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Functional connectivity after hemispherectomy
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What happens to brain networks after removal of a cerebral
hemisphere? This question was addressed in a recently
published fMRI study by Kliemann and colleagues (1).
The authors examined a sample of six high functioning
individuals at the age of 20–31 years, who underwent
anatomical hemispherectomy between birth and the age
of 10. Investigation of these chronic cases has revealed
important insights into long-term adaptation of brain
networks to hemispherectomy. The impressive result
was that the interhemispheric connectivity in brains with
only one hemisphere is strikingly similar to the functional
network organization in brains with two hemispheres. In
particular, the interaction between attention network and
default mode network was comparable between the group
after hemispherectomy and a healthy control group. Most
interestingly, global efficiency of networks in patients was
increased compared to controls whereas modularity was
not altered. This result leaves room for speculations. It
can be hypothesized that there is an intrinsic plan for these
networks, which evolves regardless of whether there are two
or only one hemisphere in the brain. We may even claim
that this result provides further evidence for the redundant
organization of the brain. Kliemann et al. (1) also suggested
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that more typical connectivity is likely a marker for more
successful compensation and, thus, intact cognitive abilities.
Cerebral reorganization occurs remarkably early
and adaptively promotes functional recovery after
hemispherectomy (2). Accordingly, there exist reports
about successful recovery after hemispherectomy both
in children (3) and adults (4,5). Hemispherectomy is an
effective therapy in medically intractable epilepsy with a
seizure-free rate of 73% across 56 studies (6). The finding
that brain networks return to a quasi-normal state (1)
may considerably increase the positive attitude towards
this highly invasive, and technically challenging surgical
technique.
Brain networks, such as the default mode network,
became a prominent issue after their introduction in
fMRI research (7). However, examination of brain
networks extends beyond this research method. Fast
propagating networks can be more adequately characterized
by methods with a higher time resolution, such as
electroencephalography (EEG) or magnetoencephalography
(MEG). It was shown in two patients with disorders of
consciousness (DOC) after functional hemispherectomy
that results from multiple modalities such as resting state
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F-fluorodeoxyglucose positron emission tomography
(FDG-PET), fMRI and EEG are convergent in the
demonstration of a functionally preserved hemisphere (8).
The authors hypothesized that the fact that dysfunctional
hemodynamic fMRI resting state connectivity analyses
were matched by the more direct metabolic FDG-PET
studies provides evidence for their origin being of neuronal
nature rather than originating from noise from the scanner,
movement, respiratory, or cardiac artifacts. An additional
challenge in patients with severe injuries is the deformation
of the brain, which render group-level analyses, as well
as comparisons with healthy controls, challenging if not
impossible.
In the study of Bruno et al. (8), the EEG showed
lateralized delta dysrhythmia, which was consistent with
metabolic PET and hemodynamic fMRI results. Indeed,
cerebral lesions or dysfunctions are often seen as slowed
activity in the EEG (9). Bruno et al. (8) also employed
diffusion tensor imaging (DTI) analyses in order to
determine whether the observed functional abnormalities
were caused by axonal or cortical damages. This method
takes advantage of the molecular movement of water
within axons, i.e., white matter tracts, and is therefore
able to show minimal changes in structural connections
that may not be detectable with standard MRI (10). The
clear advantage of DTI is that—in contrast to functional
connectivity as applied in the study of Kliemann et al. (1)—a
tracked connection with DTI exists physically, whereas
functional connectivity can be intuitively understood as
a statistical similarity of activity, but does not necessarily
involve a structural connection between the studied
regions. In severe traumatic brain injury, DTI provides a
reliable tool to quantify the degree of injury (11,12) and
allows to monitor recovery (13). However, it was shown
that functional connectivity is usually based on underlying
structural anatomy. Horn and colleagues compared results
from DTI and functional connectivity measures in healthy
subjects and suggested that structural connectivity usually
leads to functional connectivity while the inverse relation
is not always straightforward (14). A potential confounder
for functional connectivity is the situation where there is
little or no structural connectivity between two regions A
and B, but a third region C is physically connected to both
A and B and mimics therefore a direct functional link (15).
An interesting case of a patient in unresponsive wakefulness
syndrome (UWS) showed functional impairment in the
default mode network, but preservation of structural
connectivity in terms of white matter. Most interestingly,
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the patient recovered and regained consciousness (16). This
finding suggests that different levels of impairment have
also diagnostic and prognostic value—an issue that should
be further explored.
Notably, consciousness is preserved with only one
hemisphere, and structural or functional connectivity can
predict functional outcome to some extent. However, in
the absence of a complete understanding of the neural
correlates of consciousness, no conclusions can be drawn
with respect to a potential residual phenomenological
awareness in patients who appear to be unresponsive but
present with a functionally preserved, isolated unilateral
hemisphere function.
Another field of research that deserves attention, when
discussing research on subjects with functional or effective
hemispherectomy, is the examination of split-brain patients.
Research on split-brain patients has revealed differences
in cognitive processing between the two disconnected
hemispheres (17). Unlike the situation of chronic
hemispherectomy after removal of a hemisphere, such as in
the cases presented by Kliemann et al. (1) where functions
are located in only one hemisphere, in cases of UWS with
functional hemispherectomy, such as those described by
Bruno et al., it is still possible that the lack of a clinical proof
of consciousness may be due to a deficiency of some sensory,
core (18), or primary (19) functions of consciousness in one
hemisphere. This possibility is supported by observations
of residual right-lateralized hemispheric function on
FDG-PET, fMRI, and EEG measurements (8).
