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Transhemispheric optic pathway degeneration
following unilateral post-geniculate lesions

Hinke N. Halbertsma,! Shereif Haykal,® ®@Hanna E. Willis,?> ®Holly Bridge,?
Nomdo M. Jansonius! and Frans W. Cornelissen?

A unilateral lesion in a post-geniculate section of the retino-geniculo-striate pathway (hereafter: optic pathway) leads to binocular vision loss in the
contralateral visual hemifield. The extent of additional damage following such a lesion is not fully understood. Although degeneration of the ipsile-
sional optic tract and both retinas has been reported, potential degeneration in the contralesional post-chiasmal optic pathway has largely been over-
looked. We aimed to investigate the presence and extent of contralesional degeneration in individuals with post-geniculate optic pathway lesions.

In this case-control study, we examined the optic pathways of study cohorts with 10 (dataset 1) and 22 (dataset 2) individuals with unilateral post-
geniculate lesions and 12 (dataset 1) and 17 (dataset 2) neurologically healthy controls. For both datasets, we applied a higher-order analysis frame-
work, i.e. fixel-based analysis, to diffusion-weighted imaging data to evaluate the white matter of optic pathway tracts.

Fixel-based analysis showed reduced fibre density and fibre-bundle cross-section in the ipsi- and contralesional optic pathways. Post-hoc analysis
and observations further demonstrated reduced fibre density and fibre-bundle cross-section in the forceps major.

In individuals with unilateral post-geniculate optic pathway lesions, degeneration extends beyond their primary site to the optic pathway tracts,
including contralesional ones. This pattern of widespread transhemispheric degeneration suggests that it spreads more extensively than previously

recognized and highlights the need for understanding its implications for visual function.
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Reduced fibre density in ipsi- and contralesional
optic pathway in unilateral post-geniculate lesions

Extracting fibre
density values
using fixel-based
analysis

Localising tracts-of-interest

optic
nerves

Introduction

Unilateral damage to the post-geniculate retino-geniculo-striate
pathway (hereafter: optic pathway), e.g. due to stroke or tumour
(resection), causes vision loss in the contralateral visual hemifield
or ‘(partial) hemianopia’. In individuals with such unilateral post-
geniculate optic pathway lesions, further degeneration beyond the
primary lesion site has been observed. This includes both degener-
ation of the ipsilesional optic tract’” and lateral geniculate nucleus®

and thinning of the retina,>”%°

with the latter showing a topo-
graphic correspondence to the hemianopic visual field defect.
Such additional damage is thought to be induced by transsynaptic
degeneration, a process in which the degeneration spreads from da-
maged neurons to anatomically connected, yet previously undam-
aged, neurons. To date, the possibility that transsynaptic
degeneration extends to the contralesional post-chiasmal optic
pathway has generally been overlooked. Meanwhile, individuals

with (partial) hemianopia may also experience perceptual deficits

Tract segments with
reduction in fibre density

L

in their intact hemifield,*"* suggesting that their contralesional
post-chiasmal optic pathway may also be affected.

In this case-control study, we aimed to investigate the extent of
transsynaptic degeneration in individuals with post-geniculate optic
pathway lesions by comparing those with unilateral post-geniculate
optic pathway lesions to healthy control individuals. We initially ex-
amined the entire bilateral optic pathway, from the eyes to the vis-
ual cortex, using a dataset with high-quality diffusion-weighted
imaging (DWI) data. This allowed us to analyse the white matter
properties of the bilateral optic pathway tracts—including the optic
nerve, optic tract, and optic radiations—using a fixel-based analysis
(FBA).” FBA, a higher-order DWI analysis framework, enabled us
to quantify distinct white matter fibre populations within the same
voxel (‘fixels’) in terms of fibre density (Fig. 1B) and fibre-bundle
cross-section (Fig. 1C).

