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Background and Objective: Diffusion tensor imaging (DTI) has been implemented in a breadth 
of scientific investigations of optic neuropathies, though it has yet to be fully adopted for diagnosis or 
prognosis. This is potentially due to a lack of standardization and weak replication of results. The aim of this 
investigation was to review DTI results from studies specific to three distinct optic neuropathies in order to 
probe its current clinical utility.
Methods: We reviewed the DTI literature specific to primary open-angle glaucoma (POAG), optic neuritis 
(ON), and traumatic optic neuropathy (TON) by systematically searching the PubMed database on March 
1st, 2023. Four distinct DTI metrics are considered: fractional anisotropy (FA), along with mean diffusivity 
(MD, axial diffusivity (AD), and radial diffusivity (RD). Results from within-group, between-group, and 
correlational studies were thoroughly assessed.
Key Content and Findings: POAG studies most consistently report a decrease in FA, especially in the 
optic radiations, followed in prevalence by an increase in RD and then MD, whilst AD yields conflicting 
results between studies. It is notable that there is not an equal distribution of investigated DTI metrics, with 
FA utilized the most, followed by MD, RD, and AD. Studies of ON are similar in that the most consistent 
findings are specific to FA, RD, and MD. These results are specific to the optic nerve and radiation since 
only one study measured the intermediary regions. More studies are needed to assess the effect that ON has 
on the tracts of the visual system. Finally, only three studies assessing DTI of TON have been performed to 
date, displaying low to moderate replicability of results. To improve the level of agreement between studies 
assessing each optic neuropathy, an increased level of standardization is recommended.
Conclusions: Both POAG and ON studies have yielded some prevalent DTI findings, both for contrast 
and correlation-based assessments. Although the clinical need is high for TON, considering the limitations of 
the current diagnostic tools, too few studies exist to make confident conclusions. Future use of standardized 
and longitudinal DTI, along with the foreseen methodological and technical improvements, is warranted to 
effectively study optic neuropathies.
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Introduction

The term optic neuropathy generally refers to a disease of 
the optic nerve, which can result from a range of causes, 
making the correct diagnosis and prognosis of distinct 
conditions important for proper treatment (1). Optic 
neuropathies can be either acute or chronic, with acute 
optic neuropathies such as traumatic optic neuropathy 
(TON) and optic neuritis (ON) having relatively abrupt 
onsets, while chronic optic neuropathies like glaucoma 
have a slow and prolonged development (1). Traditionally, 
ophthalmologists rely on measurements of the patient’s 
eye and retina, as well as direct tests of their vision to make 
a diagnosis. In recent years, magnetic resonance imaging 
(MRI) has become increasingly valuable in analyzing the 
impacts of optic neuropathies both on and beyond the 
optic nerve (2-7). Visualization and comparison of the 
downstream impact that optic neuropathies have on 
pre- and post-geniculate visual pathway regions as well 
as regions beyond the visual system form a typically 
untapped addition to standard neuro-ophthalmological 
assessments (6,8). Developing an understanding of how 
distinct optic neuropathies relate to MRI data metrics can 
improve the potential for identifying novel biomarkers. This 
will likely allow for a more integrated and all-encompassing 
understanding of these conditions with respect to severity, 
recovery, and treatment (6).

Reviewed optic neuropathies

We aim here to compare a range of conditions that each 
result in partial visual deafferentation. These conditions 
differ in etiology and are managed and treated by 
ophthalmologists in different subspecialties. Nevertheless, 
we posit that a direct comparison of these groups with 
diffusion tensor imaging (DTI) of post-retinal structures 
is appropriate and informative. Whether or not various 
DTI metrics would distinguish these conditions (based on 
etiology, time-since-onset, etc.) is an open and important 
question.

Primary open angle glaucoma (POAG) is the most 
common form of optic nerve damage with an incidence of 
2–3%, and many reported studies of DTI investigation. 
Similarly, ON, while not as common as POAG, has been 
studied in a large number of DTI investigations. POAG 
and ON offer complimentary advantages for study. As a 
common and slowly progressive disease POAG lends itself 
to study outside of any emergency context, and relatively 

large groups of comparable patients. ON provides the 
opportunity to compare eyes within subjects and track the 
dynamics of recovery in many cases. In contrast, TON is 
more diverse, emergent and clinically challenging. However, 
it is possible that DTI could help to fill this clinical need if 
methods continue to develop in the future.

POAG
Glaucoma is a chronic and slowly progressing neurodegenerative 
disease that is the leading cause of irreversible blindness in 
the world (9) and is most commonly found in patients 
beyond the age of 55 (10). It has been characterized by 
loss of retinal ganglion cells (RGC) which then results in 
distinct changes to the optic nerve head and the retinal 
nerve fiber layer (11), and generally impacts the visual 
pathway bilaterally. The pathogenesis of glaucoma, though, 
is not yet fully understood. The loss of RGCs has been 
partially linked to an increased intraocular pressure (9,12), 
which in turn has been referred to as the main risk factor 
of glaucoma, specifically for POAG (13). POAG comprises 
more than 80% of glaucoma cases (9) and is the form of 
glaucoma focused on within this review (14,15). Although 
the impact of glaucoma can ultimately be severe, it can 
remain asymptomatic until it reaches an advanced stage, in 
part because the visual periphery is affected first (9,16,17). 
Developing any new means of early diagnosis is potentially 
valuable, and DTI could be considered in the future (6,7,18).

ON
ON is considered an acute inflammatory demyelinating 
disorder of the optic nerve (19-22), usually affecting 
generally healthy individuals between the ages of 18 and 
50 years (21). It can be an initial sign of multiple sclerosis 
and is caused by an autoimmune reaction directed against 
the optic nerve (21). In distinction with typical glaucoma, 
it usually has a unilateral central field impact on the visual 
network (23,24). This allows for the affected side to be 
compared to the unaffected side with a rigorous within-
subject design, as well as to controls with a between-subject 
design as is usually done in the reviewed POAG studies. 
However, given that ON patients typically recover near-
normal vision over time, they are most helpfully analyzed 
longitudinally, and by comparison between groups based 
on time of onset. For example, a basic distinction between 
acute ON representing subjects with recent onset (e.g., 
no greater than a month) and remote ON representing 
subjects with at least one episode of ON at least 1 year 
prior to the current investigation has been reported (25). 
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However, it is likely that a much finer analysis of time-
since-onset is required. Unfortunately, most studies do 
not clearly or consistently classify their subjects into such 
groups. Our review has classified each reviewed study as 
either acute (onset within 1 month) or remote (time-since-
onset typically greater than 1 year) in order to delineate the 
findings in a more effective manner based on the significant 
role that time from the onset has shown to have on the 
diffusivity measures (25-28).

TON
TON results from blunt or penetrating head trauma that 
causes either direct or indirect trauma to the optic nerve, 
which in turn leads to a loss of vision. It is associated with 
a positive relative afferent pupillary defect (except in cases 
of bilateral ocular involvement), impaired color vision, 
and visual field defects (29,30) and the effects can be 
most severe in cases of bilateral optic nerve involvement 
(29,31). Importantly, TON has shown both ipsilateral and 
contralateral impacts on the visual pathway (32). Direct 
TON involves either a “significant anatomical disruption” to 
the optic nerve or optic nerve avulsion (29). Indirect TON, 
on the other hand, is a result of forces from a distal site 
which extend to the optic nerve. A two-staged model has 
been proposed to characterize the process that proceeds 
indirect TON, first starting with the shearing of the RGCs, 
then increasing in severity by optic nerve swelling (29), 
which DTI may play a role in deciphering. Of clinical 
relevance is that in cases of TON, particularly with bilateral 

damage and lack of responsiveness from the patient, the 
main clinical tool for diagnosis (the relative afferent pupil 
defect) can fail, leaving physicians with no reliable tool in 
the acute setting. 

DTI

Traditional anatomical MRI has been extensively used in 
previous studies to investigate the morphological changes 
in various brain structures that might accompany disease. 
The appearance or size of particular grey and white matter 
regions can be detected and often correlates with important 
functional and/or clinical variables (33-42). DTI is a 
specific modality of MRI which measures the flow of water 
within the brain (43-45). This data allows for advanced 
visualization of neuronal tracts, primarily composed of 
white matter tracts (43,46), across the brain by measuring 
the diffusion of water along axon clusters; this type of 
diffusion is sensitive to both cellular and microstructural 
changes (43,47). 