Animal studies also enable to explore functional and/
or structural networks after hemispherectomy. However,
neurophysiological, behavioral and functional imaging data
indicate that functional rearrangement in human patients is
much more complex than what can be observed in animal
models. Moreover, in preclinical studies hemispherectomy
is generally the first ever lesion, from which the animal
should recover, while in cases of medically required
hemispherectomy in humans, an extensive lesion or a
pathological process exists already before the intervention—
making the intervention necessary. Therefore, in humans,
abnormal brain function precedes hemispherectomy
by many years. It was repeatedly shown that the neural
reorganization begins prior to surgery and is mediated
by extensive functional rearrangement and rewiring of
the contralesional hemisphere (20). In view of the rapid
reorganization after removal of the lesioned hemisphere,
the “plastic role” of functional reorganization cannot be
mapped 1:1 to improved functional performance.
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When studying reorganization and recovery after
hemispherectomy, the distinction between crossed
and uncrossed fibers is crucial. Ipsilateral corticospinal
pathways descending from the contralesional hemisphere
remain functional until around 10 years of age (20). It
is quite straightforward by use of neuroimaging and
neuromodulation techniques to study cortical reshaping
after brain injury, but plasticity of ascending and descending
neuronal pathway is less accessible. Causal relationships
are often inferred statistically from EEG, MEG, or fMRI
but actually, these methods provide only a statistical
model of causality, no proof. In contrast, transcranial
magnetic stimulation (TMS) can establish causality by
creating transient lesions and by introducing an external
source of activity where the distribution or the activity
and impact of the stimulation can be measured electrically
and behaviorally. Ipsilateral motor evoked potentials can
be useful to study the function of ipsilateral corticospinal
connections. This technique requires higher stimulation
intensities, but the evoked potentials have also longer
latencies and different cortical map representations. The
ipsilateral corticospinal tract was found to gain strength
after lesions occurring in adulthood, because of new
functional demands (21,22). A study by Holloway et al.
suggests that when brain damage is acquired in adulthood,
the cortico-reticulospinal pathways may contribute strongly
to ipsilateral motor control (23). The authors reported
evoked responses that were elicited through the stimulation
of the primary motor cortex (M1) and premotor cortex
(PMC). The interesting finding was that these responses
appear to be a result of two distinct pathways that could
both serve ipsilateral function, since both of them contain
fast-conducting fibers. These two pathways are the
ipsilateral corticospinal tract, which originates in M1, and
the cortico-reticulospinal pathway, which originates from
the PMC.
In relation to this, studies in patients after extensive
unilateral brain injuries demonstrated that the contralesional
hemisphere can take over responsibilities of the affected
side, even in adult patients (20). This process involves
changes of pathways between contralesional cortex and
subcortical regions as well as spinal cord segments, which
are functionally and anatomically connected to the affected
side of the body. Indeed, the size of the injury matters:
small lesions lead primarily to ipsilesional rearrangement,
but larger lesions induce functional reorganization in the
contralesional hemisphere (23).
A more common condition than hemispherectomy
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is an extensive unilateral stroke. This condition is often
followed by engagement of homologous motor areas in the
contralesional hemisphere to serve the control of ipsilateral
limbs early after onset, thus showing that transcallosal
interactions contribute to functional recovery, but significant
upregulation of the contralateral hemisphere correlates
with poor outcome (24). Mapping this finding back to the
situation of patients after hemispherectomy, we should
take the shift of activity to the contralesional hemisphere
into consideration. However, in contrast to stroke, the
hemisphere that is resected in hemispherectomy is not
intact, so that inhibitory transcallosal interactions might
reflect a maladaptive process before hemispherectomy;
the lesioned hemisphere may exert abnormal inhibition
toward the contralesional one (20). Indeed, existing data
on asymmetric activity and, thus, on a disbalance between
excitation and inhibition are the basis of treatments aiming
at reducing the activity of the contralesional hemisphere,
and thus at rebalancing the activity of the two hemispheres,
in particular by means of inhibitory repetitive TMS (25).
Although reports on patients in chronic states such
as UWS without recovery support the expectation that
large brain lesions usually lead to severe impairment,
studies in patients after hemispherectomy illustrate the
remarkable resilience of the brain to extensive unilateral
lesions. The high level of functioning of patients after
hemispherectomy is explained by findings showing complex
anatomical and functional rearrangement. In view of this
growing body of evidence, clinical implications arise. Postlesional examination of functional and structural networks
could inform rehabilitation strategies aiming to improve
functional recovery following unilateral hemispheric
lesions (20) and also to predict functional outcome (25).
However, the functional examination of brain networks
after “functional” or “structural” hemispherectomy is
not limited to fMRI, as shown by multimodal studies.
Considering the financial deficit of health systems in
many western countries and limited availability of MRI in
smaller institutions and areas with poorly equipped clinics,
quantitative EEG methods should also be further developed
to explore functional plasticity and connectivity after
hemispherectomy.
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