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ARTICLE INFO ABSTRACT

Keywords: Objective: Although hemidisconnection surgery may eliminate or reduce seizure activity in patients with epilepsy,
Hemidisconnection there are visual, cognitive and motor deficits which affect patients’ function post-operatively, with varying
Legacy severity and according to pathology. Consequently, there is a need to map microstructural changes over long
'\F]li':saszgraphy time periods and develop/apply methods that work with legacy data.

Degeneration Methods: In this study, we applied the novel single shell 3-Tissue method to data from a cohort of 4 patients who

were scanned 20-years following childhood hemidisconnection surgery and presented with variable clinical
outcomes. We have successfully reconstructed tractography of the whole visual pathway from single shell
diffusion data with reduced number of gradient directions.

Results: All patients presented with degeneration of the visual system characterised by low fractional anisotropy
and high mean diffusivity. There were no apparent microstructural differences between both optic nerves that
could explain the different level of visual function across patients. However, we provide evidence suggesting an
association between the level of visual function and DTI metrics within the remaining components of the visual
system, particularly the optic tract, of the contralateral hemisphere post-surgery.

Significance: We believe this study suggests that diffusion MRI can be used to monitor the integrity of the visual
system following hemispherectomy and if extended to larger cohorts and a greater number of time-points,
including pre-surgically, can provide a clearer picture of the natural history of visual system degeneration.
This knowledge may in turn help to identify patients at greatest risk of poor visual outcomes that might benefit
from rehabilitation therapies.

1. Introduction

Epilepsy is a medical condition in which the cells of the brain emit
abnormal electrical activity resulting in seizures, which commonly lead
to decline in brain function such as motor skills and cognition. Although
the majority of patients with epilepsy can be managed with antiepileptic
medication, for those with drug resistant epilepsy a remaining option is
neurosurgical intervention.

Surgical intervention including local resection, lobectomy or in some
cases hemispherectomy is possible if the epileptic focus can be isolated

to one hemisphere. Hemispherectomy is characterised by disconnection
of one of the hemispheres of the brain, which is structurally or func-
tionally abnormal and causing seizures. Although this operation may
eliminate or reduce seizure activity, there are visual, cognitive and
motor deficits which have an effect on patient function post-operatively,
with varying severity and according to pathology (Pulsifer et al., 2004;
Werth, 2006). Therefore, the pre-surgical investigation and counselling
of patients and their families is very important. Although these deficits
are variable, among subjects, the motor deficits manifest as a hemiplegia
contralateral to the resected hemisphere while cognitive outcomes are
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Table 1
Summary of clinical data information. Sx — Surgery; M — Male; F- Female; RNFL — Retina Nerve Fibre Layer.
Patient Sex  Side of Aetiology Functional Age at Follow Age at Global RNFLof  Global Visual acuity Visual
number surgery or Sx up time assessment the RNFL of the  in acuity in
anatomical (years) (years) (years) contralateral ipsilateral contralateral ipsilateral
surgery eye (pm) eye (pm) eye (logMar) eye
(logMar)
1 M Left Middle cerebral Functional 15.1 6.4 21.5 82 90 -0.040 -0.040
artery infarct and left
sided atrophy
2 M Right Right Anatomical 4.2 19.4 23.6 81.3 101.4 0.440 0.040
hemimegancephaly
3 M Left Left Sturge-Weber Anatomical 8.5 25.0 335 69 86 0.400 0.100
4 F Left Small left Functional 2.3 28.8 31.1 45 50 0.700 0.060

hemisphere possible
pre/perinatal stroke

aetiology dependent (Moosa et al., 2013). In particular for the visual
system, whilst all patients will have a homonymous hemianopia
post-operatively it is important to recognise, that in some cases, the
visual field deficit is already present pre-operatively. As a consequence
of having hemisphere dysfunction, a specific pattern of trans-synaptic
degeneration (TSRD) can be observed within the eyes (Hoyt et al.,
1972; Jindahra et al., 2012). Although the effects of TSRD have long
been observed (Buren, 1963) they have recently been further investi-
gated with more objective measures such as optical coherence tomog-
raphy (OCT) (de Vries-Knoppert et al., 2019).

