
in patients with AMC, and the lowest in adults.

While healthy children and adults had visually similar
distributions and amplitudes of source activity, in children
with AMC, the neural activity indices were much lower
and more dispersed across the cortex than in both
healthy children and control adults. Combined with the
lower ERF amplitude mentioned above, this outcome
might reflect a lesser need for cortical neural resource
recruitment to perform the fairly simple task of elbow flexion
in adults.

Three patients who had biceps restoration operation
demonstrated activation in the somatosensory and motor
areas in the contralateral-to-movement hemisphere. On the
contrary, the patient without biceps function restoration
had no observable activation during attempts at left elbow
flexion and almost equal amplitudes in contralateral and
ipsilateral cortical activation in the right elbow flexion trials.
In almost all runs, all the patients and some control group
children showed rather poor or entirely undistinguishable MF
components. In the patients, this result could be attributed
to a general difficulty in movement initiation, which, in
turn, should produce a more diffused recruitment of motor
neuronal populations and less defined motor responses. In
addition to the generally poorer SNR, the audio cue of the
command of the assistant might have created interference.
The cortical activation of auditory-evoked fields and the
orienting response might have disrupted the anticipated shape of
MF components.

The peak that might be considered a MEFI was most
distinguishable for all but one patient and for all control
children. However, the sources of estimated activity were
sometimes localized in both motor and somatosensory areas,
so we prefer to put the term “MEF” in quotations. Along
with MEF components allocated over somatosensory and
motor areas, presumably related to arm muscle control, we
can see a widespread activation or even unconnected foci
of activity in areas corresponding to the fingers, wrist, and
shoulders in patients with arthrogryposis. This situation might
be explained by the involvement of a complex compensatory
mechanism in the performance of the elbow flexion task
in patients.

In both sensor and source space, MEFIIs were also not
visually identifiable in patients. Subjectively different movement
trajectories in the individual trials of patients appeared to
completely blur and smear those components from averaged
MEG waveforms.

LIMITATIONS AND FUTURE DIRECTIONS

In our experiment, we observed no pre-movement readiness
fields (22) across all three groups of participants. The semi-
self-paced design of the task left little to no room for this
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component to develop. Although participants were informed that
it was not a reaction time task and that they could initiate the
movements at their convenience any time after the command,
most subjects demonstrated movement onset 250–500ms after
the vocal cue.

When comparing the MEG recordings of patients and healthy
children with those of adults, a poorer SNR was observed.
Despite all the attempts of the supervising clinician and MEG
assistant personnel, it was impossible to motivate children
to abstain from irrelevant movement. Therefore, the SNR
seems to impose a major task-unrelated difficulty that prevents
researchers from achieving robust MEG mapping at early ages.
In the future, a novel and more affordable MEG technique
based on optically pumped magnetometers (OPMs) (33) could
appear on the market. OPM technology, which neither relies
on expensive (superconducting quantum interference devices)
SQUID nor depends on the head size of the participant,
apparently will offer more movement flexibility and comfort
for participants and help with SNR. We see a great potential
in the future MEG studies of AMC patients, particularly in
the view of developing more affordable and comfortable MEG
systems based on optically pumpedmagnetometers. The accurate
brain mapping of brachii muscles might help estimate their
individual potentials and choose suitable donor muscles for
reconstructing active elbow flexion. After such operations,
patients with AMC can often self-feed and are more independent
in daily activities.

Even with few trials, the group of healthy adult controls
could reproduce a relatively accurate spatiotemporal chain of
premovement MFs and MEFs reported for finger movement
(21, 22). However, at the very outset, we must admit that
the number of trials (40) per type of movement in this
paradigm was unacceptably low. The SNR would need to
be better for more reliable results. In our case study, we
subjectively chose the optimal SNR magnetometers. For the
future progress in AMC research, an objective probably
automatic procedure should be implemented to effectively select
the representative activation in the cuedmotor task performance.
Initially, we were limited to this number of trials and the
test run duration by clinical recommendations due to the
quick fatigue and relatively low activity of young patients
with arthrogryposis.

Unfortunately, the sizes of the pilot groups do not allow
a full statistical comparison, but the results allow tentative
conclusions. The rather low amplitude of motor responses
and the considerable latency jitter in peak motor activity in
the patients indicate that their initiation and performance
of the movements had shallower recruitment curves for
neuronal activity. Therefore, possible rehabilitation strategies
might include facilitating motor initiation with non-invasive
brain stimulation.

These preliminary results motivate further investigation
of neural cortical reorganization and postoperative plasticity
in AMC patients, which will be of great value in the
attempts to maximize the possible outcomes in health and life
quality improvement of children with severe motor deficits,
particularly amyoplasia.

Regarding future experimental challenges, first, to observe
and evaluate potential abnormalities in the structure and
dynamics of related fields properly, it would be reasonable
to develop a protocol with either completely voluntary self-
paced movement or with considerable delay between the
movement initiation command and its execution. However,
both options seem non-trivial with young AMC patients.
Second, to limit the contamination of the activity of the
target muscles by other muscles, it is necessary to use a
manipulation assistance device that restricts movement to a
certain fixed trajectory and/or amplitude and potentially narrows
the possibility of unwanted muscle activity (24, 34). Third,
to improve the overall quality of MEG signal recordings
without relying on the aforementioned OPM technology, it
would be useful to employ the easy solution of adjusting the
position of the child in the MEG scanner with individual 3D
fitting caps.

With the potential possibility to achieve better quality
recordings of MEG activity in AMC patients, it would
be of great interest to apply other approaches popular
in recent studies such as oscillatory domain analysis
(23, 35–43). We expect that it will give researchers
opportunities to reach a new horizon in understanding
neurodynamics lying behind the motor activity in an
AMC patient.

CONCLUSIONS

We demonstrated for the first time the feasibility of MEG
mapping of cortical responses associated with proximal
muscle activity. We visually identified both pre-movement
and movement-evoked activity as manifested in the MF,
MEFI, and MEFII MEG responses in children with AMC and
compared them to the ERFs of control adults and age-matched
healthy children.

The results of visual inspection of the individual patterns
of distributed sources of MF and MEF activity revealed the
difference between apparently broader and weaker activation
in patients in predominantly precentral, postcentral, and
supramarginal areas compared with that in healthy children and
adult controls.

To conclude, our multicase results indicate the feasibility of
MEG monitoring proximal activity in children with AMC. Our
pilot data could be interpreted in the light of the hypothesis
regarding the specific neuronal recruitment in AMC and call for
further investigations on neuronal dynamics in both post- and
preoperative patients.
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