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Abstract

:

Magnetic Resonance Imaging (MRI) of the Optic Nerve is difficult due to the fine extended nature of the structure, strong local magnetic field distortions induced by anatomy, and large motion artefacts associated with eye movement. To address these problems we used a Zero Echo Time (ZTE) MRI sequence with an Adiabatic SPectral Inversion Recovery (ASPIR) fat suppression pulse which also imbues the images with Magnetisation Transfer contrast. We investigated an application of the sequence for imaging the optic nerve in subjects with Leber’s hereditary optic neuropathy (LHON). Of particular note is the sequence’s near-silent operation, which can enhance image quality of the optic nerve by reducing the occurrence of involuntary saccades induced during Magnetic Resonance (MR) scanning.
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1. Introduction


The Optic Nerve Sheath Complex (ONSC) is a structure of the central nervous system, considered radiologically to consist of the optic nerve, the surrounding three meningeal layers, and cerebrospinal fluid (CSF). Its axons are myelinated by oligodendrocytes.



The ONSC is of wide-ranging clinical interest because many pathologies are located in it or are associated with it. The ONSC is small, its cross-section occupying very few pixels of a typical magnetic resonance (MR) image, but it is also extended, curving in three-dimensions. It is difficult to obtain high quality MR Images of both this structure and the brain in a clinically acceptable time [1]. The optic nerve and the eyeball have been shown to frequently move considerable distances (of the order of a cm) during a relatively short (three-minute) scan, even in healthy volunteers who are fixating on an external landmark. Motion and pulsatile effects cause ghosting and other artefacts in the phase-encoding direction of conventional MR images.



The optic nerve is situated near head structures—the skull base and the air-filled sinuses—which cause large B1+ and B0 inhomogeneities. “Snapshot” techniques such as echo planar imaging (EPI), often used to freeze motion, are susceptible to geometric distortions in these regions. Many subjects also have metallic implants (e.g., dental) in this region.



Optic nerve imaging protocols usually include multi-slice T1 and T2-weighted scans in both axial and coronal orientations, as well as post-contrast scans [2,3]. Partial volume effects in two-dimensional sequences, however, often compromise accurate depiction of the optic nerves along their full extent.



The scan time of each sequence is customarily kept short to reduce motion artifact. Yiannakis et al. took further steps to address optic nerve motion by acquiring a series of quick two-dimensional images, allowing the subject to relax between periods of fixation, and then applying in-plane registration as a post-processing step [4].



Three-dimensional volumetric sequences are longer in duration, and should consequently suffer higher motion degradation, but some groups have obtained reliable results using T1-weighted spoiled gradient-recalled sequence (SPGR) [5] or a heavily T2-weighted 3D slab [6].



In the quest for more specific pathologic information, other image contrasts of the optic nerve have also been acquired. Diffusion has been used as a measure of axon integrity, though the acquisition is usually done with an EPI-based sequence, so geometric distortion and signal-to-noise ratio (SNR) both limit the achievable image resolution [7]. Wheeler-Kingshott et al. acquired multiple averages of each diffusion encoding direction (>40) rather than the High Angular Resolution Diffusion Imaging (HARDI)many-direction diffusion schemes preferred for brain diffusion tensor imaging (DTI) [8]. Using such techniques, they have observed that the optic nerve moves significantly during image acquisition [9].



A Magnetization Transfer Ratio (MTR) has also been used, especially in the study of optic neuritis [10]. The literature currently has differing conclusions about whether MTR is sensitive to demyelination (compare Kolappan [11] and Klistorner [12]). It seems more certain that MTR changes correlate with retinal nerve fiber layer (RNFL) thickness [13] and a loss of visual acuity.



Leber’s hereditary optic neuropathy is a genetically inherited disease of the optic nerve. Theodor Leber described the disease for the first time in 1871 [14]. In his study Leber analyzed symptoms in four families and discovered that the pathology occurs almost exclusively within the optic nerve. Moreover, he described centrally-occurring scotoma, rapid disease progression within 2–4 weeks (after this time no disease progression is observed or it is very slow) and accompanying symptoms in some patients such as arrhythmias as well as consecutive optic nerve involvement, which was later confirmed in several different studies [15,16,17,18]. In addition, Leber noted the co-occurrence of color blindness, which was also retreating in patients whose vision had improved over time. From a genetic standpoint, LHON is the first disease associated with maternal inheritance and associated with a point mutation in mitochondrial DNA [19,20]. The disease usually affects men, and is associated with degeneration within the retinal ganglion cells and loss of axons within the optic nerve. More than 95% of Leber’s hereditary optic neuropathy cases are caused by point mutations within three mitochondrial DNA: T14484C, G3460A, and G11778A, which encode complex I of the respiratory chain subunit.