Each voxel in a DTI volume can be represented by an 
ellipsoid with three principal axes and eigenvectors (48) 
(Figure 1). The measure along the longest axis which usually 
runs parallel to the measured axon is referred to as axial 
diffusivity (AD), while the mean magnitude of flow along 
the two perpendicular axes is referred to as radial diffusivity 
(RD). AD and RD measures have shown value in diagnosing 
axonal damage and myelin damage, respectively (48,49). 
For example, some findings indicate that incomplete 

Figure 1 Working model of DTI metrics, FA, RD, AD, and MD, and relationship with structural degradation of a neuron: primarily 
damaged myelin and axonal damage. Modified from previously published Open Access Journals article (49) under the Creative Commons 
Attribution 4.0 International (CC BY) license. DTI, diffusion tensor imaging; FA, fractional anisotropy; RD, radial diffusivity; AD, axial 
diffusivity; MD, mean diffusivity.
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myelin formation in the white matter without axonal injury 
is characterized by an increase in RD with an unaltered 
measure of AD (50). Additionally, multiple sclerosis patients 
often show RD increases that are likely associated with 
myelin loss (51), whilst normal brain development leads 
to a reduction of RD along white matter pathways, likely 
representing additional myelination (47,52,53). In contrast, 
decreased AD has been found to be a good biomarker of 
axonal damage (47,54,55) and has been associated with 
axonal swelling, Wallerian degeneration, and diffuse axonal 
injury (49). This has been shown in animal models where a 
reduced AD was related to acutely injured axons (56-60) and 
has additionally been illustrated in humans (61). We note, 
though, that the correlation of AD with axonal damage is 
less robust than RD’s correlation with demyelination (49), 
and is potentially associated with a non-linear interaction 
between pathological changes over time and severity 
levels (62). Finally, it is important to note that there are 
other factors that may lead to alterations of both RD and 
AD which include, for example, edema and increased 
extracellular space (51). Further work is essential for 
developing an increasingly precise mapping between 
cellular mechanisms and the relationship between RD 
and AD.

Aside from these two principal eigenvector-based 
measures, two additional measures can be derived from 
the relationship between diffusion along the principal axes, 
specifically fractional anisotropy (FA) and mean diffusivity 
(MD). FA reflects the relative ratio between the anisotropic 
to isotropic nature of the measured diffusion, with perfectly 
isotropic diffusion having a value of zero and perfectly 
anisotropic diffusion having a value of one (48). FA is 
argued to be quite sensitive towards detecting alterations 
of white matter integrity since it decreases when the axonal 
architecture is disrupted and when there is a loss of myelin 
(47,63); thus, it represents a loss of organized structure 
and coherent diffusion (44). This is because many factors 
including cell death, changes in myelination, and intra/
extracellular water may affect FA (43,63). MD, on the 
other hand, has been proposed to be the simplest DTI-
derived scalar(43), representing the average of all principal 
eigenvalues. An increased MD is commonly associated with 
damaged tissue because of the resulting increase in free 
diffusion that this elicits (44,47). A relatively high MD can 
characterize a high level of disorganization, while a low MD 
represents a highly organized structure (47,49). 

Overall, the four DTI metrics can be separated into 
two distinct categories according to the way in which 

they provide information about cellular changes. FA and 
MD parameters are summative in nature; they describe 
functional disturbances broadly but may lack the precision 
necessary to distinguish various structural changes in the 
visual pathways (49,64-66). In contrast, AD and RD values 
are tied to directional diffusivity and are increasingly 
representative of microstructural and anatomical details 
(49,67). Nevertheless, it is important to note that these 
four metrics are not entirely independent: a change in one 
metric would be expected to affect others.

Please see the Appendix 1 for background on some 
technical parameters that must be selected when obtaining 
difwfusion MRI (dMRI) data, along with Table S1 for a 
summary of the parameters used throughout the reviewed 
studies.

Aims

The aim of this review is to assess the DTI research that has 
been performed to date on several unique optic neuropathies, 
a task which has yet to be conducted. This will be done by 
presenting and discussing the findings obtained by DTI 
on both chronic and acute forms of optic neuropathies. 
Specifically, we aim to deduce the general similarities and 
discrepancies found both within and between the reviewed 
optic neuropathies and make suggestions for future directions 
in dMRI research of optic neuropathies. We present this 
article in accordance with the Narrative Review reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-779/rc). 

Methods

Table 1 describes the search strategy performed for this 
review (see also Figure 2).

Inclusion criteria for this review required within-
group (i.e., affected vs. intact eye) and/or between-group 
comparisons and correlational-based studies that measured 
at least one of the 4 DTI metrics (FA, MD, RD, and AD) 
within one of the selected regions of interest (ROI).

The ROIs included white matter tracts found in both 
pre-geniculate regions including optic nerves and optic 
tracts as well as post-geniculate regions, particularly the 
optic radiations. This allows for an estimation of the 
prevalence that each DTI metric has along particular 
segments of the visual system’s primary white matter tracts. 
These white matter tracts are selected as ROIs, primarily 
inspired by the network degeneration hypothesis (NDH) 

https://cdn.amegroups.cn/static/public/QIMS-23-779-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-779-Supplementary.pdf
https://qims.amegroups.com/article/view/10.21037/qims-23-779/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-779/rc
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(68,69), which posits that any neurodegeneration caused 
by a particular neuropathy begins and spreads from the 
brain network that is specific to the neuropathy at hand. 
Hence white-matter regions specific to the primary visual 
system were selected and incorporated in this review. We 
do, though, acknowledge that optic neuropathies most 
likely lead to replicable neurological changes beyond the 
primary visual network, which may be specific to the optic 
neuropathy under investigation. This has been illustrated 
when patients with monocular blindness displayed notable 
differences beyond the primary visual tracts (70) and leads 
us to mention some of the global alterations to white matter 
that have been associated with the optic neuropathies being 
reviewed. The formal review, though, is specific to the ROIs 
mentioned here.

Studies were excluded if the optic neuropathy under 
investigation was co-occurring with another clinical 
condition, something which was common with ON since 
it is commonly associated with multiple sclerosis. This 
was performed in order to avoid any confounds that other 
clinical conditions may exert on the diffusion within the 
white matter. As a result, POAG, ON, and TON had 40, 

15, and 3 includable studies, respectively, and their results 
are summarized below.

Significant results from contrast-based studies were tallied 

and included in the numerator of the 
 

 
signifcant results

performed contrasts
calculation in order to determine the level of consistency of 
DTI metric-specific findings throughout the selected ROI 
of the visual system.

Results

All reviewed studies, including their respective DTI 
parameters and contrasts can be found Tables S2-S4 for 
POAG, ON, and TON, respectively.

POAG 

DTI-based POAG studies included here are comprised 
of between-group comparisons for POAG patients and 
controls (66,71-80), within-POAG group comparisons 
(71,81,82), and correlational studies between DTI measures 
and ophthalmological measures (73,74,76,78,81,83-85). The 

Table 1 Narrative review search strategy

Items Specification

Date of search March 1, 2023

Databases and other sources searched PubMed

Search terms used POAG search terms: DTI MRI + POAG, diffusion tensor + POAG, DTI + glaucoma,  
DTI + primary open-angle glaucoma, diffusion MRI + glaucoma, fractional anisotropy + 
glaucoma, mean diffusivity + glaucoma, axial diffusivity + glaucoma, radial diffusivity + 
glaucoma

ON search terms: DTI MRI + optic neuritis, diffusion tensor + optic neuritis, DTI + optic 
neuritis, fractional anisotropy + optic neuritis, mean diffusivity + optic neuritis, axial 
diffusivity + optic neuritis, radial diffusivity + optic neuritis

TON search terms: DTI MRI + traumatic optic neuropathy, diffusion tensor + traumatic 
optic neuropathy, DTI + traumatic optic neuropathy, fractional anisotropy + traumatic 
optic neuropathy, mean diffusivity + traumatic optic neuropathy, axial diffusivity + 
traumatic optic neuropathy, radial diffusivity + traumatic optic neuro

Timeframe 1994–2023

Inclusion criteria Inclusion criteria for this review required within-group (i.e., affected vs. intact eye) and/
or between-group comparisons, correlational based studies that measured at least one 
of the 4 DTI metrics (FA, MD, RD, and AD) within at least one of the reviewed ROIs (optic 
nerve, optic tracts, or optic radiations) for POAG, ON, or TON

Selection process 2 students (A.C.C. and M.T. conducted the review process. Both reviewed all included 
and excluded papers to come to agreement

POAG, primary open-angle glaucoma; DTI, diffusion tensor imaging; MRI, magnetic resonance imaging; FA, fractional anisotropy; MD, 
mean diffusivity; RD, radial diffusivity; AD, axial diffusivity; ROI, region of interest; ON, optic neuritis; TON, traumatic optic neuropathy.

https://cdn.amegroups.cn/static/public/QIMS-23-779-Supplementary.pdf
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contrast- and correlation-based results are distinguished 
based on the DTI measure and white matter segment of the 
visual system (see Figure 3A, Table S5). 

