
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5578  | https://doi.org/10.1038/s41598-023-31706-5

www.nature.com/scientificreports

Evaluation of transorbital 
sonography measures of optic 
nerve diameter in the context 
of global and regional brain volume 
in multiple sclerosis
Szabolcs István Antal 1, Bálint Kincses 2,3, Dániel Veréb 1,5, András Király 1, Eszter Tóth 1, 
Bence Bozsik 4, Péter Faragó 4, Nikoletta Szabó 4, Krisztián Kocsis 1, Krisztina Bencsik 4, 
Péter Klivényi 4 & Zsigmond Tamás Kincses 1,4*

Transorbital sonography (TOS) could be a swift and convenient method to detect the atrophy of the 
optic nerve, possibly providing a marker that might reflect other quantitative structural markers of 
multiple sclerosis (MS). Here we evaluate the utility of TOS as a complementary tool for assessing 
optic nerve atrophy, and investigate how TOS-derived measures correspond to volumetric brain 
markers in MS. We recruited 25 healthy controls (HC) and 45 patients with relapsing–remitting MS 
and performed B-mode ultrasonographic examination of the optic nerve. Patients additionally 
underwent MRI scans to obtain T1-weighted, FLAIR and STIR images. Optic nerve diameters (OND) 
were compared between HC, MS patients with and without history of optic neuritis (non-ON) using a 
mixed-effects ANOVA model. The relationship between within-subject-average OND and global and 
regional brain volumetric measures was investigated using FSL SIENAX, voxel-based morphometry 
and FSL FIRST. OND was significantly different between HC-MS (HC = 3.2 ± 0.4 mm, MS = 3 ± 0.4 mm; 
p < 0.019) and we found significant correlation between average OND and normalised whole brain 
(β = 0.42, p < 0.005), grey matter (β = 0.33, p < 0.035), white matter (β = 0.38, p < 0.012) and ventricular 
cerebrospinal fluid volume (β = − 0.36, p < 0.021) in the MS group. History of ON had no impact on the 
association between OND and volumetric data. In conclusion, OND is a promising surrogate marker in 
MS, that can be simply and reliably measured using TOS, and its derived measures correspond to brain 
volumetric measures. It should be further explored in larger and longitudinal studies.

Multiple sclerosis (MS) is a chronic autoimmune inflammatory disease of the central nervous system (CNS). It 
is characterized by acute demyelinating episodes and chronic axonal loss, which might lead to irreversible neu-
rological and cognitive  deficit1. The visual pathway, especially the optic nerve, is not only commonly involved in 
the disease but is also one of the first sites where inflammation  develops2. The symptoms of optic nerve inflamma-
tion—optic neuritis (ON)—may include painful eye movements, followed by unilateral visual  dysfunction2. The 
prognosis is often favourable even without  treatment3,4. Optic neuritis is reported to be the first manifestation of 
the disease in about one third of the patients and around 70% of patients experience ON  symptoms5–7. Moreover, 
a long-term prospective study has shown that 74% of women and 34% of men who had been previously affected 
by ON will have been diagnosed with MS within 15  years8. Furthermore it was shown that optic nerve function 
is altered even in the absence of optic neuritis in MS  patients9.

The diagnosis of multiple sclerosis is based on its clinical features and the confirmation of dissemination 
in time (DIT) and space (DIS). From a radiological point of view, DIS can be proved by lesions in certain 
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pre-determined locations (periventricular, (juxta)cortical, infratentorial, spinal). In recent years there has been 
an ongoing debate whether optic nerve lesions would contribute to the DIS criterion. While the 2016 MAGNIMS 
 criteria10 suggested to include the optic nerve lesions to DIS criteria, the 2017 revision of the McDonald  criteria11 
did not consider optic nerve lesions of dysfunction for DIS due to insufficient evidence supporting it. The 2021 
MAGNIMS  consensus12 also suggests to use dedicated optic nerve MRI only optionally in the diagnostic work-up.