Current literature does not provide a complete picture about the abnormalities associated with LHON that can be visualized using magnetic resonance imaging. The short tau inversion recovery (STIR) protocol is commonly used for imaging optic nerve disease such as optic neuritis, allowing good depiction of the inflammation within the optic nerve as well as due to its short acquisition time [21]. There are several case reports describing abnormalities in MRI in the anterior optic pathway region. Kermode et al. reported the occurrence of hyperintensities within the posterior part of the optic nerve in 13 subjects [22] and several studies have reported hyperintensities within the anterior part of the optic nerve [23,24,25,26,27,28]. Recent papers, in which high-field magnetic resonance was used, have reported hyperintense areas within the distal parts of the optic nerve, optic chiasm, optic tract, and enlargement of the optic chiasm.



In two cases of LHON, increased signal on T2-weighted scans was seen not only in the optic nerve but also in the optic tracts, extending as far as the lateral geniculate bodies [29,30]. Chiasmal enlargement and optic nerve enhancement was observed in Gadolinium-enhanced T1-weighted imaging in two cases of Leber’s hereditary optic neuropathy [31]. T2-weighted MRI showed hyperintensity in the posterior portion of both optic nerves and in the optic chiasm in 19 of 28 LHON patients, and enlargement of the chiasm was found in 16 patients [32]. In a case of LHON, T2-weighted fluid-attenuated inversion recovery (FLAIR) imaging revealed asymmetrical chiasmal hyperintensities and enlargement and chiasmal enhancement on Gadolinium-enhanced T1-weighted imaging [33].



Notably, two groups have performed quantitative MRI on the optic nerve in LHON. Inglese et al. showed that optic nerve volume, mean diffusion and Magnetization Transfer Ratio measures were changed in LHON [34]. Iorga et al. showed that optic nerve volumes measured on 3D T1-weighted images were lower in two familial cases of LHON [35].



It is possible that some of the variability of findings in these case reports could be explained by the challenges of imaging the optic nerve at 1.5T in the clinic. Many workers have reported the superiority of 3T MRI over 1.5T MR due to better spatial resolution and higher SNR. Mafee et al. used thin-section high-resolution spin-echo T2-weighted imaging to evaluate orbital structures as well as intracranial pathologies [36]. There are 7-T MR systems are now installed at many sites and they offer the promise of higher sensitivity and image resolution for MRI of the brain and related structures.



One recent work has demonstrated the use of Silent imaging (their term) at 7 tesla (7T) for the eye [37]. They used a topical coil that only gathered a strong signal from the eye, but the images show promising details in the optic nerve. The authors also asserted that the Spectral Presaturation with Inversion Recovery (SPIR) fat saturation pulse used in their sequence gives Magnetization Transfer contrast.



Symms et al. reported Silent 7T images [38] in which the Adiabatic Spectral Inversion Recovery (ASPIR) fat suppression pulse also gave Magnetisation Transfer contrast. The images had high radiofrequency (RF) power deposition, were necessarily of short scan duration (<1 min) and were of moderate nominal voxel size (1.4 mm). Grey/white contrast and fat suppression, particularly in the orbits, were considered excellent.



We have developed a high-resolution version of this sequence (dubbed “Silent- Magnetization Transfer (MT)”) which has clinically acceptable levels of RF power deposition, but otherwise retains good G/WM contrast and excellent fat suppression, including in the region containing the orbits. Scan time is short (2 min). During operation, the sequence is almost completely free of acoustic noise, which explains the sequence name of “Silent-MT”.



Overall, the presented data suggest that is there is still a need to develop and verify new methods enabling precise and clinically effective visualization of the Optic Nerve Sheath Complex structures. On the other hand, imaging literature regarding the state of the visual system in LHON might be considered mixed and incomplete. Having this in mind, the major goal of this study was to obtain ONSC 7T images based on the Silent-MT protocol of the new sample of Polish LHON patients, who had never previously participated in a neuroimaging study. Additionally, referring to the LHON pathophysiology [33,34] for which the asymmetry of optic nerve atrophy is typical, we conducted a quantitative analysis of the right and left optic nerve formations in a patient group to verify whether applied Silent-MT protocol enables us to confirm such a potential asymmetry. There are some studies [39,40], including completed clinical trials [41], suggesting that several symptoms of LHON might be improved with Idebenone therapy. Because some of our patients were also treated with this preparation, an additional goal was to compare selected features of the ONSC between patients treated and untreated with Idebenone. Although subgroups created on the basis of the treatment criterion contained a relatively small number of cases, possible significant differences between them might be considered as an additional rationale for using Idebenone in the therapy of Leber’s disease.