FA
Of all DTI measures, FA appears to be the most reliable 
biomarker for assessing POAG and has repeatedly 
been found to be reduced along the visual pathway. It is 
important to note that FA is not independent of other DTI 
measures since it is approximately a ratio between AD and 
RD making it difficult to interpret whether this finding is 
primarily a result of demyelination or axonal damage. Its 
combined effect with other DTI metrics may provide the 
most information considering that the highest sensitivity 
and specificity for differentiating severe and mild-moderate 
POAG was obtained from both MD and FA metrics (77).

Within the optic nerve, FA decreases were found 
throughout POAG progression regardless of the location 
along the optic nerve (71). This observation has been 
suggested to be the most reliable trait in diagnosing POAG 
(73,86). Reduced FA in the optic nerve correlates with 
ophthalmological measures including POAG severity 
(73,87,88), cup-disk-ratio (87,89), retinal nerve fiber layer 
thickness (RNFLT) (86,87,90), and several other measures 

(see Table S5 for all reviewed significant correlations). 
FA in the optic tract/optic chiasm correlates with POAG 
severity (72), cup-disk-ratio (74,78), RNFLT (74) and 
the mean deviation of the visual field (MDVF) perimetry 
score (78). In addition, reduced FA predicts a smaller lateral 
geniculate nucleus (LGN) (77). Some studies also reported 
reduced FA within the LGN (91) that correlated to the 
MDVF (78). Nevertheless, assessing DTI changes within 
the LGN, a small subcortical bundle of grey matter, may be 
less reliable than measuring diffusion changes within white 
matter.

Indeed, FA reduction found within the optic radiations 
is the most prevalent finding, and most reliable, throughout 
all DTI-related POAG research. Reduced FA in the optic 
radiations again correlates with POAG severity (77,83,92), 
cup-disk-ratio (74), RNFLT (74,76,85,93), the frequency 
doubling test (83) and several other measures including 
primary visual cortex thickness (67), optic nerve atrophy (94) 
and has been linked to increased morphological changes 
in the optic nerve head (83). Additionally, POAG subjects 
show fewer fiber bundles in either the inferior or superior 
optic radiations associated with either superior or inferior 
visual field defects, respectively (82). 

Reductions of FA have also been found outside of the regions 

Identification of studies via databases

Records identified from PubMed 
(n=396)

Records screened (n=154)

Reports sought for retrieval (n=80)

Reports assessed for eligibility (n=80)

Reports included in review (n=58)

Records removed before screening (n=242)

Reports excluded:
• Non-relevant DTI study (n=8)
• Non-isolated optic neuropathy (n=10)
• Not readable language for reviewers 

(n=2)
• Incompatible ROIs (n=1)
• Retracted article (n=1)

Records excluded (n=74)

Reports not retrieved (n=0)

Id
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Figure 2 Flowchart of reviewed literature. DTI, diffusion tensor imaging; ROI, Diffusion tensor imaging.

https://cdn.amegroups.cn/static/public/QIMS-23-779-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-779-Supplementary.pdf
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Figure 3 Summarized findings for reviewed (A) POAG, (B) all ON, (C) acute ON, (D) remote ON, (E) acute ON between-group 
comparison, (F) remote ON between-group comparison, (G) acute ON within-group comparison, (H) remote ON within-group 
comparison, based studies. Comparison of the number of performed contrasts to the number of significant results within DTI based POAG 
(A) and ON (B-H) research. ON contrasts have been summarized together (A) and separated into more specific categories including: (C) all 
acute comparisons; (D) all remote comparisons; (E) acute between-group comparisons; (F) remote between-group comparisons; (G) acute 
within-group comparisons; (H) remote within-group comparisons. The number of comparisons is shown separately for FA (pale blue bars), 
MD (pale orange bars), RD (pale yellow bars), and AD (pale green bars). The number of significantly abnormal findings is indicated in each 
case with brightly colored bars which are overlaid on top. POAG, primary open-angle glaucoma; ON, optic neuritis; DTI, diffusion tensor 
imaging; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; AD, axial diffusivity.
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that were systematically reviewed here, such as in the occipital 
lobe white matter in general (75,80,93), the white matter 
(WM) connecting the visual cortex and association cortex (80),  
the superior parietal lobe (93), corpus callosum (94), 
inferior fronto-occipital fasciculus (81), anterior thalamic 
radiation (81), forceps minor (81,93), putamen (81), inferior 
longitudinal fasciculus (81), and superior longitudinal 
fasciculus (81). This is an indication that damage to early 
regions within the visual system can elicit quite distant 
degeneration through some form of complex reaction which 
is not yet fully understood (75). FA, however, has been also 
found to increase in some other regions beyond the visual 
system ROIs reviewed here which highlights the more 
global and complex impact that POAG may produce.

RD
RD, a diffusion metric commonly associated with 
demyelination, has shown replicable increases in POAG 
(49,54,95). Increased RD within the optic nerve was found 
twice (88,96), though five other studies did not obtain a 
significant finding. With respect to correlation studies, it 
was associated with a measure of optic nerve head damage 
that is linked to POAG severity (83). Meanwhile, RD in the 
optic chiasm was found to positively correlate with POAG 
severity (72), though this was not nearly as replicable as the 
correlations between increased RD in the optic radiations 
and ophthalmological measures including severity (76), 
RNFLT (76), MDVF (76), and frequency doubling test 
(FDT) (83). Additionally, it was mentioned that the decrease 
in FA within the optic radiation that is highly associated 
with POAG is likely driven by the increased RD (76),  
associated also with increased MD.

MD
Another metric that is impacted by POAG is MD, which 
in combination with FA has shown the best discriminatory 
value for POAG specification in some studies (77,97). 
Often, while FA values decrease for POAG subjects, 
MD values simultaneously increase (71,73,74,77,82,86). 
Increased MD showed the highest ratio of replicability out 
of all diffusion metrics within the optic nerve, with 5 out 
of 11 contrasts yielding significance. Interestingly in one 
study, it was shown that abnormally high MD could be a 
leading indicator, as it appears to be more prevalent in the 
proximal as opposed to the distal regions, while FA showed 
no such difference (71). In severe POAG, though, there was 
no sign of diffusion differences in the proximal and distal 
areas (71). Another study found that MD in the optic nerve 

has a higher discriminatory value than FA, particularly 
showing more significant correlations with cup-disk ratio, 
RNFTL, and nerve fiber index (89). This finding has not 
yet been replicated though. Although only two studies 
found clear evidence of increased MD in the optic tract 
when compared to controls, several significant correlations 
between ophthalmologic measures and increased MD were 
reported (74,78). Out of all three reviewed ROIs, increased 
MD was most repeatedly found in the optic radiations (with 
a comparable ratio of significant findings as found in the 
optic nerves) and was even found to reach further back into 
the visual cortex (98). This increased MD observed in the 
radiations was found to correlate with POAG severity (83), 
MDVF (99), visual field sensitivity (67), and multifocal 
visually evoked potential (67).

AD
AD yielded the least consistency out of all DTI-based 
metrics when reviewing POAG-specific contrasts, with 
some studies finding significant increases in the optic nerve 
(88,96,100), optic tract (85), optic radiations (67,85,101) 
and some finding significant decreases, particularly in the 
optic radiations (79,92). The observed increase in AD could 
be evidence of a compensatory mechanism to maintain 
functionality in the presence of white matter damage (51), 
though there is no clear consensus on the matter to date. 
Additionally, although the initial cause may be injured 
axons, there may be subsequent alterations to the cellular 
landscape such as demyelination, inflammation, and edema, 
which can lead to a secondary increase in isotropic diffusion 
and thus an increase in AD (60,102). This, though, is 
speculative and the main takeaway is that AD is the least 
consistent DTI metric and that more work is required to 
deduce if this inconsistency is related to any sort of non-
linear phenomenon associated with POAG development.