We hypothesized finding degeneration beyond the primary le-
sion site, evident from reduced fibre density or fibre-bundle cross-
section in the optic pathway tracts. Furthermore, we hypothesized
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Figure 1 Cross-section illustrations of white matter fibre
bundles, depicting different patterns of neurodegeneration
based on three quantitative fixel-based analysis metrics: fibre
density, fibre-bundle cross-section, and their combination.
Each dot represents an individual axon. (A) Normal fibre
bundle. (B) Fibre bundle with reduced fibre density, reflecting
a loss of axons across the entire bundle. (C) Fibre bundle with
reduced cross-section, reflecting fibre-bundle atrophy. (D)
Fibre bundle with reduced fibre density and cross-section,
reflecting both axonal loss and atrophy.

an association between these patterns of degeneration and the

2-4,13,17 .
’ and total lesion size.

time-since-injury

Following the observations from this first dataset, we analysed a
second independent DWT dataset, allowing us to re-examine the
white matter in the post-chiasmal optic pathway, specifically the op-
tic tract and optic radiations. This is the first study to use an FBA of
DWI data to investigate the white matter integrity of the entire op-
tic pathway in individuals with unilateral post-geniculate optic
pathway lesions, and that includes replication of post-chiasmal find-
ings using a second, independent dataset.

Materials and methods

This study involved the analysis of two independent datasets.
Ethical approval was obtained from the Medical Ethical Board of
the University Medical Center Groningen (dataset 1) and
University of Oxford Central Research Ethics Committee
(R60132/RE001; R59810/RE001; dataset 2) and adhered to the
tenets of the Declaration of Helsinki. All participants provided
written informed consent before participation.
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Cohort 1 included 10 individuals (four females, mean age = 53.2
years) with a unilateral post-geniculate optic pathway lesion accom-
panied by a chronic (partial) hemianopia (hereafter referred to as
hemianopic participants; two left-sided). Additionally, we included
12 neurologically healthy control participants (five females, mean
age = 52.6 years) with intact visual fields. The two groups did not dif-
fer significantly in age (#(20) = 0.14, P = 0.89; independent #test).

Participants in cohort 1 with any reported ophthalmic disorders
(other than refractive errors), neurological disorders, or contraindi-
cations for MRI (e.g. vascular clips or claustrophobia) were ex-
cluded from the study. All participants underwent MRI
scanning, retinal imaging and visual field examinations (see
Supplementary Fig. 1)

Cohort 2 included 22 hemianopic participants (7 females, mean
age = 51.5 years, ten left-sided) and 17 neurologically healthy con-
trol participants (7 females, mean age = 46.4 years) with reported in-
tact visual fields. The two groups did not differ significantly in age
(#(38) = 1.10, P=0.28; independent #test). Diffusion data for a
subset of cohort 2 have already been published elsewhere and did
not include a fixel-based analysis.*

Participants in cohort 2 with any diagnosed cognitive or psychi-
atric disorders, including executive or attentional deficits, or history
of eye disease or impairment other than visual field deficits, includ-
ing all forms of visuospatial neglect, were excluded from the study.
All participants underwent MRI scanning.

The demographics and clinical characteristics of all hemianopic
participants of cohorts 1 and 2 are provided in Table 1.

Visual field examinations were conducted to confirm the presence
of visual field defects in hemianopic participants in both cohorts,
and to verify the absence of such defects in control participants.
For cohort 1 only, structural imaging of the macula and optic nerve
head was performed using OCT (Canon HS100 SD-OCT, Tokyo,
Japan, see Supplementary Fig. 1) to assess structural integrity of the
retina (see Supplementary Fig. 2).

For cohort 1, MRI data (dataset 1) were acquired at UMCG using a
Siemens MAGNETOM Prisma 3T scanner with a 64-channel head
coil. Two multi-shell diffusion-weighted imaging (DWT) scans (b =
1000 s/mm® and &=2500s/mm’) and three non-diffusion-
weighted images (b=0s/mm®) were collected in two
phase-encoding directions (anterior—posterior and posterior—anter-
jor) with 2.0 mm isotropic voxels (TE =85 ms, TR =5500 ms,
FOV =210 x 210 x 132 mm, 66 slices, 64 gradient directions). In
addition, a high-resolution whole-head T1-weighted MPRAGE
scan was collected (voxel size = 1.0 mm isotropic, TE =2.98 ms,
TR = 2300 ms, FOV = 256 mm”, flip angle = 9 deg).