2. Materials and Methods


2.1. Silent-MT Sequence


The sequence is a 3-dimensional version of the sequence RUFIS, first introduced by Madio and Lowe [42]. The signal is sampled after a hard RF pulse, which is applied in the presence of an imaging gradient and this unit (called a “spoke”) is repeated while the spatial orientation of the imaging gradient is slowly varied. K-space is sampled in a radial manner, with each spoke oriented in a slightly different direction. The small gradient changes between spokes make very little acoustic noise, even with the higher motor forces associated with the 7-Tesla field. A train of spokes is commonly referred to as a segment. Image reconstruction can be performed using algorithms similar to those used for Projection Reconstruction imaging techniques.



The delay between the RF pulse and the signal sampling period can be made very short—of the order of 20 ms. This sequence is typically, though perhaps not accurately, classified as a ZTE (Zero Echo Time) sequence.



This low acoustic noise imaging sequence is called “Silent” and, to our knowledge, is available on two of the three major MR scanner platforms [41,43].



In this study, 192 spokes were acquired; at the start of each group of spokes, an ASPIR pulse was applied. The ASPIR pulse is part of a family of pulses that suppress fat by selectively inverting the fat signal [44] while leaving the water signal undisturbed. A delay (of about 100 ms) allows fat magnetization time to cross zero as it recovers from the inversion; if the imaging sequence is applied at approximately this point in time, the resulting images are observed to be almost completely free of contribution from fat.



Selective Spectral Inversion pulses are necessarily applied near the fat resonance frequency instead of the water resonance. At 7T the fat-water shift is approximately 1026 Hz. The ASPIR pulse in this study was applied at an offset of 1250 Hz from the water resonance. This offset is in the frequency range that is typically used to generate significant Magnetization Transfer (MT) effect; for instance Helms et al. used an offset of 2.2 kHz [45].



Previously, we demonstrated Magnetisation Transfer contrast in Silent with an ASPIR pulse applied once every 32 spokes [41]. However, the frequent application of the ASPIR pulse made the sequence time-inefficient and resulted in high RF power deposition, which limited scan time and the resolution which could be achieved.




2.2. Participant Population


Fifteen participants (male: female = 13:2) who have been diagnosed with Leber’s hereditary optic neuropathy and presented confirmed 11778G>A mitochondrial DNA mutation were included. The mean age of the participants was 36.2 years (range: 18–67 years). Five of the participants were over 40 years old. Six patients received the Idebenone therapy (the recommended dose was 900 mg idebenone per day, with a dose of two 150-mg tablets three times a day). The mean age of patients with Idebenone therapy was 32, the two females were receiving the therapy. Beside the LHON sample, one healthy volunteer (male, age 39) was also included to obtain images enabling qualitative comparison of 7-T Silent-MT results gained from the patients and the unaffected individual. Blood pressure was measured in all participants, and no abnormalities were found. All participants signed informed consent. The study included participants who had no known pathology within the cerebrovascular system, were capable of signing informed consent, were over 18 years old, and had a diagnosis of LHON confirmed by genetic tests. Patients with any metallic implant, who were pregnant or breastfeeding, as well as those suffering from claustrophobia, were excluded from this study. This research was approved by the local medical ethics committee of the Medical University of Lublin (KE-0254/23/2017) and was carried out in compliance with national legislation and the Declaration of Helsinki. The scans were obtained in 2019 at the Ecotech Complex, Lublin, Poland.




2.3. Radiological Assessment


The images were evaluated by an experienced neuroradiologist (25 years of experience), a neuroanatomy specialist (40 years of experience) and a neurosurgeon (5 years of experience) for appearance of the optic nerve (and surrounding structures) interpreted in light of the subjects’ conditions (healthy volunteer and LHON). There was 93% similarity in evaluation between the mentioned researchers.




2.4. Image Analysis


Acquired images in Digital Imaging and Communications in Medicine (DICOM) format were imported into OsiriX Lite software (OsiriX). The first step of post-processing was to perform manual optic nerve segmentation. This was achieved by manually segmenting the nerves slice-by-slice using the region of interest (ROI) and Repulsor tools (see Figure 1A). After the segmentation process was completed, 3D models of both optic nerves were created (Figure 1B). Using the “scissors” option, in 3D reconstruction mode in OsiriX, the remaining unwanted brain tissue was removed (Figure 1C). The last stage of the post-processing analysis was to measure the nerve length and its dimensions with the nerve cross-sectional surface areas at three different points localized on the optic nerve. Measurement points were placed as follows: the first point of measurement was placed on the optic nerve proximally to the eyeball, the second point was placed in the middle of the optic nerve and the final, third point was placed proximally to the optic chiasm (Figure 1D). Nerve length and dimensions as well as the nerve cross-sectional surface areas (Figure 1E) were calculated by two independent observers (neuroradiologist and neuroanatomy specialist) using the OsiriX built-in standardized functions.