POAG results—conclusions
DTI shows good potential for differentiating the effects 
of POAG, showing that DTI can aid in optic neuropathy 
detection, and severity classification within groups. 
Importantly, FA, RD, and MD have repeatedly been found 
to be altered by POAG, i.e., decreased FA, increased RD, 
and increased MD (Figure 3A, Table S5). In contrast, AD 
currently appears to show the least discriminatory value for 
POAG diagnosis (72,76,82). This suggests strongly that 
POAG is associated with myelin integrity degradation along 
the visual pathway (further discussed in section Potential 
cellular mechanisms). 
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ON

ON studies were composed of both acute and remote forms 
of ON, both of which had between-group and within-
group (affected vs. contralateral side) contrasts, as well as 
correlational investigations performed (see Figure 3B-3H, 
and Table S6).

FA
When comparing ON subjects with healthy controls, 
decreased FA has been found in the optic nerve (103,104), 
and optic radiation (103,105-107) (including up to the 
visual cortex (105,108) (see Table S6). This decrease in FA 
between ON subjects and healthy controls was observable 
for both acute (103-105) and remote (103,106,107) forms 
of ON, showing that ON is associated with long term FA 
alterations along the primary visual system pathway. 

In two studies of remote ON, the affected optic nerve 
displayed a decreased FA compared to the unaffected 
optic nerve (109,110), while one study found this same 
phenomenon between remote ON and healthy controls (103) 
(see Figure 3F,3H, and Table S6), and this correlates with 
residual contrast sensitivity, visual acuity, optical coherence 
tomography, and visually evoked potential (25,110). 
These results suggest that the correlation of FA with 
ophthalmological measures stabilizes over time and is most 
robust for remote ON. 

Regarding FA in the optic radiations, three out of five 
findings were reported for remote forms of ON when 
compared to healthy controls (see Table S6), though it 
should be emphasized that more of these contrasts were 
performed in the first place (see Figure 3E-3H). Additionally, 
for remote ON, Kolbe and colleagues [2012] (102) found 
that a decrease in FA was linked to decreased AD, and 
especially increased RD, throughout the bilateral optic 
radiations. In one study, FA within the optic radiation was 
the only diffusion metric to show a significant annualized 
change (of −2.6% per annum); this was present along with 
an increase in RD and MD, all of which correlate with V1 
thinning (105). This suggests that neurodegeneration within 
the optic radiation is persistently associated with ON, even 
when determined to be independent of optic radiation 
lesions (105).

Overall, ON did not yield as many significant results 
for reduced FA within the primary visual pathway as 
compared to POAG. The ROI associated with the highest 
ratio of significance was the optic radiations, where most 
results were affiliated with remote ON (see Figure 3B). 

Interestingly, remote ON shows more consistent reductions 
of FA within the optic radiations compared to the optic 
nerves (no realistic comparison can be made to the optic 
tracts since only one study assessed this region at all), whilst 
acute ON seems to impact FA values more readily within 
the optic nerves. This may be associated with a directional 
degeneration, as is discussed further in section Potential 
cellular mechanisms.
RD
RD seems to have enhanced discriminatory value compared 
to FA for detecting the effects of ON within the visual 
system (Figure 3B). Within the optic nerve, a significant 
increase of RD was found for eleven out of sixteen 
performed comparisons, with five resulting from acute ON 
(27,28,103,104) and six from remote ON (25,26,103,109), 
though the ratio of significance was higher for acute ON. 
When assessing their ON patient group with a wide range 
of time from onset (median of 4.0 years since the first 
instance of ON), Naismith and colleagues [2010] (26) 
reported that they were able to distinguish the affected optic 
nerve from the unaffected optic nerve based on RD, while 
also differentiating between severity of visual outcomes (mild 
to severe). This is interesting and suggests that DTI could 
ultimately aid in prognosis. 

For remote ON, RD within the optic nerve also 
correlates with RNFLT, contrast sensitivity, visual acuity, 
and the visually evoked potential latency and amplitude 
(25,26,109). Not all results showed a simple increase of 
RD within the optic nerve, with Goodyear and colleagues 
[2015] (28) finding that RD within the bilateral optic 
nerve decreased immediately after ON and increased back 
to a normal level after 6 months. Interestingly, Nguyen 
and colleagues [2022] (111) discovered a non-linear trend 
where RD within the affected optic nerve was less than the 
unaffected nerve at baseline, whilst it yielded higher RD 
values 3 months after ON onset, a relationship which still 
persisted 12 months after onset. Goodyear and colleagues 
[2015] (28) also showed that the affected optic nerve showed 
reduced RD (along with reduced AD and MD) when 
compared to the unaffected nerve at onset, yet did not differ 
after 6-months had passed (109). These findings suggest a 
potential nonlinear nature of diffusion with ON progression 
and emphasize that the time of analysis is increasingly 
important when assessing ON. 

The optic radiations also exhibit increased RD 
(102,103,105-107), primarily associated with remote 
ON, with Kolbe and colleagues [2016] (105) finding 
that RD changes in the optic radiations were observable 
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immediately after ON. Overall, RD seems to be one of the 
most robust DTI related biomarkers of ON damage, yet 
the longitudinal nature of RD changes within the visual 
pathway is uncertain, and more studies will be needed to 
clarify its progression.
MD
MD increases have been found in the optic nerve 
(25,28,102-104,108,109) and optic radiations (105), as well 
as within the occipital lobe (112). These findings, however, 
are slightly sparser than for FA and RD, especially in the 
optic radiations (Figure 3B). The seemingly diminished 
utility of MD in discriminating effects of ON compared to 
FA and RD could be because of a simultaneous decrease of 
AD and an increase of RD (102). It is notable that this co-
occurrent finding is not common in POAG. This might 
conceivably indicate differences in the pathogenesis of the 
two diseases. In sum, MD seems to be an unlikely candidate 
for diagnosing ON but could prove to be an effective metric 
in differentiating ON from POAG and from TON.
AD
AD provides the most complex relationship with respect 
to ON progression, with a non-linear progression of 
decreased followed by increased AD, specifically in the 
optic nerve, being shown repeatedly (25,27,28). Because of 
this non-linear relationship, we have decided to consider 
both decreased and increased AD as potentially meaningful 
(see Table S2). Li and colleagues [2011] have shown that 
acute ON led to a reduced AD, yet subacute and remote 
stages of ON showed signs of increased AD within the ON. 
Consistently, two studies found that the initial reduction 
of AD within the optic nerve was no longer present 6 
months after ON onset (28,111), and it was shown that 
AD further increased to be significantly higher than the 
unaffected nerve (111). AD within the optic nerve has once 
been shown to be the first diffusion parameter to show a 
significant alteration after ON onset (25), and was found to 
be the DTI metric which, at baseline, best predicted clinical 
measures at baseline and 6-months after ON onset (113). 
Additionally, AD is the only metric to yield a significant 
result in the optic tracts and correlated with RNFLT in the 
affected eye (107). In this same study, the optic radiations 
showed a change in FA and MD, but not in AD (107). This 
evidence that regions within the visual system could be 
impacted in a distinctly progressive manner should serve as 
sufficient motivation for future studies to be more inclusive 
with respect to the regions of the visual system that are 
investigated [see also (102,107)]. 

Overall, although AD seems to be the least consistent 

diffusion metric in terms of disentangling ON’s effect on 
the white matter of the primary visual pathway, it is clear 
that it has a more complex relationship with respect to ON 
progression over time. This complex relationship is worthy 
of disentangling as it may be increasingly relevant to clinical 
measures and ON recovery.
ON results—conclusion
The ON literature shows that DTI is capable of detecting 
abnormal white matter tracts in the brain, although the 
results are only modestly replicable thus far. The diffusion 
metrics that seem to be most robustly impacted are FA and 
RD, while MD also shows some consistency. Some direct 
observations of non-linear AD are reported which leads to 
more questions than answers as to its relationship with ON 
over time. These data do not support any simple model 
whereby ON strictly results in axonal damage; it is more 
likely that there is a combination of axonal damage and 
myelin degradation. Also, DTI metrics do appear to change 
over time and reflect at least some aspects of recovered 
function. In theory, the time in which the DTI parameters 
return to relatively normal levels could also prove to be 
functionally meaningful (27,28). In addition, a general trend 
is suggested in which acute forms of ON yield the most 
significant results when compared to healthy controls, while 
remote forms of ON seem to yield the most consistent 
results when comparing the affected to the contralateral 
side (Figure 3E-3H). 

TON 

Very few studies have been conducted in which DTI 
has been utilized to measure the impact of TON, most 
likely because of the criticality of timing with respect to 
trauma and obtaining a subject within a short enough 
time after injury. The results to date yield little consensus, 
emphasizing the need for more direct TON research in 
order to delineate its neural impact on the visual network 
(see Table S7).