The choice of modality for detecting structural abnormalities associated with the optic nerve is a matter of 
debate, there are several candidates. Optical coherence tomography (OCT) is a method based on interferometry 
which uses low coherence infrared light to depict light-scattering objects in high resolution in two dimensions. It 
has high intra- and interobserver  reproducibility13,14, and it is used extensively in the examination of the anterior 
visual pathway. OCT has proven to be reliable in detecting the atrophy of retinal fibres, which correlates well 
with axonal  loss15, brain  atrophy16–18 as well as the degree of  disability17,19–21 and visual  impairment22–24 in MS 
 patients15,20,25–29. Furthermore, previous studies have shown that there is close correlation between retinal nerve 
fibre layer (RNFL) thickness and optic nerve diameter suggesting that by measuring OND, one can indirectly 
assess axonal loss as  well30,31.

Transorbital ultrasonography (TOS), is a promising, non-invasive bedside technique to examine the optic 
nerve. Ultrasonographic measurements of the optic nerve sheath diameter (ONSD) correlate well with the 
MRI measurements taken at the same distance from the optic disc (3 and 5 mm)32. Furthermore, TOS has high 
intra- and interobserver reliability, while also being an inexpensive method that can be easily mastered by any 
 clinician33,34. Its use is widespread in the evaluation of intracranial hypertension by measuring the optic nerve 
sheath diameter (ONSD), for which it has proven to be  useful35–37. TOS has proven viable in diagnosing MS 
as well: by measuring optic nerve diameter (OND) or optic nerve sheath diameter (ONSD),  atrophy38–40 or 
 inflammation41 of the nerve can be revealed, which can be a first manifestation of the disease.

Earlier studies showed that inflammation of the anterior visual system reaches the posterior system as well 
via retrograde trans-synaptic axonal  degeneration42,43. According to this—in theory—it is possible to identify 
biomarkers among the anterior visual structures—such as optic nerve diameter (OND), which can be easily 
measured with ultrasonography—that represent other global quantitative markers—such as brain atrophy and 
regional grey matter volumes. Proof to this theory would mean that by measuring optic nerve diameter, one 
could indirectly assess global brain parameters as well. Studies that investigate this association between optic 
nerve parameters and conventional MS-related markers report conflicting results and are few in number, mainly 
focusing on the relationship between the optic nerve sheath diameter, disease parameters and altered brain 
 structure39. Bare optic nerve diameter, however, might be more representative of axonal loss, therefore it might 
reflect structural brain alterations more  accurately15.

It is unclear whether the structural changes of the optic nerve translate to brain atrophy, or they develop inde-
pendently to each other as a result of the diffuse nature of MS. Since global brain atrophy and structural altera-
tions of the optic nerve appear early of the  disease2 and continue throughout the disease course, we hypothesize 
that OND correlates with global and regional brain volumes. In this cross-sectional study we first investigate if 
OND differs between MS patients and healthy individuals. Then, the relationship between OND and global and 
regional structural MRI markers in MS patients is also examined. Finally, we assess how the previous occurrence 
of optic neuritis influences the correlation between OND and the aforementioned structural MRI markers.

Materials and methods
Participants. We recruited 45 patients aged between 18 and 50 years diagnosed with relapsing–remitting 
multiple sclerosis (RRMS) according to the 2005, 2010 or the 2017 McDonald criteria depending on the time of 
their  diagnosis11,44,45. All of them were enlisted from the Multiple Sclerosis Outpatient Clinic of the Department 
of Neurology, University of Szeged. RRMS patients were only included if they had been relapse-free for three 
months prior to the time of examination and received disease-modifying therapy. Among exclusion criteria for 
patients were current ophthalmological conditions (e.g. glaucoma), neurological diseases other than RRMS, as 
well as any psychiatric diseases and untreated diabetes or hypertension. As control group, we recruited 25 age- 
and gender-matched healthy volunteers. Exclusion criteria for controls were any neurological, psychiatric or 
ophthalmological disease, as well as untreated diabetes or hypertension. RRMS patients underwent neurological 
examination to determine their degree of disability according to the Expanded Disability Status Scale (EDSS)46. 
Detailed demographic data of participants are described in Table 1.

All participants provided their written informed consent according to the Declaration of Helsinki and the 
Regional and Institutional Human Biomedical Research Ethics Committee of University of Szeged, Szeged, 
Hungary approved all experimental protocols (000002/2016/OTIG). All research was performed in accordance 
with relevant guidelines and regulations.