3. Results


3.1. Radiological Inspection


Silent-MT images obtained in a healthy control clearly distinguish the axonal part of the optic nerve and surrounding structures. The optic nerve is clearly visible as well as the surrounding CSF and the optic nerve sheath in the healthy individual. Silent-MT images showed good signal and strong contrast in the optic nerve, had excellent suppression of the fat surrounding the ONSC, and showed no motion artifact. In LHON patients hyperintense areas are visible along the whole optic nerve (Figure 2 and Figure 3). Moreover, the nerve itself looks thinner, with an irregular shape and structure. Abnormalities are mostly visible within the proximal and distal part of the optic nerve as well as within the optic disc area. Moreover, in this work we demonstrate that increasing the number of spokes per group to 192 increases the sequence time efficiency and reduces RF power deposition while maintaining significant MT contrast. There were no adverse events reported in any participant after the scanning.




3.2. Quantitative Analysis


Mean duration of illness in LHON was 12.66 years (1-year minimum, 41 years maximum) and six of the patients (40%) (Figure 4) were treated with Idebenone (the duration of the treatment ranged from 8 months to 15 months). Due to the relatively small sample and quantitative characteristics incompatible with normal distribution, to compare subgroups, a non-parametric Mann–Whitney test (Z) was applied with p < 0.05 set as a statistical significance threshold. Each variable was individually compared between subgroups. Analysis of quantitative dimensions (length, diameters, and surface areas) for left and right optic nerves revealed statistically significant differences for nerve diameter and the surface area measured at the second point (p < 0.05); both parameters were larger for the right nerve (Table 1).



There were no statistically significant correlations between age, duration of illness, and any of the analyzed quantitative measures of nerve anatomy (all p > 0.05). A subgroup of patients receiving Idebenone had significantly larger diameter and surface area of the left nerve at the third measuring point compared with the untreated subgroup (Table 2). These subgroups were similar with respect to age, sex, and duration of illness (p > 0.05).





4. Discussion


In this paper, Magnetisation Transfer-weighted Silent (“Silent-MT”) images were evaluated for assessment of the optic nerve and surrounding structures in a cohort of subjects with Leber’s hereditary optic neuropathy. Silent-MT images showed good signal and strong contrast in the optic nerve, had excellent suppression of the fat surrounding the ONSC, and showed no motion artifact. Radiological inspection of Silent-MT images revealed hyper-intense areas along the optic nerve.



Quantitative measures of segmented ONSC structures revealed significant changes in nerve diameter and cross-sectional area between left and right optic nerves in the Leber’s hereditary optic neuropathy cohort. The distal part of the left optic nerve was found to be significantly larger in Idebenone-treated patients; this finding in the distal area of the optic nerve was in agreement with several previously published reports [30,31,32,33,34].



Idebenone, a short-chain analogue of ubiquinone, has an ability to shuttle electrons from complexes I and II to complex III. Clinical trials proved the visual benefit after Idebenone treatment and suggest that when used within the time window, it may prevent the retinal ganglion cell death [29,30,31,32,46,47,48,49,50,51,52]. Disease onset among LHON carriers is characterized by acute or subacute painless loss of central vision, which is unilateral at the beginning; the other eye is usually affected within six to eight weeks, which may suggest more advanced abnormalities within the single starting nerve [53]. Our results, obtained with Silent-MT imaging, show significantly larger diameter and surface area of the left nerve at the third measuring point (distal part of the optic nerve), compared to the group not receiving the treatment. Previous research papers reported the presence of hyperintense areas within the distal part of optic nerves [29,50,51,52]. Although the duration of illness among analyzed patients is one year at minimum, (post-acute phase of the disease) there were hyperintense lesions visible within the optic nerves in acquired images, which could suggest the degeneration of the optic nerve as a late complication of the disease.



Silent is a 3-dimensional sequence radial sequence which has relatively low susceptibility to geometric distortions induced by static field inhomogeneities, even at 7T, so it is well-suited to imaging demanding areas of the head like the ONSC. We used a version of Silent which had previously been optimized for good image quality at 7T [38]. The radial acquisition of Silent does not encode spatial information in the signal phase, so ghosting artifacts related to phase-encoded aliasing of motion and cardiac pulsation do not occur.



The Silent scan produces very little acoustic noise, which can improve subject comfort and compliance [47,48]. This reduces the probability of artifacts caused by subject motion.



Most imaging strategies to image the ONSC have used fast sequences (EPI, Fast/Turbo Spin Echo) which make loud noises. For the volunteer lying in the scanner, the subjective experience is that these loud noises have a “stereo headphones” effect: the scan sounds seem to arise from different locations within the scanner bore, and the locations of apparent noise source varies as the scan proceeds. It therefore seems reasonable to conclude that some of the eye motion observed during optic nerve imaging is caused by the loud noises generated by the fast MR sequences, and that the use of loud, fast MR sequences to “freeze” eye motion may actually be counter-productive. Silent sequences, with their very quiet operation, offer a unique advantage for this application. We note that Beenakker et al. report that they have observed more eye blinks during acoustically loud sequences [37].