A recent investigation of visual function in six adults 20 years after
they underwent hemispherectomy in childhood for intractable epilepsy
(Handley et al., 2017) revealed an intraocular difference with the eye
ipsilateral to the side of the hemispherectomy having better visual
function and thicker retinal nerve fibre layer (RNFL) than the contra-
lateral eye. The better function in the ipsilateral eye was consistently
evident in both objective tests: pattern visual evoked potential (VEP)
and OCT measures of the RNFL, plus subjective visual acuity (VA) and
kinetic visual field. Within the cohort there was also a range of visual
impairment observed in the visual field from the remaining hemisphere
that was unexpected and unexplained.

In the above cohort, magnetic resonance imaging (MRI) data was
collected but not analysed. Analysis of this data would aid the investi-
gation of structural changes in the visual pathways beyond the behav-
ioural and electrophysiological methods, that may shed light on the inter
ocular difference in function observed and the range of visual dysfunc-
tion in the remaining field. In particular, diffusion tensor imaging (DTI)
(Basser et al., 1994) is a technique sensitive to the motion of water
molecules which provides a way to probe tissue microstructure and the
architecture of white matter pathways in vivo and non-invasively, the
latter through a technique called tractography. DTI and tractography
have been used to perform reconstructions of the human visual path-
ways (Hofer, 2010), for pre-surgical planning (Winston et al., 2014), in
intraoperative settings (Daga et al., 2012) and to understand varied
patterns of degeneration following surgery (Millington et al., 2014).
Nonetheless, DTI lacks specificity in regions of very complex micro-
structural arrangements (Alexander et al., 2007) and it is thus less
suitable to provide artefact free reconstructions of white matter path-
ways in those cases (Farquharson et al., 2013). Recent advances in both
scanning and modelling technologies have however enabled the devel-
opment of more advanced diffusion MRI models which move beyond the
limitations of DTI (Jeurissen et al., 2014; Tournier et al., 2012) and these
have already been successfully used to assess visual outcomes in path-
ological conditions and following surgery (Hales et al., 2018; Lacerda
et al., 2020). The challenge remains to apply these techniques to legacy
data which remain extremely important to shed further light into the
mechanisms of degeneration of the visual system following surgery.

Therefore, in this study we have applied a novel algorithm (Dhol-
lander & Connelly, 2016) that has been designed to extract more
detailed information about diffusion within white matter from a limited

set of data, originating from a study of long-term outcomes following
hemidisconnection surgery for epilepsy in childhood. Most importantly,
we set out to further understand why in the long term some patients had
unexpectedly much better residual visual function in the eye ipsilateral
to the resection, and why some participants had significant constriction
of the remaining visual field. The information about predicted post-
operative visual function is of utmost importance as it consists of a very
important aspect of pre-operative counselling and the decision for the
family to proceed with surgery.