For cohort 2, MRI data (dataset 2) were acquired at the Oxford
Centre for Integrative Neuroimaging, University of Oxford, using a

Siemens Prisma 3T scanner with a 64-channel head coil. The UK
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Table 1 Demographics and clinical characteristics of the hemianopic participants of cohort 1 (GRx) and cohort 2 (OXx)

Sex  Age range (yrs) Lesion aetiology

Cohort 1
GRO1 m 50-59 Stroke
GR0O2 m 60-69 Stroke
GRO3 f 50-59 Stroke
GR0O4 m 40-49 Tumour resection
GRO5 f 50-59 Stroke
GR0O6 m 60-69 Stroke
GRO7 m 60-69 Stroke
GRO8 m 40-49 Stroke
GRO9 f 30-39 Tumour resection
GR10 f 40-49 Stroke
Cohort 2
0X01 m 50-59 Stroke
0X02 f 20-29 Stroke
0X03 f 50-59 Stroke
OX04 m 60-69 Stroke
0OX05 m 20-29 Stroke
0OX06 m 40-49 Stroke
(0), ()4 m 40-49 Stroke
0X08 m 30-39 Stroke
0OX09 m 60-69 Stroke
0OX10 m 60-69 Stroke
OX11 m 70-79 Stroke
OX12 m 70-79 Stroke
0OX13 f 30-39 Stroke
OX14 f 30-39 Stroke
OX15 m 60-69 Stroke
OX16 m 30-39 Stroke
OoX17 f 40-49 Stroke
0X18 f 40-49 Stroke
OX19 m 40-49 Stroke
0X20 m 60-69 Stroke
0X21 m 60-69 Stroke
0X22 f 60-69 Stroke

Lesioned hemisphere

Time-since-injury (months)  Total lesion size (mm?)

right 13 -
right 22 -
right 161 =
right 211 -
right 341 -
right 297 -
right 25 -
left 110 =
right 26 -
left 38 -
right 68 7206
left 39 27 009
right 31 74128
right 21 1844
right 13 51706
right 7 5013
right 32 14919
right 25 2782
left 47 5931
right 7 5209
right 58 60775
left 26 32712
left 30 20766
left 29 8935
left ) 16 959
left 26 16371
right 31 11339
right 297 1864
left 14 23736
left 49 13848
right 13 8676
left 37 90611

Biobank sequence was used to acquire DWI data. A multi-shell
(6=1000 s/mm* and & =2000s/mm®) image was collected in the
anterior-posterior direction with 2.0 mm isotropic voxels (TE =
92 ms, TR =3600 ms, FOV =210 mm>; 72 slices, 104 gradient
directions). Five 60 volumes were acquired without diffusion
weighting (b-value=0s/mm”) and three b0 volumes with
posterior-anterior encoding (b-value = 0 s/mm?) to correct for im-
age distortion. In addition, a high-resolution whole-head
T1-weighted MPRAGE scan was collected (voxel size = 1.0 mm
isotropic, TE = 3.97 ms, TR = 1900ms, FOV =192 mm®, flip an-
gle = 8 deg).

To investigate white matter degeneration of the post-retinal optic
pathway at a group level, we flipped the MR volumes of the two
(dataset 1) and ten (dataset 2) hemianopic participants with a left-
sided optic pathway lesion along the mid-sagittal plane, such that
the right hemisphere was the lesioned hemisphere for all hemiano-
pic participants. To match this, we did the same for three (dataset 1)
and seven (dataset 2) control participants.

DWI data were pre-processed using the software package
MRtrix3 (version 3.0.2). The preprocessing steps included denois-
ing, Gibbs ringing removal, motion and distortion correction

(including eddy current distortions and susceptibility-induced
EPI distortions), and bias field correction.

For the participants included in both dataset 1 and dataset 2,
the estimated intracranial volume was computed by FreeSurfer
from the T1-weighted irnalges.3 ! Furthermore, for the hemianopic
participants included in dataset 2, total lesion size was quantified
using the T1-weighted images as part of a previous study (see
Supplementary Methods—Lesion definition).*

We performed a fixel-based analysis (FBA) using MRtrix3 with the
recommended FBA pipeline settings32 unless specified otherwise.
FBA provides three structural measures of white matter: fibre dens-
ity, fibre-bundle cross-section, and their combination (Fig. 1). In
this study, we limited our analysis to fibre density and fibre-bundle
cross-section.