Although our study has unequivocal advantages associated with a successful application of Silent-MT protocol to assess the state of optic nerves in LHON subjects demonstrating asymmetry of nerves atrophy and probable effective impact of Idebenone treatment on the progression of anatomical changes resulting from Leber’s neuropathy, it has some limitations which should be addressed in needed replication studies. It would be beneficial to compare images and quantitative metrics based on Silent-MT imaging with other imaging strategies applied to visualize the structures of the optic nerve, and, in the case of the clinical sample, to analyze possible correlations between anatomical results with the functional impairments of patients. Verification regarding such relationships would additionally help in assessing the neuroimaging method used in our research in terms of its clinical usefulness.




5. Conclusions


We used Silent-MT to image the Optic Nerve of a cohort of patients with Leber’s hereditary optic neuropathy at 7T. High quality, artifact-free images were obtained. The images showed changes in the optic nerve consistent with previous findings of this pathology, and quantitation of the optic nerve also yielded significant findings. It is possible that Silent-MT generates superior images because its silent operation does not induce saccades in the subject.



Silent-MT at 7T provides high-resolution, high contrast artifact-free Magnetisation Transfer-weighted images of the Optic Nerve in a short scan time, facilitating radiological inspection and quantitation.







Author Contributions


C.G., R.M., and K.J. planned the study, collected and analyzed the data. M.S. was responsible for formal analysis, investigation. C.G. and MKS drafted the manuscript, with input from R.M., R.R., K.N., P.K., K.J., J.E., T.C.W., E.L., and G.J.B. Writing—review and editing: R.M., R.R., K.N., P.K., K.J., J.E., T.C.W., E.L., and G.J.B. Supervision: C.G., G.J.B., and R.M. Conceptualization: C.G. All authors have read and agreed to the published version of the manuscript.




Acknowledgments


This work was supported by the Wellcome/EPSRC Centre for Medical Engineering [WT 203148/Z/16/Z], who also funded T.C.W. at the time of this study. This paper represents independent research part funded by the National Institute for Health Research (NIHR) Biomedical Research Centre (BRC) at South London and Maudsley NHS Foundation Trust and King’s College London. E.L. is in receipt of a PhD studentship jointly funded by General Electric (GE) Healthcare and this NIHR BRC. Raw data for this study cannot be made generally publicly available as the relatively small sample size mean that participant anonymity could not be guaranteed; please contact the authors to discuss the possibility of data being made available for specific individual projects.




Conflicts of Interest


G.J.B. receives honoraria for teaching from GE Healthcare.




References


	



Barker, G.J. Technical issues for the study of the optic nerve with MRI. J. Neurol. Sci. 2000, 172, 13–16. [Google Scholar] [CrossRef]

	



Al-Haddad, C.E.; Sebaaly, M.G.; Tutunji, R.N.; Mehanna, C.J.; Saaybi, S.R.; Khamis, A.M.; Hourani, R.G. Optic Nerve Measurement on MRI in the Pediatric Population: Normative Values and Correlations. Am. J. Neuroradiol. 2018, 39, 369–374. [Google Scholar] [CrossRef] [PubMed]

	



Maresky, H.S.; Ben Ely, A.; Bartischovsky, T.; Coret-Simon, J.; Morad, Y.; Rozowsky, S.; Klar, M.; Negieva, S.; Bekerman, I.; Tal, S. MRI measurements of the normal pediatric optic nerve pathway. J. Clin. Neurosci. 2018, 48, 209–213. [Google Scholar] [CrossRef] [PubMed]

	



Yiannakas, M.C.; Toosy, A.T.; Raftopoulos, R.E.; Kapoor, R.; Miller, D.H.; Wheeler-Kingshott, C.A. MRI acquisition and analysis protocol for in vivo intraorbital optic nerve segmentation at 3T. Investig. Ophthalmol. Vis. Sci. 2013, 54, 4235–4240. [Google Scholar] [CrossRef] [PubMed]

	



Dodds, N.I.; Atcha, A.W.; Birchall, D.; Jackson, A. Use of high-resolution MRI of the optic nerve in Graves’ ophthalmopathy. Br. J. Radiol. 2009, 82, 541–544. [Google Scholar] [CrossRef]

	



Harrigan, R.L.; Smith, A.K.; Mawn, L.A.; Smith, S.A.; Landman, B.A. Short Term Reproducibility of a High Contrast 3-D Isotropic Optic Nerve Imaging Sequence in Healthy Controls. Proc. SPIE Int. Soc. Opt. Eng. 2016, 9783. [Google Scholar] [CrossRef]

	