The impact that TON has on the visual pathway is 
difficult to condense because of the current lack of agreement 
amongst studies. In the optic nerve, Yang and colleagues 
[2011] (114) find a lower FA and higher MD in the affected 
compared to the unaffected optic nerve. Although not in the 
same section of the optic nerve, Bodanapally and colleagues 
[2013] (115) found that TON patients have a lower MD in 
the posterior section of the orbital optic nerve compared to 
both controls and TBI patients, with no FA difference. Also, 
RD decreased, and interestingly AD decreased, being the most 
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affected metric (115). Bodanapally et al. [2013] (115) did notice 
that their results were in disagreement with Yang et al. 
[2011] (114), leading them to suggest an alternative putative 
cellular pathology [see also (47,116)]. Li and colleagues 
[2014] (117) further investigated this issue and looked more 
closely at the time-since-onset. The pattern of results is 
complex but provides more support to the findings of Yang 
et al. [2011] (114). In addition, Li et al. [2014] (117) found 
that RNFL and optic nerve thickness correlated with each 
other as well as with the increased RD and MD; decreased 
FA only with RNFL thickness (117). Ultimately, Li and 
colleagues [2014] (117) speculate that the sequelae of events 
may be axonal injury without gliosis or demyelination, 
followed by demyelination, and then finally axonal loss 
(after 30 days). In conclusion, the current data is too 
limited and inconsistent to support any confident pattern of 
results. However, the findings with the most support, either 
via replication or via correlation with ophthalmological 
status, are at least in the expected direction based on our 
knowledge of POAG and ON: decreased FA and AD and 
increased MD and RD.

Discussion

By reviewing the DTI literature on POAG, ON, and TON 
it has become evident that there are some common trends 
both within and between these distinct neuropathies with 
respect to their impact on diffusion within the visual system 
(see Figure 4). By comparing them to one another we can 
better understand the reliability and consistency within the 
results to date, develop more robust hypotheses regarding 
the cellular mechanisms involved with each, and uncover 
future directions of research.

POAG 

POAG, a chronic and slowly progressing neurodegenerative 
disease characterized by loss of RGCs (119-121), 
consistently shows DTI results akin to structural 
degradation within the visual system, primarily decreased 
FA, and increased RD, increased MD; meanwhile, AD 
appears to be less consistently impacted. It is notable that 
the majority of findings within the visual system are from 
the optic radiations, with FA and RD yielding the most 
consistent findings (Figure 3, Table S5). Surprisingly, a 
relatively low ratio of studies found significant changes 
within the optic nerve, although those studies did find 
correlates of DTI changes within the optic nerve to several 

ophthalmological measurements, primarily: POAG severity 
(73,87,88), cup-to-disk ratio (87,89), RNFLT (86,87,90). 
The most obvious explanation may be methodological: it 
may be easier to make robust measurements in the large 
expanse of optic radiations than in the thin optic nerve that 
is hampered by potential susceptibility effects and motion 
artifacts (122). This may be why substantially more studies 
investigated the optic radiations while omitting the optic 
nerves and is thus a meaningful issue for future studies to 
consider. 

Interestingly, a recent investigation that tested 5 distinct 
animal models of glaucoma found that decreased FA and 
increased RD were the most consistent findings, both 
showing an enhanced utility over AD (62), and another 
study assessing dogs with glaucoma found a trend for 
reduced FA throughout all regions of the visual system 
assessed (123). Meanwhile, a meta-analysis specific to DTI 
of glaucoma which was performed in 2014 showed that the 
most consistent and statistically relevant measures were 
that of decreased FA in the optic nerve and optic radiations, 
along with increased MD in the optic tracts (7). This same 
meta-analysis found a strong correlation between decreased 
FA and glaucoma severity (7). Consistent with our own 
conclusions, it is FA which is most strongly associated 
with glaucoma pathology, then followed by RD, MD, and 
lastly AD. Finally, it should be acknowledged that multiple 
studies have found global DTI impacts specific to POAG 
(80,124,125), indicating that POAG may be associated with 
a whole-brain structural reorganization. 

ON

ON, an acute and inflammatory demyelinating disorder 
of the optic nerve that is associated with a unilateral 
impact on the visual system (19-22), like POAG, also 
shows highest ratio of significant findings within the optic 
radiations. It is FA, RD, and then MD that show the most 
consistency of the DTI measures, though the inconsistent 
and seemingly complex nature of ON on AD is more than 
worthy of future investigation. When assessing acute ON 
it is evident that the majority of significant findings were 
obtained when comparing ON patients to healthy subjects. 
This seems partly due to the existence of more between-
group studies than within-subject studies. For patients with 
remote ON, the majority of significant findings occurred 
when comparing the affected to the contralateral side, likely 
showing direct evidence of a long-term impact. Another 
stimulating result that we suggest is a prime area for further 
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analysis is the non-linear trend that has been observed 
with diffusion measures when subjects transition from 
acute to remote ON (25). This has been hypothesized to be 
a result of either compensatory mechanisms or secondary 
effects (51). ON prognosis might benefit from direct 
investigation into this phenomenon through longitudinal 
study designs.

TON 

Lastly, through reviewing the current DTI literature 
on TON, it became clear that data is very limited, and 
additionally, the results are inconsistent. However, FA, 
MD, and RD correlations to ophthalmological measures 
were observed, including RNFLT (117) and ganglion cell 
complex thickness (GCCT) (117). The pattern is indeed 
what might be expected, based upon the patterns seen for 
POAG and ON, and based on the working model of cellular 
mechanism presented in the introduction and further 
discussed below. More research should be conducted on 
the entire visual system since the current investigations 
have limited their scope almost entirely to the optic nerves 
and radiations. Better characterization of TON through 

DTI analysis, and ideally in conjunction with other MRI 
modalities, may lead to advances in diagnosis and prognosis, 
where there is a real clinical need. This is particularly due 
to the fact that the main tools utilized for TON diagnosis 
(primarily the relative afferent pupil defect), especially 
in cases with bilateral damage and lack of responsiveness 
from the patient, are prone to fail. Ultimately, with the 
identification of reliable biomarkers, it may be possible 
to predict which patients are the best candidates for 
experimental treatments in clinical trials.

Potential cellular mechanisms

Despite the magnitude of observed FA, MD, and RD 
alterations in both POAG and ON, understanding the 
underlying cellular causes is still challenging. There are 
many suggested mechanisms for both POAG and ON 
(12,126), but anterograde transsynaptic neurodegeneration 
is  the most common (6,67,127,128).  Anterograde 
transsynaptic neurodegeneration can be defined as axonal 
degeneration which travels away from the cell body 
towards its own terminal (i.e., from the retina to the 
visual cortex) and is characterized by neuronal atrophy 
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Figure 4 Visual summary of the ratio of significant findings for all DTI metrics (FA, RD, MD, and AD) throughout the reviewed locations 

of both POAG and ON studies. Bar graphs are a representation of the signifcant results
performed contrasts

 ratio throughout the reviewed studies. “NA”, 

short for not applicable, represents a location/DTI-measure that has yet to be assessed (in this case it is all diffusion metrics within the optic 
tracts for acute ON). *, the ratio is representative of only 1 performed study; †, draw attention to the fact that both decreased and increased 
values were measured. Created with help from BioRender.com (118). POAG, primary open-angle glaucoma; ON, optic neuritis; DTI, 
diffusion tensor imaging; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; AD, axial diffusivity.
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which eventually leads to apoptosis (105). Retrograde 
transsynaptic neurodegeneration proceeds towards 
the cell body (i.e., from the visual cortex to the retina) 
(129-132) (see Figure 5). Wallerian degeneration, also 
known as orthograde degeneration, refers to the process in 
which axonal transection is followed by retrograde axonal 
degeneration and ultimately neuronal degeneration (105).

A common suggestion has been that transsynaptic 
neurodegeneration can be an instigator of POAG 
(66,67,133) and ON (102,106,134,135). For POAG, authors 
have particularly emphasized anterograde transsynaptic 
neurodegeneration (6,67,127,128,133). This distinction 

can be justified by repeated evidence of increased DTI 
related damage in pre-geniculate as opposed to post-
geniculate regions (128), the link between optic radiation 
damage and damage to the retinal neurons (66,67,133), 
and a relationship between cortical thinning and altered 
RD in the optic radiations (67). In accordance with this, 
it was found that the extent of optic radiation rarefaction 
correlates with the extent of optic nerve atrophy and visual 
field defects (66). 