For each participant, we: (i) up-sampled preprocessed DWT data
to 1.25 mm isotropic voxels; (ii) created a brain mask and, for data-
set 1 only, extended it to include the optic nerves; (iii) applied multi-
tissue spherical deconvolution® to generate a fibre orientation dis-
tribution (FOD) image; and (iv) performed bias field correction and
intensity normalization on the FOD image. Using control partici-
pants’ (extended) brain masks and normalized FOD images, we gen-
erated unbiased, study-specific population FOD templates. These
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were segmented to estimate fibre-specific fixels. For each partici-
pant, we then: (i) produced nonlinear warps to register their
FOD image to the template; (ii) segmented their FOD image to es-
timate fixels and apparent fibre density; (iii) assigned these fixels to
the template fixels; and (iv) computed fibre-bundle cross-section
across all fixels.

Finally, we conducted whole-brain probabilistic fibre tractogra-
phy on the FOD templates, generating 20 million streamlines, fil-
tered down to 2 million using spherical-deconvolution informed
ﬁltering.34 We used the resulting whole-brain tractograms to create
fixel-to-fixel connectivity matrices for smoothing fibre density and
fibre-bundle cross-section data.

We used MRtrix’s probabilistic tractography algorithm to recon-
struct the optic pathway tracts on the FOD population templates
of dataset 1 and dataset 2.

For dataset 1, we reconstructed the anterior optic pathways by
tracking fibres between the eyes and the lateral geniculate nuclei.
For this, we placed a 4-mm radius spherical seed regions-of-interests
(ROIs) at the locations of both lateral geniculate nuclei (Fig. 2A; as
described by Haykal ez al., 2019),35 a rectangular inclusion ROIs
(measuring 6 x 14 x 1 voxels) at the optic chiasm (Fig. 2B), and
three 2-mm radius spherical inclusion ROIs centrally along the
length of both optic nerves (Fig. 2C; as described by Haykal
et al., 2020).*® We generated 500 streamlines for each lateral genicu-
late nucleus-eye combination, which we grouped to reconstruct the
anterior optic pathway. The anterior optic pathway was then sub-
divided into the optic nerves (Fig. 3A, orange streamlines) and optic
tracts (Fig. 3A, blue streamlines) for further analysis. For dataset 2,
due to data acquisition constraints, we were unable to track the full
anterior optic pathway. Specifically, multishell data was collected
only in the anterior—posterior direction and only 40 volumes in
the posterior-anterior direction. While the posterior—anterior 40 vo-
lumes allowed for some susceptibility distortion correction, this set-
up was less effective compared to dataset 1, where multishell data
were collected in both anterior—posterior and posterior-anterior di-
rections. Having full diffusion data in both directions provides
more accurate susceptibility correction, especially in regions near
air-tissue interfaces such as the orbitofrontal cortex, affecting the
optic nerve fibres. However, the fibres between the optic chiasm
and the lateral geniculate nuclei were less affected by these distor-
tions and were successfully tracked to reconstruct the optic tracts
(Fig. 3B, blue streamlines). Specifically, 1000 streamlines were gen-
erated using seed and inclusion ROIs at the optic chiasm and both
lateral geniculate nuclei, consistent with the placement used in da-
taset 1.

For both datasets, we successfully reconstructed the optic radia-
tions (Fig. 3A and B, green streamlines) by tracking fibres between
the lateral geniculate nucleus and the primary visual cortex (V1)
(Fig. 2A). We created V1 target ROIs by transforming a left and
right V1 ROI in MNI-152 space, derived from FreeSurfer’s default
Brodmann area parcellation, to the FOD template spaces. Using the
lateral geniculate nucleus seed ROIs and the V1 target ROIs, we
generated 10000 streamlines for both the left and right optic radi-
ation. Fibre tracking was anatomically constrained using optic radi-
ation masks derived from the Juelich histological atlas.’” The
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Figure 2 Regions-of-interest placement for probabilistic
tractography of the optic pathway tracts using the
population template of dataset 1. (A) Regions-of-interest
(ROIs) used for optic radiation tracking, overlaid on a
representative axial slice. Two seed ROls (4-mm radius
spheres) positioned at the lateral geniculate nuclei and two V1
target ROIs derived from FreeSurfer’s default Brodmann area
parcellation. (B) and (C) ROIs used for anterior optic pathway
tracking. An inclusion ROI positioned at the optic chiasm
(rectangle measuring 6 x 14 x 1 voxels), overlaid on a
representative coronal (B) and axial (C) slice, and three
inclusion ROIs (2-mm radius spheres) placed along the length
of both optic nerves overlaid on a representative axial (C) slice.
For optic pathway tracking using the population template of
dataset 2, the ROIs were placed similarly to those in panels A
and B.

resulting optic pathway tracts were converted to fixel-masks, allow-
ing fixel-wise tract-of-interest analyses.