Barker, G.J. Diffusion-weighted imaging of the spinal cord and optic nerve. J. Neurol. Sci. 2001, 186, 45–49. [Google Scholar] [CrossRef]

	



Wheeler-Kingshott, C.A.; Trip, S.A.; Symms, M.R.; Parker, G.J.; Barker, G.J.; Miller, D.H. In vivo diffusion tensor imaging of the human optic nerve: Pilot study in normal controls. Magn. Reson. Med. 2006, 56, 446–451. [Google Scholar] [CrossRef]

	



Samson, R.S.; Kolappan, M.; Thomas, D.L.; Symms, M.R.; Connick, P.; Miller, D.H.; Wheeler-Kingshott, C.A.M. Development of a high-resolution fat and CSF-suppressed optic nerve DTI protocol at 3T: Application in multiple sclerosis. Funct. Neurol. 2013, 28, 93–100. [Google Scholar] [CrossRef]

	



Thorpe, J.W.; Barker, G.J.; Jones, S.J.; Moseley, I.; Losseff, N.; MacManus, D.G.; Webb, S.; Mortimer, C.; Plummer, D.L.; Tofts, P.S. Magnetisation transfer ratios and transverse magnetisation decay curves in optic neuritis: Correlation with clinical findings and electrophysiology. J. Neurol. Neurosurg. Psychiatry 1995, 59, 487–492. [Google Scholar] [CrossRef]

	



Kolappan, M.; Henderson, A.P.; Jenkins, T.M.; Wheeler-Kingshott, C.A.; Plant, G.T.; Thompson, A.J.; Miller, D.H. Assessing structure and function of the afferent visual pathway in multiple sclerosis and associated optic neuritis. J. Neurol. 2009, 256, 305–319. [Google Scholar] [CrossRef] [PubMed]

	



Klistorner, A.; Chaganti, J.; Garrick, R.; Moffat, K.; Yiannikas, C. Magnetisation transfer ratio in optic neuritis is associated with axonal loss, but not with demyelination. Neuroimage 2011, 56, 21–26. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Van der Walt, A.; Paine, M.; Klistorner, A.; Butzkueven, H.; Egan, G.F.; Kilpatrick, T.J.; Kolbe, S.C. Optic Nerve Magnetisation Transfer Ratio after Acute Optic Neuritis Predicts Axonal and Visual Outcomes. PLoS ONE 2012, 7, e52291. [Google Scholar] [CrossRef]

	



Leber, T. Ueber hereditaere und congenital angelegte sehnervenleiden. Graefes Arch. Clin. Exp. Ophthalmol. 1871, 17, 249–291. [Google Scholar] [CrossRef]

	



Bell, J. Hereditary optic atrophy (Leber’s disease). In The Treasury of Human Inheritance; Pearson, K., Ed.; Cambridge University Press: Cambridge, UK, 1931; pp. 345–423. [Google Scholar]

	



Imai, Y.; Moriwaki, D. A probable case of cytoplasmic inheritance in man: A critique of Leber’s disease. J. Genet. 1936, 33, 163. [Google Scholar] [CrossRef]

	



Lundsgaard, R. A genealogic, genetic and clinical study of 101 cases of retrobulbar optic neuritis in 20 Danish families. Acta. Ophthalmol. 1944, 21, 1–306. [Google Scholar]

	



Van Senus, A.H.C. Leber’s disease in the Netherlands. Doc. Ophthalmol. 1963, 17, 1–162. [Google Scholar] [CrossRef]

	



Wallace, D. A new manifestation of Leber’s disease and a new explanation for the agency responsible for its unusual pattern of inheritance. Brain 1970, 93, 121–132. [Google Scholar] [CrossRef]

	



Wallace, D.; Singh, G.; Lott, M.; Hodge, J.A.; Schurr, T.G.; Lezza, A.M.; Elsas, L.J.; Nikoskelainen, E.K. Mitochondrial DNA mutation associated with Leber’s hereditary optic neuropathy. Science 1988, 242, 1427–1430. [Google Scholar] [CrossRef]

	



Miller, D.H.; Newton, M.R.; Van der Poel, J.C.; Du Boulay, E.P.G.H.; Halliday, A.M.; Kendall, B.E.; Johnson, G.; MacManus, D.G.; Moseley, I.F.; McDonald, W.I. Magnetic resonance imaging of the optic nerve in optic neuritis. Neurology 1988, 38, 175–179. [Google Scholar] [CrossRef]

	



Kermode, A.G.; Moseley, I.F.; Kendall, B.E.; Miller, D.H.; MacManus, D.G.; McDonald, W.I. Magnetic resonance imaging in Leber’s optic neuropathy. J. Neurol. Neurosurg. Psychiatry 1989, 52, 671–674. [Google Scholar] [CrossRef] [PubMed]

	