Image acquisition and classification. Ultrasound. B-mode ultrasonic measurement was performed 
at the site of outpatient examination using the 12 MHz linear transducer of a GE Logiq P9 ultrasound system. 
The transducer was placed on the patients’ eyelid horizontally, with proper lubrication applied. The mechanical 
index was reduced below 0.4 and the duration of the examination was limited to a maximum of 3 min per eye 
to avoid thermal damage. Cautious scanning of the orbita was performed in the horizontal plane to identify the 
optic nerve and the part that appeared widest upon visual assessment was used for measurement. Measurements 
were taken at a 3 mm distance from the optic disc in line with the longitudinal axis as described in previous 
 studies37,38,47. The inner hypoechogenic area in the longitudinal section was identified as the optic nerve and the 
outer hyperechogenic area as the optic nerve sheath. We measured the diameter of the inner hypoechogenic 
area (Fig. 1). The average time gap between the latest documented occurrence of optic neuritis and transorbital 
sonography was 40 ± 37.141 months for ON patients.
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MRI acquisition. Patients underwent MRI measurements on a 3T GE MR750W Discovery scanner (GE, Mil-
waukee, USA) at the Department of Radiology, University of Szeged. For every patient the following images 
were acquired according to our recent  recommendations48,49. 3D axial fast spoiled gradient echo (FSPGR) 
T1-weighted images (TR = 450 ms, TE = 4.2 ms, FOV = 256 mm, slice thickness 1 mm, flip angle 12), 2D spin-
echo (SE) T1-weighted images (TR = 500 ms, TE = 4.2 s, FOV = 240 mm, slice thickness 1.4 mm, flip angle 73), 
3D sagittal fluid-attenuated inversion recovery (FLAIR) (TR = 6.7 ms, TI = 1.8 ms, FOV = 250 ms, slice thickness 
1.4 mm), and 3D double inversion recovery images (DIR) (TR = 7000 ms, TE = 90 ms, TI = 546 ms, TI2 = 2900 ms, 
FOV = 250 mm, slice thickness 1.4 mm), 2D axial T2 and proton density (PD) weighted dual echo fast spin echo 
sequences (TR = 3000 ms, TE = Min Full, TE2 = 102 ms, FOV = 240 mm, flip angle 125, slice thickness 3.0 mm), 
and 2D coronal short tau inversion recovery (STIR) images on the optic nerve and the chiasm (TR = 3000 ms, 
TE = 42 ms, TI = 185 ms, FOV = 240 mm, flip angle 111). All the MRI images were evaluated by a single neu-
roradiologist (ZTK) to reduce the interrater  variability50. We used 3D T1 weighted sequences for volumetric 
analyses, sagittal FLAIR to detect periventricular and juxtacortical lesions perpendicular to the corpus callosum, 
and 3D DIR sequence to detect (juxta-)cortical lesions. The coronal STIR images were used to identify optic 
nerve lesions, but all other sequences were made available if doubt. The median time gap between MRI and TOS 
measurements was 139 ± 77 days.

Patients’ group classification. After the imaging procedure, we classified the MS patients’ eye parameters into 
groups according to the presence of optic nerve lesions on MRI and history of optic neuritis. Medical history, 
functional (VEP and/or visual acuity) and structural data (MRI) were extracted from medical records retrospec-
tively to determine prior optic neuritis. The detailed classification is depicted in Table 2.

Table 1.  Demographic data of participants. Mean ± standard deviation (SD) are described. Range intervals are 
as follows: age: 21.6–60.4 years for controls, 22.5–58.5 years for patients; disease duration: 0.4–24 years; EDSS: 
0–4. Treatment regimen abbreviations: GA glatiramer-acetate, Te teriflunomide, F fingolimod, A alemtuzumab, 
IFNb interferon beta 1a, DF dimethyl fumarate, N natalizumab, P pramipexole.