2. Materials and methods

The study was an observational case series and approved by the
National Health Service Research Ethics Committee for London — City
Road & Hampstead and followed the tenets of the Declaration of Hel-
sinki. In brief, of the original 6 patients first analysed in (Handley et al.,
2017) two patients were excluded, one for not having MRI data (due to a
metal clip in situ preventing scanning) and another due to excessive
motion artefacts, which rendered the data unusable for analysis. The
remaining four patients had a mean age of 27.4 years at scan, average
time since surgery was 19.9 years and three out of four had left sided
hemispherectomies (and right homonymous hemianopia) — a summary
of the full clinical details, including relevant ophthalmological findings
from (Handley et al., 2017) can be found in Table 1. Patient 1 was noted
to have weakness of the right side of the body at 9 months after birth.
Seizures began at the age of 12 years. An MRI scan was conducted and he
was found to have a mature lesion of the left hemisphere due to middle
cerebral artery infarction and left sided atrophy. Patient 2 had hemi-
megalencephaly, which is a rare condition where one hemisphere of the
brain is larger than the other, with an affected right hemisphere and
weakness of the left side of the body noted at 8 months of age. Patient 3
was born with a left facial port wine stain, and CT of the brain revealed
corresponding left hemiatrophy. He was diagnosed with Sturge-Weber
syndrome which is a condition that affects the development of certain
blood vessels, causing abnormalities in the brain, skin, and eyes from
birth. His first seizure was at 6 days of life (Vargha-Khadem, 1997).
Finally, patient 4 revealed weakness of the right side of the body at 6
months after birth. Seizures began at the age of 7 years. A CT scan
performed at diagnosis showed marked left hemi-atrophy with almost
all of the cortical mantle destroyed, except for a small remnant in the
frontal region. The removed hemisphere underwent neuropathological
examination and appearances suggested circulatory damage had
occurred in the perinatal period.

Analysis of the MRI scans was undertaken in a semi-blinded fashion.
The scans were anonymised and the person undertaking the analysis
(LML) whilst aware of side of surgery (and therefore resulting side of
field defect), was not aware of the further details of the ophthalmic
findings of each individual patient (Handley et al., 2017). MRI (standard
brain and pituitary scan) and DTI sequences were acquired on an Avanto
1.5 Tesla scanner (Siemens, Erlangen, Germany). Echo-planar diffusion
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weighted images were acquired for an isotropic set of 20 non-collinear
directions, using a weighting factor of b= 1000 s.mm 2, along with a
T2-weighted (b0) volume. This protocol was repeated three times in a
single scan session, including 45 contiguous axial slices of thickness 2.5
mm per dataset, using a field of view of 240 x 240 mm and 96 x 96
voxel acquisition matrix, for a final image resolution of 2.5 x 2.5 x 2.5
mm. Echo time was 89 ms and repetition time was 6300 ms. In addition,
an identical protocol with 60 non-collinear gradient directions and three
b0 volumes was acquired. Finally, a T1-weighted 3D FLASH structural
image was acquired using 176 contiguous sagittal slices, a 256 x 224
mm field of view, a flip angle of 15 degrees and 1 x 1 x 1 mm image
resolution. Echo time in this case was 4.9 ms, and repetition time was 11
ms.

2.1. Quality control and pre-processing

The first step was to visually assess all datasets and discard corrupted
volumes before concatenating all multiple diffusion acquisitions — this
was done to increase SNR and the angular coverage as provided by
different diffusion directions (the complete image analysis pipeline is
shown in Fig. 1). Pre-processing was then initiated with denoising
(Veraart et al., 2016), Gibbs ringing correction and eddy current and
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Fig. 1. Overview of processing pipeline: *
Number of slices had to be matched before
concatenation of different diffusion datasets; **
Field of view of structural scan adapted to
match diffusion data prior to registration/
diffusion directions (bvec) reoriented with

"D:)“V';\%E' fit - affine matrix resulting from registration pro-

se to e s s

e S cedure *** Developed semi-automatic proced-
ure to segment the eyes from b0 images
(supplementary material) - this was then

merged with the average b0 and manually
edited to cover the region of the optic nerves.