Dotti, M.T.; Caputo, N.; Signorini, E.; Federico, A. Magnetic resonance imaging findings in Leber’s hereditary optic neuropathy. Eur. Neurol. 1992, 32, 17–19. [Google Scholar] [CrossRef] [PubMed]

	



Tourbah, A. Contribution of imaging to the diagnosis of optic neuropathies. Rev. Neurol. 2012, 168, 702–705. [Google Scholar] [CrossRef]

	



Honda, H.; Tsujihata, M.; Ochi, M.; Satoh, A.; Tomita, I.; Fujikawa, A. Hyperintense optic nerve lesion on T2-weighted MRI imaging in the acute stage of Leber’s hereditary optic neuropathy: A case report. Rinsho Shinkeigaku 2006, 46, 294–296. [Google Scholar] [PubMed]

	



Mashima, Y.; Oshitari, K.; Imamura, Y.; Momoshima, S.; Shiga, H.; Oguchi, Y. Orbital high resolution magnetic resonance imaging with fast spin echo in the acute stage of Leber’s hereditary optic neuropathy. J. Neurol. Neurosurg. Psychiatry 1998, 64, 124–127. [Google Scholar] [CrossRef]

	



Batioglu, F.; Atilla, H.; Eryilmaz, T. Chiasmal high signal on magnetic resonance imaging in the atrophic phase of Leber hereditary optic neuropathy. J. Neuroophthalmol. 2003, 23, 28–30. [Google Scholar]

	



McClelland, C.M.; Van Stavern, G.P.; Tselis, A.C. Leber hereditary optic neuropathy mimicking neuromyelitis optica. J. Neuroophthalmol. 2011, 31, 265–268. [Google Scholar] [CrossRef]

	



Van Westen, D.; Hammar, B.; Bynke, G. Magnetic resonance findings in the pregeniculate visual pathways in Leber heredi-tary optic neuropathy. J. Neuroophtalmol. 2011, 31, 48–51. [Google Scholar] [CrossRef]

	



Vaphiades, M.S. Magnetic resonance findings in the pregeniculate visual pathways in Leber hereditary optic neu-ropathy. J. Neuroophthalmol. 2011, 31, 194. [Google Scholar] [CrossRef]

	



Phillips, P.H.; Vaphiades, M.S.; Glasier, C.M.; Gray, L.G.; Lee, A.G. Chiasmal enlargement and optic nerve enhancement on magnetic resonance imaging in Leber hereditary optic neuropathy. Arch. Ophthalmol. 2003, 121, 577–579. [Google Scholar] [CrossRef]

	



Blanc, C.; Heran, F.; Habas, C.; Bejot, Y.; Sahel, J.; Vignal-Clermont, C. MRI of the Optic Nerves and Chiasm in Patients with Leber He-reditary Optic Neuropathy. J. Neuro-Ophthalmol. 2018, 38. [Google Scholar] [CrossRef] [PubMed]

	



Ong, E.; Biotti, D.; Abouaf, L.; Louis-Tisserand, G.; Tilikete, C.; Vighetto, A. Teaching neuroimages: Chiasmal enlargement and enhancement in Leber hereditary optic neuropathy. Neurology 2013, 81, 126–127. [Google Scholar] [CrossRef] [PubMed]

	



Inglese, M.; Rovaris, M.; Bianchi, S.; La Mantiac, L.; Mancardid, G.L.; Ghezzie, A.; Montagnaf, P.; Salvig, F.; Filippia, M. Magnetic resonance imaging, magnetisation transfer imaging, and diffusion weighted imaging correlates of optic nerve, brain, and cervical cord damage in Leber’s hereditary optic neuropathy. J. Neurol. Neurosurg. Psychiatry 2001, 70, 444–449. [Google Scholar] [CrossRef] [PubMed]

	



Iorga, R.E.; Mihailovici, R.; Ozturk, M.R.; Costin, D. Leber’s hereditary optic neuropathy—Case report. Rom. J. Ophthalmol. 2018, 62, 64–71. [Google Scholar] [CrossRef] [PubMed]

	



Mafee, M.F.; Rapoport, M.; Karimi, A.; Ansari, S.A.; Shah, J. Orbital and ocular imaging using 3- and 1.5-T MR imaging systems. Neuroimaging Clin. 2005, 15, 1–21. [Google Scholar] [CrossRef]

	



Beenakker, J.M.; Wezel, J.; Groen, J.; Webb, A.G.; Börnert, P. Silent volumetric multi-contrast 7 Tesla MRI of ocular tumors using Zero Echo Time imaging. PLoS ONE 2019, 14, e0222573. [Google Scholar] [CrossRef]

	



Symms, M.; Costagli, M.; Buonincontri, G.; Wiesinger, F.; Kelley, D.; Janich, M.A.; Aringhieri, G.; Marletta, M.; Barker, G.; Zampa, V.; et al. Zero Time of Echo imaging with an Adiabatic Fat Suppression Pulse at 7T. In Proceedings of the International Society for Magnetic Resonance in Medicine, Berlin, Germany, 19–25 May 2007. [Google Scholar]