Healthy controls RRMS patients

# of subjects (# of eyes) 25 (50) 45 (90)

Females 13 31

Age (years) 37.72 ± 14.8 (range: 21.6—60.4) 40.97 ± 9.8 (range: 22.5–58.5)

Disease duration (years) – 8.945 ± 5.88 (range: 0.4–24)

EDSS – 1.211 ± 1.094 (range: 0—4)

Treatment regimen –

GA—29%
Te—22%
F—22%
A—9%
IFNb—7%
DF—7%
N—2%
P—2%

Figure 1.  Example measurement of optic nerve diameter with transorbital ultrasonography. Optic nerve 
diameters were measured at a 3 mm distance behind the optic disc in a longitudinal view of the nerve.
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Image analysis. Cortical and subcortical volumetry. To carry out the brain volumetry analysis, we used the 
FMRIB Software Library (FSL v5.0.1051). Cross-sectional estimates of global and partial brain tissue volumes, 
normalised for individual head size, were acquired using FSL  SIENAX52,53. During the course of this analysis, 
skull and non-brain images are extracted and an affine registration applied to MNI152 standard space takes place 
to determine the volumetric scaling factor used in the normalisation step. Finally, tissue-type segmentation is 
performed to obtain separate estimates for grey matter (GM), cortical (or peripheral) grey matter (pGM), white 
matter (WM) and ventricular CSF (vCSF)  volume54. From the T2 FLAIR images binary lesion masks were cre-
ated manually using  FSLeyes55, which were then reviewed by two experienced (and blinded) neuroradiologists 
independently. Since lesions can influence segmentation and, consequently, volume estimation, FSL’s lesion_fill-
ing56 tool was used before the analysis. The volumetric data of subcortical structures were estimated using FSL 
FIRST, a model-based segmentation and registration tool, which uses deformable shape models based on previ-
ous training data to obtain an optimal shape fit for a range of subcortical  structures53; here we focused on the 
thalami given their frequently altered structure and relevance to MS-related pathologic processes described 
in previous  studies57. The volumetric data of subcortical structures were also normalised for individual head 
size by multiplication with the volumetric scaling factor obtained during the SIENAX analysis. To investigate 
the relationship between cortical and subcortical volumetric measures and average OND, we calculated partial 
Pearson’s correlation, correcting for age and sex, which reportedly influence cortical and subcortical structure 
 volumes58,59. Furthermore, we employed Student’s independent samples T-tests to assess differences in volumet-
ric measures between ON and non-ON MS patients.

Regional grey matter changes. Associations between average OND and regional cortical grey matter density were 
investigated with an optimised protocol of voxel-based morphometry (VBM)60, using the FSL  implementation61. 
T1-weighted images were brain-extracted and grey matter-segmented, then normalised to MNI152-space using 
non-linear registration with FNIRT to create a study-specific template. Individual images were then registered 
to this template and smoothed using an isotropic Gaussian kernel with a sigma of 3 mm. FSL’s lesion_filling 
was applied before the analysis. In the statistical analysis we also applied a standard GM mask to the output of 
VBM to minimise the inclusion of any possible intensity differences of the white matter. Statistical inference 
was performed using a general linear model (GLM) based approach implemented in FSL’s randomise, with 
threshold-free cluster enhancement to account for spatial interdependence and correcting for multiple compari-
sons by controlling the family-wise  error62. We assessed the following designs in the GLM framework: correla-
tion between average OND and voxelwise measures in the whole MS group; difference of the regression slope 
between average OND and voxelwise measures in ON and non-ON patients (continuous covariate interaction). 
We included age, sex and the time between MRI scans and TOS measurements as nuisance regressors. For the 
VBM analyses, we also tested designs that further included the volumetric scaling factor in accordance with 
previous  studies42,43.

Statistical analysis. Statistical analysis was carried out using RStudio version 1.263. The car64 and lme465 
packages were used for statistical evaluation and model building. ggplot266 was used for visualisation. To evaluate 
correlation between optic nerve diameter, and clinical, as well as volumetric parameters, a linear mixed effects 
model was used. In the model the subject was the random effect and the groups (HC-MS, ON–non-ON), age, 
gender, normalised brain- and lesion volume, and lesion count were handled as separate fixed effects. ANOVA 
was calculated from the model to evaluate variability between groups. The eyes of the patients were inspected 
independently because an average of the two eyes could be misleading and the difference within a single 
patient—regarding laterality and involvement in optic neuritis—is negligible according to previous  studies39,67. 
However, since we used average OND as the independent variable in the MRI analysis, we also tested whether 
average OND differs between HC and the pooled MS group, and patients with and without history of ON using 