Encouragingly, it has also been suggested that AD as a 
marker of axonal damage and RD as a marker for myelin 
damage could be applicable (see Figure 2). Indeed, You and 

Figure 5 Model of anterograde trans-synaptic degeneration and retrograde trans-synaptic degenerations effect on the visual system. 
(A) Simplified representation of the visual system, from the retina to the primary visual cortex (V1). (B) Anterograde trans-synaptic 
degeneration, where a retinal degeneration leads to downstream degeneration towards V1. (C) Retrograde trans-synaptic degeneration, 
where a damage in the posterior visual pathway leads to an upstream damage towards the retina. Modified from previously published Open 
Access Journals article (131) under the Creative Commons Attribution 4.0 International (CC BY) license. LGN, lateral geniculate nucleus; 
RGC, retinal ganglion cell.
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colleagues [2019] (67) have suggested “the fact that radial 
diffusivity changes extended more posteriorly compared to axial 
diffusivity suggests myelin pathology might start earlier in the 
process of anterograde trans-neuronal degeneration”, which 
agrees with the more prevalent RD findings (primarily in 
the optic radiations) compared to the scarce AD findings 
within the POAG studies reviewed. The idea of AD as a 
potentially transient but leading indicator is worth testing 
in future studies.

For  ON, a  s imi lar  mechanism of  anterograde 
neurodegeneration may be responsible for the similar 
trends in DTI results (67,106). Again, several studies show 
abnormalities within the optic radiations (102,106,134,135), 
and correlations with retinal thinning, RNFL thickness, 
and visual field assessments (102,134,135). It may be that 
FA, RD, and MD changes in the optic radiations—the 
most consistent findings for acute ON—may represent 
anterograde transsynaptic degeneration (106). However, 
because some but not all ON patients exhibit lesions in 
the optic radiations, this mechanism cannot account for 
all cases. Kolbe and colleagues [2016] (105) showed that 
patients with optic radiation lesions have changes of FA, 
MD, and RD within the radiations that correlate with 
V1 thinning, while patients without these lesions have 
reduced AD which correlates with RNFL thinning. They 
then suggested that reduced AD within the optic radiation 
is actually a biomarker of anterograde transsynaptic 
degeneration. 

Additionally, AD alterations have repeatedly shown 
a non-linear relationship with respect to time-from-
onset, all of which were in the optic nerve (25,27,28). The 
mechanisms of this change in AD, going from an initial 
decrease towards a gradual and sustained increase, are not 
known, and more research geared towards disentangling 
these phenomena may lead to insights with high promising 
clinical utility. 

Moreover, the possibility that AD decreases while RD 
simultaneously increases, should be considered when FA 
and MD alterations are interpreted. If RD and AD exhibit 
similar changes of magnitude (i.e., both increase or both 
decrease) then it is possible that FA remains unchanged 
whilst MD is impacted, meanwhile if RD and AD have 
opposite changes in magnitude then it could be that MD 
remains constant whilst FA shows a significant alteration.

Standardization and quantification 

DTI research specific to optic neuropathies could 

likely benefit from better standardization of methods. 
Using a shared DTI parameter strategy could aid 
in elevating the comparability between studies (see  
Tables S1-S4 for a summary of these parameters). Another 
notable inconsistency between studies was that of group 
classification. Particularly, the classification of glaucomatous 
patients into severity groups was not consistently 
standardized between studies. The most common method, 
though, was the Hodapp-Anderson-Parrish (HAP) 6-stage 
classification scale (136). Also, the criteria used to separate 
subjects into the acute and remote ON categories were 
not always reported. There was also varying terminology 
to describe acute or remote ON, with the most consistent 
means of acute description being within 30 days of onset 
(25,103,106,137), while some simply refer to it as a 
baseline (108) or recent (28) time of ON. Remote forms 
of ON also illustrated ranges of timing from one to four 
years, depending on the study. Importantly, multi-group 
ON analyses have been performed where all groups have 
distinct lengths of time between the MRI scan and ON 
onset (103). This allows for an increased understanding of 
longitudinal ON effects. Several studies also included DTI 
measurements obtained during a subacute or relapsing-
remitting categorization of ON subjects (i.e., 1 month 
< time-of-onset < 1 year (28,103,106,111,113), which is 
useful for getting an increased resolution into the temporal 
trajectory of ON’s impact on diffusion within the visual 
system. Overall, longitudinal based studies in general are 
helpful for documenting the longitudinal relationship 
between DTI and clinical metrics, something which has 
shown much promise in animal-based studies (138,139) 
and has been performed in a small cohort of the reviewed 
studies. More studies of this nature are encouraged.

Finally, it is appropriate to note that while DTI is a 
relatively novel method of MRI, there are even newer 
methods for analysis of dMRI which should be considered 
in the future. Two already implemented methods are 
diffusion kurtosis imaging (DKI) (140-144) and fixel-based 
analysis (FBA) (133,145); both of which are geared towards 
addressing the shortcomings of DTI when it comes to 
measuring microstructural organization. It is noted that the 
information gained from these distinct modes of dMRI can 
be complementary.

Utility of DTI with other imaging modalities

Optical coherence technology (OCT) has been one of the 
most beneficial advancements in the field of ophthalmology 
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which allows for in-vivo, real time, non-invasive scanning 
of the macula and optic nerve head (146,147). Capable 
of assessing the retinal nerve fiber layer and ganglion cell 
complex (146), OCT is capable of providing objective 
measures of optic nerve atrophy or swelling and often can 
predict visual outcome (147) or even detect the presence 
of current or remote optic neuropathies (148,149). The 
synergistic relationship between DTI and OCT is evident 
within the repeatably published correlational results, found 
for both POAG and ON (see Tables S5,S6). Both modalities 
have their own strengths and weaknesses, but we suggest 
that it is likely the combined use of both that will allow for 
maximal diagnostic potential, particularly because of OCT’s 
high affinity for measuring highly subtle structural changes 
to the earliest stages of the visual system, whilst DTI is 
capable of measuring structural changes found beyond the 
limits of OCT. 

In addition to OCTs utility, other MRI modalities 
other than DTI have shown utility for detecting distinct 
optic neuropathies. Both resting state and visually driven 
functional MRI (fMRI) have shown neuropathy specific 
alterations, with ON and glaucoma displaying distinguished 
patterns of activity, both spatially and temporally (150,151). 
Whilst DTI is particularly geared towards the structural 
integrity of the white matter, fMRI is able to indirectly 
capture electrical activity within the grey matter through 
measuring alterations in blood oxygenation levels. 

This is very promising as the methodologies that are 
currently available for measuring the visual system, whether 
it be specific to the structures surrounding the retina (i.e., 
OCT), the white matter (i.e., DTI), or the activity within 
the grey matter (i.e., fMRI) of the primary visual system, 
have repeatably provided significant results for deciphering 
optic neuropathy specific deviations to the visual system.

Conclusions

Through reviewing the DTI-related literature specific to 
POAG, ON, and TON it is evident that DTI can measure 
distinct differences both between neuropathic and healthy 
visual systems as well as between affected and unaffected 
sides of the visual system within optic neuropathies 
(primarily ON). We show that for both POAG and ON it 
is FA, RD, and MD that show the most consistent findings. 
Past POAG studies have put an emphasis on investigating 
FA and MD, especially in the optic radiations, though the 
studies showed a far more even spread of analyses with 
respect to region and DTI metric compared to ON. Indeed 

94 out of 98 performed contrasts within ON studies were 
specific to the optic nerve and radiations, highlighting a 
lack of data on intermediary regions, primarily the optic 
tracts. This hinders our ability to perform a balanced 
comparison of how diffusion is impacted between regions 
as well as to decipher any sort of longitudinal trends. 
TON, however, has received by far the least attention with  
3 studies total, likely affiliated with the complexity 
associated with performing research on this neuropathy 
compared to the others. Currently all published DTI studies 
of TON focused only on the optic nerves, preventing 
any comparison between regions. We suggest that MRI, 
particularly DTI, could potentially fill a clinical need for 
better prognosis in the case of ON, and for better diagnosis 
and prognosis for TON. We aimed here to document the 
real progress made to date for POAG and ON, and by 
extension to encourage more such studies of TON.
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Appendix 1

DTI technicalities

The methodological parameters used in a study are directly tied to the obtained findings and understanding the nature of how 
DTI parameters may relate to and/or impact the obtained results is of value. 