motion distortion correction using MRtrix3 (Tournier et al., 2019) and
FSL tools (Jenkinson et al., 2012). Since there was no available data to
model the susceptibility distortions and correct them using state of the
art tools, we applied EPI distortion correction by registering the average
b0 scan to the structural scan with the Advanced Normalisation Tools
Software (ANTs) (Avants et al., 2014). In order to prevent the resection
area driving the registration we reconstructed a first estimation of the
diffusion tensor for the concatenated dataset, segmented the resected
area on the mean diffusivity (MD) map, and used its inverse as a mask in
the registration procedure (so that the resection could be ignored). After
EPI correction we then applied the recently developed single shell 3-Tis-
sue constrained spherical deconvolution to extract fibre orientation
distribution functions for our data using the MRtrix3Tissue tool (https:
//3Tissue.github.io). It is worth mentioning that this method was
developed to make use of legacy data (where traditionally only single
shell and lower b value diffusion weighted data is available). The indi-
vidual diffusion datasets that were concatenated before pre-processing
were then split back according to the original distribution (as
described in the methods section above) and the DTI model was applied
once again for each corrected dataset - MD and fractional anisotropy
(FA) metrics were computed.

Fig. 2. Reconstruction of the full visual pathways highlighting probability of anatomical connections for the optic nerves (left) and post-chiasmal structures — optic
tract and optic radiation (right). A random solid colour was chosen to represent each structure — both optic nerves and contralateral optic tract and optic radiation. In
addition, two smaller figures display the traditional directional colour encoding in diffusion imaging (Red: left-right; Green: anterior-posterior; Blue: infe-

rior-superior).
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Distribution of average MD values across datasets within each group's reconstructed visual pathways
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Fig. 3. Average mean diffusivity (MD) within the ipsi and contra lateral optic nerve (ON) as well as contra-lateral optic radiation (OR) and optic tract (OT) for the
four patients for which data was available. Each patient’s boxplot is showing the variability in the average MD values extracted for each dataset available per subject
group, i.e; for the control group it is showing the variability across twenty different identical datasets and for each patient it is showing the variability across the four
datasets described in the methods. The boxplot visualises five summary statistics (the median, two hinges and two whiskers), and all "outlying" points individually,
which are beyond 1.5* inter quartile range (IQR) of either the lower or higher whisker.

Distribution of average FA values across datasets within each group's reconstructed visual pathways
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Fig. 4. Average fractional anisotropy (FA) within the ipsi and contra lateral optic nerve (ON) as well as contra-lateral optic radiation (OR) and optic tract (OT) for the
four subjects for which data was available. Each patient’s boxplot is showing the variability in the average FA values extracted for each dataset available per subject
group, i.e; for the control group it is showing the variability across twenty different identical datasets and for each patient it is showing the variability across the four
datasets described in the methods. The boxplot visualises five summary statistics (the median, two hinges and two whiskers), and all "outlying" points individually,
which are beyond 1.5* inter quartile range (IQR) of either the lower or higher whisker.

2.2. Tractography and clinic-anatomical relationships

We derived reconstructions of the complete visual pathways,
including both optic nerves (ON), contralateral optic tract (OT) and
optic radiation (OR). Regarding the optic nerves, in each slice where the
optic nerve could be identified, an experienced clinical scientist (AL)
placed regions of interest (ROI), which were used to seed tractography.
This was done in an iterative manner until the optic nerves were iso-
lated. We also used ROIs to exclude the contribution of the muscles of
the eyes. The termination of the optic nerve (optic chiasm) was then
used as a seed region for the optic tract tractography with a target region
being selected at the level of the lateral geniculate nucleus (LGN). For

the optic radiation we followed the procedure described in a previous
paper (Lacerda et al., 2020). Fig. 2 shows a reconstruction of the full
visual pathways for one of the patients in this cohort. Following the
reconstruction of the relevant structures of interest, we computed
probability of connection maps of the different structures - ON, OR and
OT - and extracted a weighted mean for each DTI parameter within
those maps (Figs. 3 and 4). Finally, to evaluate any relationship that
could explain the inter-ocular difference observed in (Handley et al.,
2017) we plotted ophthalmological values of RNFL and VA of both eyes
with the metrics extracted for each reconstructed structure of the visual
pathways.