Table 2.  Classification of patients. We created four groups within the patients: two based on the clinical 
history of optic neuritis (ON + and ON −), and two based on the presence of optic lesions detectable by MRI 
(MR + and MR −). The ‘Patients’ column containts sample sizes of pooled groups i.e. where the mean of the 
two optic nerves was used, whereas the ‘Eyes’ column containts sample sizes achieved by using the optic 
nerve diameters individually. Among both groups based on history of optic neuritis, subgroups were created 
according to the presence optic lesions. (e.g. 13 of the total 59 eyes without optic neuritis had asymptomatic 
optic nerve lesions).

Patients Eyes

HC 25 50

MS 45 90

ON + 23 31

MR +: 17 MR −: 6 MR +: 18 MR −: 13

ON − 22 59

MR +: 8 MR −: 14 MR +: 13 MR −: 46

MR + 25 31

MR − 20 59
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independent samples T-tests. Significance level was set at α = 0.05. We also assessed whether disease duration, 
EDSS and total lesion volume correlate with average OND. No statistical corrections for multiple comparisons 
have been made.

Results
Demographical data. Patients with (n = 23) and without a history of optic neuritis (n = 22) did not differ 
in terms of disease duration, lesion load (Student’s t-test; p < 0.26 and p < 0.23) or EDSS (Mann–Whitney U-test; 
p < 0.8). Healthy participants (n = 25) did not differ from the MS group (n = 45) in terms of age (Student’s t-test; 
p < 0.3) and sex distribution (Fisher’s exact test; p < 0.2). There was no difference in age (Student’s t-test; p < 0.825) 
and sex distribution (Fisher’s exact test; p < 0.212) between the ON (n = 23) and NON (n = 22) groups either. 
While not tested formally at the time of the TOS the visual acuity of the patients was collected retrospectively 
from their clinical charts and all patients had a visual acuity of 1 or corrected to 1.

Diameter difference. The diameter of the optic nerve (OND) in MS patients was significantly smaller than 
that of the healthy controls (HC = 3.174 ± 0.376 mm, n = 50; MS = 2.974 ± 0.407 mm, n = 90; p < 0.0178) (Fig. 2a). 
There was no significant difference of OND between the ON and NON groups (ON = 3.113 ± 0.422 mm, n = 31; 
NON = 2.901 ± 0.384 mm, n = 59; p < 0.089) (Fig. 2b). We found no significant difference between the diameters 
of optic nerves that had MRI-detectable lesions within them (2.99 ± 0.482 mm, n = 31) and those that had not 
(2.959 ± 0.372 mm, n = 59) (Fig. 2c). Average OND was also smaller in the pooled MS group (n = 45) compared 
to HC (n = 25; p < 0.022) but did not differ between patients with (n = 23) and without history of ON (n = 22).

Correlation between clinical parameters and OND. Neither disease duration (ON group: R = 0.06, 
p < 0.75, n = 31; non-ON group: R = 0.065, p < 0.062, n = 59), nor EDSS scores (ON group: R = 0.15, p < 0.42, 
n = 31; non-ON group: R = 0.015, p < 0.91, n = 59) have shown significant correlation with the diameter of the 
optic nerve in either group when considering the eyes individually, or when average OND was used (ON group: 
n = 23; NON group: n = 22).

Correlation between global cortical and subcortical volumetric data and OND. Our analysis 
has showed that individual OND in the MS group (n = 90) correlated significantly with normalised total brain 
volume (β = 0.279; p < 0.007), and within the patients, the NON group (n = 59) showed significant correlation 
(β = 0.359; p < 0.009), after correcting for age, sex, head size (i.e. scaling factor), disease duration, EDSS and 
lesion volume. We also found significant correlation between average OND and normalised total brain volume 
(β = 0.421, p < 0.005), GM volume (β = 0.326, p < 0.035), WM volume (β = 0.379, p < 0.012) and vCSF volume 
(β = –0.357, p < 0.021) in the pooled MS group (n = 45), corrected for age, sex and the time between TOS and 
MRI measurements. The correlation remained significant for whole-brain and grey matter volume when average 
OND was normalised for head size with the volumetric scaling factor (total brain volume: β = 0.32, p < 0.039; 
GM volume: β = 0.322, p < 0.038). We found that lesion volume did not correlate significantly with optic nerve 
diameter. On the other hand, lesion count in the NON group (n = 59) correlated well with OND (β = –0.412; 
p < 0.002). No significant correlation has been revealed between OND subcortical structure volumes.