For each tract-of-interest (i.e. the optic nerves, optic tracts, and op-
tic radiations), we performed a fixel-wise comparison of partici-
pants’ smoothed fibre density and fibre-bundle cross-section data.
Statistical analyses were performed on the participants’ fixels within
the tract-of-interest fixel masks. Differences between the hemiano-
pic and control participants were tested for significance using a gen-
eral linear model, with demeaned sex and age as covariates. To
account for potential confounding effects of intracranial volume

29,38

on the fibre-bundle cross-section measures, we included

z-scored, sex-adjusted, intracranial volume residuals (see
Supplementary Methods—Intracranial volume correction) as an
additional covariate. This adjustment was applied to both datasets,
given previously reported sex differences in intracranial volume®’
even though the correlation between intracranial and fibre-bundle
cross-section reached significance only in dataset 2 (r=0.36, P=
0.02) and not in dataset 1 (»=0.33, P=0.13). For each fixel within
the tract-of-interest fixel mask, we obtained a familywise error-
corrected P-value via nonparametric permutation testing (7=
5000).

Furthermore, for each tract-of-interest beyond the lesion site (i.e.
optic nerves, optic tracts, and contralesional optic radiation) that

showed a significant difference between hemianopic and control
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ipsilesional < > contralesional

Dataset 2

Figure 3 Probabilistic tractography of optic pathways. Streamlines resulting from the probabilistic tracking of the tracts-of-interest on
the fibre orientation distribution population template of dataset 1 (A) and dataset 2 (B). Tracts-of-interest are the optic nerves (dataset
1 only), optic tracts, and optic radiations. All tracts-of-interest are shown in their full extent and overlaid on a representative axial slice

of the population templates.

participants, we calculated the mean reduction in fibre density and
fibre-bundle cross-section across the affected fixels for each hemia-
nopic participant. We conducted Pearson linear partial correlation
to evaluate the relationship between these mean reductions and (i)
the time since injury (in months, log-transformed) for both data-
sets, and (ii) the total lesion size for dataset 2 only. Age (in years)
was included as a covariate, given the known age-related degener-
ation of WM.*

Results

For both datasets, we observed significant reductions in fibre dens-
ity and fibre-bundle cross-section for the hemianopic compared to
the control participants, in both the ipsi- and contralesional tracts
(Fig. 4).

In dataset 1, as expected given the primary lesion site, significant
reductions were observed in a large portion of the ipsilesional optic
radiation, with reductions up to 94% in fibre density and up to
73% in fibre-bundle cross-section. Reductions extended beyond the
primary lesion site. In fibre density, notable reductions were observed
in the ipsilesional optic nerve (up to 40%), ipsilesional optic tract (up
to 82%), contralesional optic nerve (up to 35%), and contralesional
optic radiation (up to 82%). Reductions in fibre-bundle cross-section
were observed in the ipsilesional optic tract (up to 36%), contrale-
sional optic tract (up to 11%) and ipsilesional optic nerve (up to 12%).

In dataset 2, reductions were again prominent in the ipsilesional
optic radiation, consistent with the primary lesion site, with reduc-
tions in fibre density of up to 87% and in fibre-bundle cross-section
of up 39%. Beyond the primary lesion site, we observed reductions
in fibre density in the contralesional optic radiation (up to 46%) and
fibre-bundle cross-section in the ipsilesional optic tract (up to 12%).

Figure 4 illustrates these reductions by showing only the stream-
line segments of the tracts-of-interest where significant reductions
were observed in fibre density (panel A) and fibre-bundle cross-
section (panel B). Moreover, reductions in fibre density within
the contralesional optic radiation in dataset 2 closely mirrored those
observed in dataset 1, supporting the reproducibility of this finding
across independent cohorts.