Diffusion weighting factor (b value)

The diffusion-weighting factor (i.e., b value) has repeatedly been shown to impact the diffusivity values obtained with 
distinct b values have certain strengths and weaknesses for imaging different types of bodily tissue (152). The reason for 
this complexity is because DTI has an underlying assumption that diffusion occurs in a free and unrestricted environment 
(i.e., a Gaussian distribution), meaning that it has a mono-exponential dependance on the b value. Yet the brain’s inherent 
architecture tends to restrict and guide the flow of water, yielding a discrepancy between the model of analysis and that which 
is being analyzed (152). Consequently, the results obtained from DTI of the brain are dependent on the selected b value, and 
this b value may be optimized depending on what type of analysis is being conducted. 

Generally, high b values are associated with detecting slow water molecule diffusion in a perpendicular orientation to the 
axonal direction (152,153). Hence, the use of a high b value can be effective for reducing the distorting effect which blood flow 
can have in the diffusion weighted signal yet can lead to a low signal-to-noise ratio and more eddy current distortion (152). 
On the other hand, a low b value is suggested to emphasize fast water diffusion and micro-perfusion (154). Accordingly, 
low b values have been shown to be sensitive to detecting axial diffusivity (AD), whilst high b values were most sensitive to 
radial diffusivity (RD) (152). However, fractional anisotropy (FA) has been found to have no obvious correlation with b value 
magnitude (154). A simple rule of thumb which has been introduced for optimal b value selection is that the product of the 
average mean diffusivity (MD) of the tissue under investigation and the b-value should be close to one (45).

Number of diffusion-encoding directions (NDED) and resolution

To obtain a correct estimate of a diffusion tensor, at least 6 noncollinear diffusion directions along with an extra non-
diffusion-weighted image (obtained with a b value of 0) are required (155). The minimum number of directions is 6 because 
there are six unknown elements obtained for each diffusion tensor (Dxx, Dyy, Dzz, Dxy, Dxz, Dyz). To increase the signal-to-noise 
ratio and have a more accurate diffusion tensor estimate, NDED may be increased, although this increases the time required 
for scanning. Nevertheless, sampling more directions reduces the orientational dependence of the obtained information, 
thus increasing the accuracy of the diffusion parameters (45). Finally, the spatial voxel size utilized during scanning can be 
decreased to obtain clearer and more defined diffusion estimates, which is increasingly important for delineating relatively 
small white matter tracts (45).

Future directions

DTI parameters

As seen in Figure S1 there has yet to be a significant agreement amongst researchers regarding the ideal DTI parameters 
when it comes to delineating the effects of optic neuropathies. This observable level of heterogeneity found between the 
reviewed studies serves as potential evidence for the lack of agreement found between studies and is most likely counter-
productive to developing a robust and verifiable model of how each neuropathy characteristically impacts the entire visual 
system with respect to time of onset and severity. 

DTI research specific to optic neuropathies could likely benefit from increasing the focus given to understanding that 
nature of how different DTI measures impact the obtained results and in order to work towards an agreed upon strategy. 
This shared DTI parameter strategy could serve as a common ground between studies and aid in elevating the comparability 
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between studies.

Reviewed studies

Tables S2-S7 document the significant findings obtained throughout the review process. Tables are segregated based on DTI 
feature and visual system region of interest, and all combinations of which show the number of significant results compared to 
the number of studies analyses that were performed in the “Sig. Ratio” row. The reference numbers here are associated with 
the reference list specific to this supplementary material.

Table S1 Summary of DTI parameters used throughout the reviewed studies

DTI metric Summary metric POAG ON TON

Resolution (mm) Range 1.33–16.19 0.73–14.89 3.72–7.08

Median 8 6.02 6.43

Mean 8.37 7.3 5.74

Directions Range 4–64 6–64 6–13

Median 30 12 9

Mean 34.6 22.75 9.25

B values (s/mm2) Range 250–2,500 600–1,200 600–1,000

Median 1,000 600 1,000

Mean 1,014 791 866.67

Resolution is measured by multiplying x*y*z axis dimensions of an individual voxel. *, a few studies did not report either their b values, 
directions, or full resolution information. DTI, diffusion tensor imaging; POAG, primary open-angle glaucoma; ON, optic neuritis; TON, 
traumatic optic neuropathy.

Table S2 Summary table of all reviewed primary open-angle glaucoma DTI studies

Study Visual regions assessed Diffusion measures # of directions Max b value (s/mm2) Resolution (mm)

(73) ONerve, OR FA, MD 15 800 1.3

(156) ONerve, OT, OR FA 15 1,000 12.9

(71) ONe FA, MD, RD, AD 32 800 1.3

(81) ONerve, OT, OR FA, MD 16 700 9.7

(74) ONerve, OT, OR FA, MD 30 800 7.0

(72) ONerve, OT, OR FA, MD, RD, AD 30 800 8.0

(75) ONerve, OT, OR FA 64 1,000 Not available

(157) OR FA 25 1,000 3.7

(82) OR FA, MD, RD, AD 64 1,000 8.0

(158) OR FA 15 1,000 4.93

(91) OR FA Not available Not available Not available

(93) OR FA, MD 64 1,000 3.4

(85) ONerve, OT, OR FA, RD, AD 32 1,000 15.6

(76) OR FA, MD, RD, AD 32 1,000 7.9

(92) OR FA, MD, RD, AD 15 1,000 7.0

(99) OT, OR FA, MD, RD, AD 64 1,000 Not available

(78) OT, OR FA, MD 20 1,000 9.7

(159) OR FA 64 1,000 12.0

(77) ONerve, OT, OR FA, MD 30 800 7.0

(87) ONe FA 48 2,000 8.0

(98) ONerve, OT, OR FA, MD 25 1,000, 2,000 16.0

(140) ONerve, OT, OR FA, MD 64 1,000 6.7

(143) OT FA, MD, RD, AD 4 (when b=250),  
20 (when b=1,000), 

then 60 (when 
b=2,000)

250, 1,000, 2,000 12.2

(70) OR FA, MD Cohort 1: 60;  
cohort 2: 64

Cohort 1: 800;  
cohort 2: 1,000

Cohort 1: 7.03;  
cohort 2: 3.54

(133) OT & OR FA, MD 64 1,000 and 2,500 8

(67) OR FA, MD, RD, AD 64 1,000 8

(160) OT & OR FA 20 1,000 2.2

(79) OR FA, MD, RD, AD 30 1,000 10

(101) ONerve, OT, OR FA, AD, RD 32 1,000 15.63

(88) ONerve FA, MD, RD, AD 25 312–600 (mean 450) 2.2

(90) ONerve FA, MD 15 800 5.36

(96) ONerve FA, MD, RD, AD 6 600 11.56

(94) ONerve, OR FA 15 1,000 3.24

(161) OR FA, MD, RD, AD 20 1,000 16.2

(162) OT, OR FA, MD 64 1,000 8

(100) ONerve, OT, OR FA, AD, RD 32 1,000 15.63

Correlation-based studies

(89) ONerve FA, MD 32 800 8.0

(83) OR FA, MD, RD, AD 15 1,000 16.1

(84) OR FA 15 1,000 3.2

(86) ONerve, OR FA, MD 32 700 10.5

ONerve, optic nerve; OR, optic radiations; FA, fractional anisotropy; MD, mean diffusivity; OT, optic tract; RD, radial diffusivity; AD, axial 
diffusivity.
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Table S3 Summary table of all reviewed optic neuritis DTI studies

Study
Visual regions 

assessed
Diffusion 
measures

Comparisons
Acute vs.  
remote

Time-from-onset
# of 

directions
Max b value  

(s/mm2)
Resolution 

(mm)

(108) ONe MD Between & within Remote Greater than 1 year 6 600 Not available

(109) ONe FA, MD, RD, AD Between & within Remote 3.1±1.7 (range, 
1.0–6.7) years

6 600 Not available

(25) ONe FA, MD, RD, AD Within Acute and 
remote

Within 30 days (acute) 
& greater than 1 year 
(remote)

12 600 2.3

(110) ONe FA, MD, RD, AD Between & within Remote Mean 4 (range, 
3.4–4.8) years

6 600 5.9

(26) ONe FA, MD, RD, AD Between & within Remote At least 6 months 
prior (years elapsed 
since first ON onset: 
4.0 (range, 1–41)

12 600 2.2

(103) ONe, OR FA, MD, RD, AD Between Acute & 
subacute & 

remote

Range from 8 days to 
13 years (subdivided 
into distinct groups)

Optic  
nerve: 6

Optic 
radiations: 

15

Optic nerve: 
600; optic 
radiations: 