Correlation between regional grey matter density and OND. We found no correlation between 
average OND and regional grey matter density in the VBM analysis (R = 0.14, p < 0.36).

Figure 2.  Difference of OND between groups. (a) Diameter difference between the HC and MS groups. 
The diameter of the optic nerve in MS patients was significantly smaller than that of the healthy controls 
(HC = 3.174 ± 0.376 mm, n = 50; MS = 2.968 ± 0.406 mm, n = 90; p < 0.0178). (b) Diameter difference 
between the HC, ON and NON groups. The diameters in the ON-NON groups did not differ significantly 
(ON = 3.113 ± 0.422 mm, n = 31; NON = 2.901 ± 0.384 mm, n = 59; p < 0.089). (c) Diameter difference between 
the optic nerves that had MRI-detectable lesions within them (Lesion-positive, n = 31) and those that had not 
(Lesion-negative, n = 59). We found no significant difference between the the two groups.
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Impact of optic neuritis on the association between OND and grey matter atrophy. We found 
no interaction between average OND and ON–NON group differences (n = 23 and n = 22 respectively) in the 
VBM analysis, meaning there was no difference regarding regional grey matter change-OND regression slopes 
between ON and NON MS patients. Regarding global brain volumes, the association between average OND and 
SIENAX-derived parameters retained statistical significance when we also corrected for history of ON; in fact, 
the correlation became stronger (NBV: β = 0.47, p < 0.002; GM: β = 0.392, p < 0.011; WM: β = 0.449, p < 0.003; 
vCSF: β = − 0.36, p < 0.021).

Discussion
In our study we showed that the optic nerve diameter (OND) was lower in RRMS patients compared to the 
healthy population, and that the optic nerve diameter correlated well with brain atrophy measures. No correla-
tion was found between OND and regional grey matter volumes.

Over the years, numerous biomarkers underwent evaluation to see which might assist in the diagnostic 
process of MS or reliably predict various aspects of it—such as response to therapy, progression and prognosis. 
Axonal loss is one of the most important factors that contribute to irreversible disability in MS, therefore if it 
was possible to evaluate it, it could become a new useful biomarker of  MS19. Studies provide evidence for trans-
synaptic axonal degeneration in the visual pathway of MS  patients42,43, suggesting that in theory, axonal loss and 
other global brain parameters could be indirectly estimated by examining the anterior visual system. However, 
the optimal examination method of optic structures is a matter of debate.

While OCT is a more precise method that can differentiate well between various layers of the retina, tran-
sorbital ultrasound (TOS) is only capable of roughly estimating the integrity of these layers, since it can only 
examine them as a whole. Despite of this, ultrasound still has advantages including its low skill requirement, 
high accessibility and high intra-and interobserver  reliability31,35,38,39,67. Furthermore, it is also a viable method 
in assessing the condition of the optic nerve in acute inflammation as well as in chronic  atrophy40,41,68–71.

In our study, we used B-mode ultrasonography to investigate how the optic nerve diameter varies across the 
MS and HC groups and found significantly smaller diameters in the MS group, which supports OND’s viability 
as a complementary marker of disease progression in MS. This confirms the results of recent  studies31,39,40, in 
which the authors have also found the diameter to be smaller in MS using TOS measurements. We took our 
measurements in the longitudinal section and not in cross-section, because according to a previous  study38, the 
cross-sectional measurement is not only unreliable, but also hard to accomplish properly. Other studies have 
shown that there is no significant difference between values measured at 3 mm and at 5 mm in MS. In our case, 
the measurements were taken at 3 mm behind the papilla. Based on our MRI examination, the group with lesions 
present in the optic nerve (lesion group) have not differed significantly from the group that had no lesions (non-
lesion group). This could be attributed to the underestimation of optic nerve lesions, which is partly due to the 
relatively poor spatial resolution of the sequence used in the imaging of the nerve.