Although the main focus of this study was the four cases described
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Fig. 5. Relationship of FA and MD in the contralateral optic tract and Retina Nerve Fibre Layer (RNFL) for both ipsi and contralateral Eyes.

above, we have also reconstructed metrics of interest in a group of 20
age-matched healthy controls (median age of 31.35 years, inter-quartile
range 7.4 years; 3 male) purely to provide a visual reference. Qualita-
tively we can appreciate that for all patients and all components of the
visual system (ON, OR and OT) there are abnormalities characterised by
increases in mean diffusivity and reductions in fractional anisotropy
(Figs. 3 and 4). In all patients, both MD and FA are very similar between
the ipsi- and contralateral optic nerves. However, analysis of the
remaining structures in the contralateral hemisphere showed differences
in FA and MD across patients. Out of all the plots exploring the recon-
structed imaging metrics against the original visual data presented in
Table 1, we highlight those between MD and FA in the contralateral
optic tract with the values of remaining visual function measured by
RNFL (pm) and VA (logMAR) (Figs. 5 and 6). Finally, reconstructed
values within the optic radiation and optic tract were more reproducible
across the available diffusion datasets whereas the optic nerves showed
higher variability.

3. Discussion

In this study, we have successfully reconstructed the complete visual

pathways of four adults who underwent hemispherectomy in childhood,
employing a recently developed methodology (Dhollander & Connelly,
2016) which allows estimating measures of fibre orientations from
single shell diffusion MRI data.

3.1. Abnormal structure of the optic nerves as result of trans-synaptic
retrograde degeneration

Our study adds further to the evidence that trans-synaptic retrograde
degeneration of the visual system does take place in the brain (Ptito
et al., 2001) as highlighted by abnormal diffusion metrics in the optic
nerves of all four patients with hemidisconnection assessed in long-term
follow-up. However, diffusion imaging did not reveal any structural
differences between the optic nerves that could explain the inter ocular
differences found in the ophthalmological parameters (RNFL and VA).
Although the result of unilateral cortical lesions on the integrity of the
optic nerves is still not clearly understood, we suspect that the inter
ocular difference of ophthalmic measures reported in the previous study
(Handley et al., 2017) can potentially be explained by the difference in
distribution of the nasal and temporal field ganglion cells entering the
optic nerve and their susceptibility to TRSD. It is currently not
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Fig. 6. Relationship of FA and MD in the contralateral optic tract and Visual Acuity (VA) for both ipsi and contralateral Eyes.

methodologically possible to evaluate this difference, and therefore
further work on obtaining high-resolution imaging of the optic nerves
would be valuable to dissect the crossing and non-crossing fibre distri-
butions within the optic nerve (Fraser et al., 2011) and determine their
relative distribution in subserving both temporal and nasal fields in each
eye.

3.2. Considerations on pre-surgical brain abnormalities and post-surgical
visual function

To provide an accurate representation of the remaining visual
function following surgery it is not only important to address the direct
effect of surgically disconnecting one hemisphere, but also the ability of
the remaining hemisphere to support vision. Although the detected
abnormalities in the affected (and consequently operated) hemisphere
are generally higher when compared to contralateral hemisphere
(Hallbook et al., 2010), the integrity of the remaining hemisphere is
important to predict clinical outcomes (Mehta & Plant, 2005; Traub--
Weidinger et al., 2016; Bridge et al., 2011; Jindahra et al., 2012; Rispoli
et al., 2019). In fact, our results suggest that there is an association
between the extent of damage in the contralateral optic tract (altered

MD and FA metrics) and the lowest level of visual function in every
patient as measured by OCT and logMAR scores (Figs. 5 and 6) — viz,
patient 1 with best vision has the highest FA and lowest MD, whereas
patient 4 with the poorest vision has the opposite. Although it is ex-
pected that the follow-up time after surgery is related to the level of
degeneration (see Table 1), the fact that we don’t find a similar associ-
ation with the optic radiations warrants further investigation. Not only it
will be imperative to evaluate pre-surgical measures of RNFL and
integrity of the visual system (not available for this study) but also to
investigate other clinical variables such (e.g age at surgery, aetiology of
the disease) and age/gender effects which can reveal more specific de-
tails of the degeneration taking place.