1,000

Optic nerve: 
14.8; optic 
radiations: 

14.1

(102) OR FA, MD, RD, AD Between & within Remote 4±0.4 (range:  
3.4–4.8) years

60 1,000 10.55

(27) ONe RD, AD Within Acute Within 2 weeks of 
symptom onset

6 600 6.0

(28) ONe FA, MD, RD, AD Between & within Acute and 
sub-acute

All were “recently 
referred” for 
evaluation—scanned 
at baseline and 6 
months after onset

11 850 10.5

(107) OT, OR FA, MD, RD, AD Between Remote 1.54±0.69 (range,  
1–3) years

64 1,000 Not available

(105) OR FA, MD, RD, AD Between Acute 2-weeks after 
symptoms

60 1,200 8.0

(106) OR FA, RD, AD Between Acuteremote Scanned at baseline 
(within 1 month 
of onset of optic 
neuritis), 3, 6 and  
12 months later

61 1,200 12.1

(104) ON FA, MD, RD, AD Between Acute 8 (range, 3–34) days 13 1,000 0.729

Correlation-based studies

(113) ON FA, MD, RD, AD Longitdunala 
correlation

Acute  
remote

Baseline (<31 days), 
3-, 6-, and 12-months 
post-onset

12 600 2.20

(111) ONerve FA, MD, AD, RD Acute  
subacute

Measured 1 and 
3-months post-onset

6 600 5.92

AD, axial diffusivity; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity.



Table S4 Summary table of all reviewed primary traumatic optic neuropathy DTI studies

Study Visual regions assessed Diffusion measures # of directions Max b value (s/mm2) Resolution (mm)

(114) ONerve FA, MD 13 1,000 7.03

(117) ONerve FA, RD, MD, AD 6 600 3.70

(115) ONerve FA, RD, MD, AD 6 or 12 1,000 6.41

FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; AD, axial diffusivity.

Table S5 POAG’s impact on DTI measures throughout the visual system along with these findings correlations with ophthalmological measures

Location
↓ FA ↑RD ↑MD ↓/↑ AD

ONe OT OR ONe OT OR ONe OT OR ONe OT OR

Between- and withing-group contrast based POAG DTI findings

Sig. ratio 7/18 10/17 25/30 2/7 2/6 7/11 5/11 2/11 9/20 3/7 1/6 5/11

↑/↓ DTI metric (71)
(26)
(141)
(99)
(89)
(97)
(95)

(74)
(72)*
(77)
(143)
(133)
(160)
(101)
(85)
(162)
(100)

(93)
(74)
(91)
(73)
(82)
(92)
(157)
(140)
(78)
(76)
(85)
(100)
(163)

(99)
(75)
(98)
(70)
(133)
(67)
(160)
(79)
(94)
(161)
(162)
(164)

(88)
(96)

(72)*
(143)

(72)
(82)
(92)
(76)
(67)
(79)
(161)

(71)
(73)
(98)
(88)
(96)

(74)
(133)
(162)

(74)
(73)
(82)
(76)†

(70)
(133)
(67)
(79)
(161)

↑
(88)
(96)
(100)

↑
(85)

↑
(67)
(101)
(85)
↓

(92)
(79)

Correlation between POAG DTI findings and ophthalmological measures

Severity (73)
(87)
(88)

(72)* (77)
(92)
(83)

(88) (72)* (76) (88)
(90)

(83) (83) ↓
(88)

Cup/Disk (87)
(89)

(74)
(78)

(74) (76) (89) (74)
(78)

RNFLT (87)
(86)
(90)

(74)
(162)

(93)
(74)
(85)
(76)

(76) (89) (74)

MDVF (78)
(162)

(76) (78) (99)

FDT (83) (83)

NFI (89)

VFS (67) (67) ↓
(67)

mfVEP (67) (67) (67)

CCT (67)

V1T (67)

Rim area (88) (88) (88) ↓
(88)

HFA MD (90) (90)

TD c16 (90)

MPL (96) (96) (96)

ONerve atrophy (94) (94)

Spatial-temporal 
CS

(94) (94)

WML Volume (84)

*, this finding was specific to the optic chiasm; †, this finding did not cross the threshold of significance, but displayed a clear trend. CCT, 
calcarine cortex thickness; Cup/Disk, cup-disk ratio; FDT, frequency doubling test; HFA MD, Humphrey Field Analyzer  mean deviation; 
MDVF, mean deviation of visual field; mfVEP, multifocal visually evoked potential; MPL, mean perimetric loss; NFI, nerve fiber index; 

ONe, optic nerve; OR, optic radiations; OT, optic tract; RNFLT, retinal nerve fiber layer thickness; Sig. Ratio, 
signifcant results

performed contrasts
, Spatial-

temporal CS , spatial temporal contrast sensitivity; TD c16, average total deviation of the central 16 test points (4×4 points square) of the 

HFA; V1T, primary visual cortex thickness; VFS, visual field sensitivity. 
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Table S6 ON’s impact on DTI magnitudes throughout the visual system along with these findings correlations with ophthalmological measures

Measure ↓ FA ↑RD ↑MD ↓/↑ AD

Location ONe OT OR ONe OT OR ONe OT OR ONe OT OR

Contrast based and classification based ON DTI findings

Sig. ratio 5/15 0/1 5/8 11/16 0/1 5/8 8/17 0/1 1/6 7/16 1/1 1/8

↑/↓ 
DTI 
Metric

(103)a/b 

(103)r/b 

(110)r/w 

(109)r/w 

(104)a/b 

(103)r/b 
(102)r/w 

(105)a/b 

(106)r/b 

(107)r/b

(26)r/b 

(26)r/w 

(103)a/b 
(103)r/b 
(109)r/b 

(109)r/w 

(104)a/b 

(27)a/w 

(25)r/b  
(28)a/b 

(28)a/w

(103)r/b 
(102)r/w 

(105)a/b 

(106)r/b 

(107)r/b

(103)r/b 

(109)r/b 

(109)r/w 

(104)a/b 

(102)r/w 

(25)r/b 

(28)a/w 

(108)r/w

(105)a/b ↓ 
(103)a/b 
(27)a/w 

(102)r/w 

(28)a/b 

(28)a/w 
 
↑ 

(104)a/b 

(25)r/b 

 
Non-linear 
longitudinal 

trend 
(27) 
(25) 
(28)

↓ 
(107)r/b

↓ 
(102)r/w

Correlation between ON DTI findings and ophthalmological measures

RNFLT (25)r (26)r 

(25)r 
(111)p 

(25)r (27)a 

(113)p 

(111)p

(105)a

V1 Thinning (105)a (105)a (105)a

CS (25)r (25)r 
(26)r

(25)r 

(113) p
(25)a 

(113)p

VEP (110)r 
(25)r

(25)r 
(26)r 
(109)r

(108)r 
(25)r 
(109)r 

(113)p

(27)a 

(113)p 

(111)p

(102)r

VA (25)r (25)r 
(26)r

(108)r 
(25)r

Severity (26)r

Transduction (102)r

Abnor θ (102)r

T2 lesion 
length

(110)r (110)r (110)r (110)r

Acuity (113)p (113)p

5% contrast 
sensitivity

(113)p (113)p

a, acute optic neuritis; r, remote optic neuritis; /b, between-group contrast between ON and healthy controls; /w, within-group contrast 
between the affected and intact eye; p, significant prediction/longitudinal correlation. Abnormal θ: abnormal angle of deviation in primary 
eigenvector; CS, contrast sensitivity; LGN, lateral geniculate nucleus; OCT, optical coherence tomography; OL, occipital lobe; ONe, optic 

nerve; OR, optic radiations; OT, optic tract; retinal nerve fiber layer thickness; Sig. ratio, signifcant results
performed contrasts

; VA, visual acuity; VEP, visually 

evoked potential.
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Table S7 DTI findings for TON

DTI metric Study Location Magnitude change Correlation

FA (114) Optic Nerve ↓ Not performed

(117) ↓ RNFLT

(115) No change Not performed

RD (114) Optic Nerve Not performed Not performed

(117) ↑ RNFLT and GCCT

(115) ↓ (trend) Not performed

MD (114) Optic Nerve ↑ Not performed

(117) ↑ RNFLT and GCCT

(115) ↓

AD (114) Optic Nerve Not performed Not performed

(117) ↓ then ↑ then ↓

(115) ↓ Not performed

AD, axial diffusivity; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; RNFLT, retinal nerve fiber layer thickness; GCCT, 
ganglion cell complex thickness.
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