We found that average optic nerve diameter (OND) correlates with brain volumetric data in our sample. To 
our knowledge, this has not been investigated before; several studies examined associations between optic nerve 
sheath diameter (ONSD) and total/partial brain volumes,which are important measures in the monitoring of MS 
according to the clinical assessment of “no evidence of disease activity” (NEDA-4)72. However, we have not found 
correlation between ONSD and volumetric data. This might indicate that bare OND reflects brain volume loss 
more accurately. It also suggests that ultrasonographic measurement of the optic nerve diameter could augment 
the current MRI-based monitoring techniques. We could not replicate previous descriptions of bidirectional 
trans-synaptic degeneration in the visual  pathway42,43; this suggests that the association between global and partial 
brain volume and OND might be attributed to the diffuse nature of the disease rather than visual system-specific 
alterations. Another possible explanation is that the patients in our study were in the early stages of the disease 
and the trans-synaptic degeneration could not reach detectable levels. One of these studies also reported that 
visual cortex thickness only correlated with anterior visual system alterations in patients with history of previous 
optic  neuritis43. We directly investigated the effect of previous ON on the optic nerve diameter—brain volume 
association. There was no difference in the regression slopes in regional analyses and the correlation between 
OND and global brain volumes remained significant when we corrected for the history of optic neuritis (ON). 
These results indicate that previous history of ON has little or no influence on the association between average 
OND and brain volumetric measures.

The lack of correlation between OND and other disease parameters (disease duration, EDSS) was an unex-
pected result, since previous  studies15,31,38,39 have shown an inverse correlation between these values, which is 
to be expected since atrophy is continuous during the course of the disease. Results are, however, conflicting: a 
study reported no associations between OND and disease duration but showed that OND and EDSS  correlate47.

With our standardised TOS approach we examined only the most anterior part of the optic nerves. However, 
MS lesions are more common in the anterior part of the optic nerve than in the posterior  part73, which might 
influence our optic nerve diameter measurements.

Our study is not without limitations. Since the patients included in our study were in good clinical condition, 
our analyses were focused on the lower end of the EDSS scale. Including other parts of the scale proportionally 
could result in finding correlation between clinical data and optic nerve diameter. The ultrasonographic measure-
ments were taken at the time of the outpatient visits, when all included patients were asymptomatic for at least 
3 months. In the case of patients with positive history of ON this indicates that at least 3 months have elapsed 
between the initial presentation of optic neuritis and the ultrasonographic measurement. Also, focal atrophy of 
the optic nerve has not been investigated on MRI scans, which could also influence our results. Another limita-
tion is that although we have collected retrospective data regarding visual acuity, it was not measured during 
the outpatient visit, prior to ultrasonographic measurement. This could be improved in a future study, in which 
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functional assessment of the visual system is performed (such as visual acuity and visual evoked potentials) along-
side the structural evaluation. Moreover, the time gap between optic neuritis symptoms and ultrasonographic 
measurements were relatively long and showed great variability, which could further hinder the interpretation 
of our results. As mentioned earlier, improving the resolution of imaging sequences used to visualize optic nerve 
lesions could yield more accurate lesion count in the nerve and therefore more authentic correlation with other 
measurements. Further limitations include the relatively low number of participants and the cross-sectional 
design of our study. These can be improved in the future by larger and longitudinal studies.

Conclusion
In conclusion, our findings confirm the results of previous studies that transorbital sonography is a valid para-
clinical examination method able to detect the atrophy of the optic nerve in the early stages of MS. We also 
report an association between average optic nerve diameter and brain volumetric data, which combined with 
the results of previous studies, suggests that by measuring OND, one can indirectly estimate axonal loss and 
brain atrophy, therefore making OND a possible biomarker of disease activity, and TOS an additional viable and 
accessible bedside examination method.

Data availability
The datasets analysed and the code used during the current study are not publicly available due to containing 
personal information about the participants of the study; but they are available from the corresponding author 
upon reasonable request.
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