3.3. Limitations

Working with legacy datasets is unavoidable and incurs technical
difficulties, in particular whilst reconstructing structures as challenging
as the optic nerves (Roebroeck et al., 2008; Jacquesson et al., 2019).

Without specific methods to account for eye-movements (Sengupta
etal., 2017) and acquisition related distortions (Smith et al., 2011) there
can be unaccounted changes in the optic nerve conformation (Lee et al.,
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2018); furthermore, without a reduced field of view and increased res-
olution (Trip et al., 2006) these acquisitions are more susceptible to
partial volume effects - these have probably affected our reconstructed
metrics (particularly high MD in the optic nerves) despite a very low
variability across datasets (Sarlls & Pierpaoli, 2009). Substantial dif-
ferences in FA in visual system structures as compared to controls can be
appreciated visually in Fig. 4. We recognise that due to differences in
signal to noise ratio between 1.5 T and 3 T this can cause a systematic
bias in FA (Alexander et al., 2006; Grech-Sollars et al., 2015). However,
these biases are small when compared to the magnitude of FA changes
that we observe in these patients at long follow-up times following
hemidisconnection surgery.

Notwithstanding the limited sample, with a range of underlying
pathologies for each patient it is important to highlight that this is one of
the first studies that shows the feasibility of using the single shell 3-tissue
spherical deconvolution technique with legacy data, allowing the
mapping of grey matter, cerebrospinal fluid and white matter com-
partments to improve reconstruction of fibre directionality in the brain
(Khan et al., 2020). Despite having a lower angular contrast provided by
fewer directions than current state of the art acquisitions, even highly
angulated structures such as Meyer’s loop could be accurately recon-
structed using these methods, which opens good opportunities to further
explore historical datasets and aid the characterisation of long-term
degeneration following surgery.

3.4. Future questions and applications

The development of imaging metrics that help predict visual function
after surgery may play an important role in advising families before a
surgical decision is made — in particular in (McGovern et al., 2019),
atrophy in cerebral peduncles prior to surgery is indicative of better
postoperative motor function. Similarly to visual function (P. Jindahra
et al., 2009), our findings can help shed light on the efficacy of future
interventions as well as aid further comprehension of patterns and
timing of trans synaptic degeneration. Furthermore, it has been postu-
lated that the potential for neuroplasticity is maximal when the opera-
tion is performed early in life, but there are some cases that show this
can also be possible in adulthood (Damasio et al., 1975). The de-
terminants of plasticity are, however, still not fully identified and it will
be important to consider them in light of the age at surgery and onset of
epilepsy, type of pre-existing deficits and abnormal development
(Muckli et al., 2009) as well as the de facto establishment of new con-
nections following surgery (Holloway, 2000). A future longitudinal
study would be able to answer some of these questions, as well as
providing a careful evaluation of changes in the brain as a result of visual
rehabilitation techniques (Ong et al., 2012; Waddington et al., 2018).

4. Conclusion

This study demonstrates microstructural damage to the optic nerves,
optic tracts and optic radiations at long-term follow-up in patients un-
dergoing hemispherectomy for intractable epilepsy in childhood. In this
small selected cohort it was observed that diffusion metrics, particularly
in the optic tracts, mirrored the retinal nerve fibre layer and visual
acuity indices, indicating that greater microstructural damage or its
location was associated with poorer visual outcome. This study suggests
that diffusion MRI can be used to monitor the integrity of the visual
system following hemispherectomy and if extended to larger cohorts
and a greater number of time-points, including pre-surgically, can pro-
vide a clearer picture of the natural history of visual system degenera-
tion. This knowledge may in turn help to identify those patients at
greatest risk of poor visual outcomes that can benefit from rehabilitation
therapies.
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