In either dataset, no significant correlations were found between the
hemianopic participants’ time-since-injury and mean reductions in
fibre density or fibre-bundle cross-section for any tract. In dataset 2,
total lesion size was significantly correlated with reductions in fibre-
bundle cross-section only in the ipsilesional optic radiation (r=
0.54, P=0.01). Figure 5 shows boxplots for each tract-of-interest,
representing the distribution of hemianopic participants’ mean re-
ductions, across the cluster of affected fixels, in fibre density (panel
A) and fibre-bundle cross-section (panel B) relative to the control
participants.

To further explore the spatial specificity of these reductions, a post-
hoc analysis was performed on the forceps major, a large white mat-
ter tract connecting bilateral V1 regions. To reconstruct the forceps
major for both datasets, 1000 streamlines were generated bidirec-
tionally between the V1 of both hemispheres (Fig. 6A), and fixel-
wise comparisons were conducted as described in the methods.
In datasets 1 and 2, the forceps major showed reductions in fibre
density of up to 96% and 87%, respectively, and in fibre-bundle
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Figure 4 Reductions in fibre density and fibre-bundle
cross-section in hemianopic individuals in the ipsilesional and
contralesional tracts-of-interest. Statistical significance was
assessed using nonparametric permutation testing (n = 5000),
with family-wise error (FWE) correction applied across
fixel-wise comparisons. The figure shows only the streamline
segments of the tracts-of-interest corresponding to fixels with
statistically significant reductions (family-wise error-corrected
P <0.05) in hemianopic participants for fibre density (A) and
fibre-bundle cross-section (B). Reductions are presented as
percentages relative to control participants for dataset 1 (top
row; 10 hemianopic participants versus 12 controls) and
dataset 2 (bottom row; 22 hemianopic participants versus 17
controls). All streamline segments are shown in their full
extent and overlaid on a representative axial slice of the
population templates. Ipsilesional data are presented in the
left hemisphere.

cross-section of up to 73% and 38%, respectively, when comparing
hemianopic to control participants.

Reductions in the forceps major were largest at the ipsilesional
end of the tract, as expected given the lesion site, and extended
into the contralesional hemisphere. Figure 6 B and C illustrate these
reductions by showing only the streamline segments of the forceps
major with significant reductions in fibre density (panel B) and
fibre-bundle cross-section (panel C). A comparison of the affected
fixels for the contralesional optic radiation and the forceps major
reveals that fibre density reductions are found for primarily overlap-
ping fixels (Fig. 7).
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Additionally, we conducted a whole-brain analysis where we
compared fixel values across the entire brain between the indivi-
duals with post-geniculate lesions and controls. No additional sig-
nificant differences in fibre density or fibre cross-section were
identified beyond our tracts of interest.

To explore whether the white matter degeneration in the contrale-
sional hemisphere was associated with clinically relevant measures,
additional post-hoc analyses were performed. Specifically, Pearson’s
linear partial correlation analyses were conducted to examine the re-
lationship between the mean reduction in fibre density in the con-
tralesional optic radiation and two clinical measures: (i) a structural
measure, namely thickness of the ganglion cell-inner plexiform
layer in the unaffected hemifield (available for hemianopic partici-
pants in dataset 1; see Supplementary Results—Macular thinning
and Supplementary Fig. 3), and (ii) a functional measure, the aver-
age total deviation in visual field sensitivity of the unaffected hemi-
field, derived from Humphrey Visual Field testing (data combined
from datasets 1 and 2, see Supplementary Methods—Visual Field
Sensitivity (Total Deviation)). Age (in years) was included as a cov-
ariate to account for known age-related white matter changes.40
Similar partial correlation analyses were conducted for reductions
in fibre-bundle cross-section in dataset 1, using the same clinical
measures. No significant correlations were found between the fixel-
based reductions and either of the clinical variables tested.

Discussion

We found widespread degeneration in the optic pathway of indivi-
duals with unilateral post-geniculate lesions that extends beyond
the primary lesion site. Notably, this is the first study to demonstrate
degeneration not only in the ipsilesional optic pathway but also in the
contralesional optic pathway and the forceps major. Replicating this
transhemispheric degeneration across two independent cohorts un-
derscores its robustness and reproducibility. No relationships were
found between the extent of degeneration and various clinically rele-
vant measures. Below, we discuss these findings in more detail.

Using a fixel-based analysis (FBA) across two independent cohorts,
we identified significant reductions in fibre density and fibre-bundle
cross-section along both the ipsilesional and contralesional optic
pathway. These metrics reflect changes in distinct tissue properties:
reduced fibre density is commonly interpreted as axonal loss, while
reduced fibre-bundle cross-section reflects tract atrophy.

As expected, the largest reductions in both FBA metrics were
consistently observed in the ipsilesional optic radiation, aligning
with unilateral post-geniculate damage. Degeneration in the ipsile-
sional optic tract, bilateral optic nerves and retinas (see
Supplementary Results and Supplementary Figs 3 and 4) supports
a pattern of retrograde transsynaptic degeneration spreading from
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Figure 5 Distribution of mean reductions in fibre density and fibre-bundle cross-section across the affected fixel cluster of each
tract-of-interest. Boxplots show the distribution of mean reductions in fibre density (A) and fibre-bundle cross-section (B) across
hemianopic participants, relative to controls, for the cluster of significantly affected fixels within each tract of interest (optic nerve
(ON), optic tract (OT) and optic radiations (OR), both ipsilesional (ipsi) and contralesional (contra), and the forceps major (FM)). Black
dots (dataset 1, n = 10) and squares (dataset 2, n = 22) indicate the mean reduction for each hemianopic participant. The dashed line at 0
indicates no difference from controls; negative values indicate an increase relative to controls. Tracts without significant reductions
across hemianopic participants, relative to controls (see also Fig. 4), are labelled ‘no significant reduction’.

the lesion site towards the f:yes.l'l(”41 Additionally, the degeneration
in the forceps major, a white matter tract anatomically connecting
the occipital lobes, suggests propagation along visual white matter
into the contralesional hemisphere.

Previous neuroimaging studies focused primarily on ipsilesional
degeneration, often reporting ipsi-/contralesional asymmetries in
white matter volume'” or fractional alnisotropy.6 By relying on
within-subject asymmetries, these approaches typically omitted
contralesional effects. Our study compared hemianopic partici-
pants to age-matched controls and also revealed degeneration
in the contralesional optic tract and optic radiation. Importantly,
fibre density reductions in the contralesional optic radiation were
spatially consistent across both cohorts, reinforcing the transhemi-
spheric impact of the unilateral post-geniculate lesion.

Furthermore, our use of the higher-order analysis framework
FBA is an analytical improvement for detecting and interpreting
white matter degeneration compared to previous work employing
conventional DWI frameworks, such as diffusion tensor imaging.
While diffusion tensor imaging assumes a single diffusion direction
per voxel, FBA models multiple fibre populations via fibre orienta-
tion distributions.** This enables accurate analysis of complex fibre
architecture and offers biologically meaningful metrics that distin-
guish microstructural (e.g. axonal loss) from macrostructural (e.g.
fibre-bundle atrophy) changes, offering a more nuanced under-
standing of white matter degeneration.

We found no significant correlations between degeneration and
total lesion size or time since injury, except for the expected associ-
ation between total lesion size and degeneration in the ipsilesional
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Dataset 1
10 hemianopic versus 12 control participants

Reduction (%)

o

based on FWE-corrected b-value <0.05

ipsilesional < > confralesional

Dataset 2
22 hemianopic versus 17 control participants

A Forceps Major

B Fibre Density

& \
.‘; 9

c Fibre-bundle
Cross-section

Figure 6 Probabilistic tractography of the forceps major and associated reductions in fibre density and fibre-bundle cross-section.
(A) Streamlines resulting from the probabilistic tracking of the forceps major for dataset 1 (top) and dataset 2 (bottom). (B, C). Statistical
significance was assessed using nonparametric permutation testing (n = 5000), with family-wise error (FWE) correction applied across
fixel-wise comparisons. The figure shows only the streamline segments of the tracts-of-interest corresponding to fixels with
statistically significant reductions (family-wise error-corrected P < 0.05) in hemianopic participants relative to controls for fibre density
(B) and fibre-bundle cross-section (C). All streamline segments are shown in their full extent and overlaid on a representative axial slice
of the population template. Ipsilesional data are presented in the left hemisphere.

optic radiation. This suggests that these clinical variables may not
reliably predict degeneration beyond the primary lesion site.
Future longitudinal studies may better capture the dynamics of de-
generation beyond the primary lesion site.

Although contralesional degeneration was consistently observed, its
clinical relevance remains unclear. Post-hoc analyses revealed no sig-
nificant associations with retinal thinning and visual field sensitiv-
ity. These exploratory results represent an initial step towards
clinical

understanding  the implications of  contralesional

degeneration, which future studies should examine more directly.
Clarifying the impact of contralesional degeneration is important,
given previous on perceptual deficits in the perimetrically intact
hemifield of individuals with unilateral post-geniculate lesions.*2®
The observed degeneration in the forceps major suggests the possi-
bility of disrupted interhemispheric visual communication.*?

Our findings may also inform rehabilitation. The extent of optic
pathway degeneration may help explain inter-individual differences
in rehabilitation potential. A prior study has shown that macro-
structural atrophy (i.e. optic tract shrinkage)’ can predict limits
to training-induced visual recovery in individuals with unilateral
post-geniculate lesions. In the context of fixel-based analysis, these

metrics map closely onto fibre-bundle cross-section and fibre
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Il =ffected fixels forceps major
] affected fixels contralesional optic radiation
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Figure 7 Overlap between affected fixels in the forceps
major and contralesional optic radiation. Affected fixels in the
forceps major (yellow) and the contralesional optic radiation
(green) show areas of spatial overlap. Fixels cropped to a single
axial slice (x = 54) are displayed. The zoomed-in section
highlights the overlapping fixels.

density, respectively. Further research should assess whether these
FBA metrics can serve as biomarkers for rehabilitation potential.
Additionally, previous findings that retinal thinning stabilizes
with visual training in the blind field” suggest possible neuroprotec-
tive effects of behavioural interventions. Based on this, we speculate
that rehabilitation targeting both the blind and intact hemifield
may help preserve retinal integrity and mitigate the spread of

. 44
degeneration.

Despite the strengths of this study, including a relatively large sam-
ple size of 30+ hemianopic participants, high-quality diffusion
data, and replication across independent cohorts, several limitations
should be acknowledged.

First, there was a spatial overlap between affected fixels in the
contralesional optic radiation and forceps major, making it difficult
to attribute degeneration to one tract specifically. Nonetheless, the
consistent presence of contralesional degeneration supports a trans-
hemispheric impact of unilateral post-geniculate lesions.

Second, we cannot fully exclude the potential influence of co-
morbidities in hemianopic participants. However, several factors ar-
gue against this explanation. For transsynaptic degeneration to be

H. N. Halbertsma et al.

observed at the group level, comorbidities would need to produce
consistent patterns of degeneration, which is unlikely given the het-
erogeneity of the hemianopic participants. Moreover, no partici-
pants had documented neurodegenerative disorders or bilateral
optic pathway lesions. Minor ipsilesional visual field defects ob-
served in two hemianopic participants (GR07 and GR10,
Supplementary Fig. 1) could suggest comorbidities affecting the
contralesional pathway. However, these individuals did not exhibit
the largest reductions in fibre density in the contralesional optic ra-
diation (35% and 66%, respectively; cohort range: 29-78%) nor the
largest reductions in fibre-bundle cross-section values in the con-
tralesional optic tract (—1% and 10%, respectively, cohort range:
—2-19%). These minor ipsilesional visual field defects may also re-
flect normal variability and reliability issues in subjective visual field
assessments, such as Humphreys’ field analysis. Nevertheless, future
studies should incorporate additional screening to identify potential
comorbidities more definitively.

Third, although lesions were classified as post-geniculate based
on MR image inspection, we cannot entirely rule out damage to
the ipsilesional lateral geniculate nucleus. However, such damage
alone would not explain the transhemispheric patterns of degener-
ation observed.

Conclusions

We are the first to demonstrate widespread and transhemispheric
white matter degeneration following unilateral post-geniculate op-
tic pathway lesions, evidenced by axonal loss and fibre bundle atro-
phy. The finding of transhemispheric degeneration highlights that
the contralesional hemisphere should not be assumed to be un-
affected and supports normal vision. Future studies should explore
the functional implications of this widespread degeneration as well
as its implications for rehabilitation.

Supplementary material

Supplementary material is available at Brain Communications
online
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