	



Guven, N. Idebenone for Leber’s hereditary optic neuropathy. Drugs Today 2016, 52, 173–181. [Google Scholar] [CrossRef]

	



Lyseng-Williamson, K.A. Idebenone: A review in Leber’s Hereditary Optic Neuropathy. Drugs 2016, 76, 805–813. [Google Scholar] [CrossRef]

	



Chinnery, P.F.; Klopstock, T. A Double-Blind, Randomised, Placebo-Controlled Study of the Efficacy, Safety and Tolerability of Idebenone in the Treatment of Patients with Leber’s Hereditary Optic Neuropathy. Available online: https://www.orpha.net/consor4.01/www/cgi-bin/ResearchTrials_Networks.php?lng=PT&data_id=81479&title=A-double-blind--randomised--placebo-controlled-study-of-the-efficacy--safety-and-tolerability-of-idebenone-in-the-treatment-of-patients-with-Leber-s-Hereditary-Optic-Neuropathy--LHON---Phase-II---coordination-&search=Disease_Search_Simple (accessed on 19 February 2010).

	



Madio, D.P.; Lowe, I.J. Ultra-Fast Imaging Using Low Flip Angles and FIDs. Magn. Reson. Med. 1995, 34, 525–529. [Google Scholar] [CrossRef]

	



Costagli, M.; Symms, M.R.; Angeli, L.; Kelley, D.A.C.; Biagi, L.; Farnetani, A.; Rua, C.; Donatelli, G.; Tiberi, G.; Tosetti, M.; et al. Assessment of Silent T1-weighted head imaging at 7 T. Eur. Radiol. 2016, 26, 1879–1888. [Google Scholar] [CrossRef]

	



Kaldoudi, E.; Williams, S.C.R.E.; Barker, G.J.; Tofts, P.S. A Chemical Shift Inversion Recovery Sequence for Fat-Suppressed MRI: Theory and Experimental Validation. Magn. Reson. Imaging 1993, 11, 341–355. [Google Scholar] [CrossRef]

	



Helms, G.; Dathe, H.; Kallenberg, K.; Dechent, P. High-Resolution Maps of Magnetization Transfer with Inherent Correction for RF Inhomogeneity and T1 Relaxation Obtained from 3D FLASH MRI. Magn. Reson. Med. 2008, 60, 1396–1407. [Google Scholar] [CrossRef] [PubMed]

	



Heilmaier, C.; Theysohn, J.M.; Maderwald, S.; Kraff, O.; Ladd, M.E.; Ladd, C.S. A large-scale study on subjective perception of discomfort during 7 and 1.5 T MRI examinations. Bioelectromagnetics 2011, 32, 610–619. [Google Scholar] [CrossRef] [PubMed]

	



Cosottini, M.; Frosini, D.; Biagi, L.; Pesaresi, I.; Costagli, M.; Tiberi, G.; Symms, M.; Tosetti, M. Short-term side-effects of brain MR examination at 7 T: A single-centre experience. Eur. Radiol. 2014, 24, 1923–1928. [Google Scholar] [CrossRef]

	



Klopstock, T.; Yu-Wai-Man, P.; Dimitriadis, K.; Rouleau, J.; Heck, S.; Bailie, M.; Atawan, A.; Chattopadhyay, S.; Schubert, M.; Garip, A.; et al. A randomized placebo-controlled trial of idebe- none in Leber’s hereditary optic neuropathy. Brain 2011, 134, 2677–2686. [Google Scholar] [CrossRef]

	



Carelli, V.; Carbonelli, M.; De Coo, I.F.; Kawasaki, A.; Klopstock, T.; Lagreze, W.A.; La Morgia, C.; Newman, N.J.; Orssaud, C.; Pott, J.W.R.; et al. International consensus statement on the clini-cal and therapeutic management of leber hereditary optic neuropathy. J. Neuroophthalmol. 2017, 37, 371–381. [Google Scholar] [CrossRef]

	



Carelli, V.; La Morgia, C.; Valentino, M.L.; Rizzo, G.; Carbonelli, M.; De Negri, A.M.; Sadun, F.; Carta, A.; Guerriero, S.; Simonelli, F.; et al. Idebenone treatment in Leber’s hereditary optic neuropathy. Brain 2011, 134, e188. [Google Scholar] [CrossRef]

	



Jurkute, N.; Yu-Wai-Man, P. Leber hereditary optic neuropathy: Bridging the translational gap. Curr. Opin. Ophthalmol. 2017, 28, 403–409. [Google Scholar] [CrossRef]

	



Klopstock, T.; Metz, G.; Yu-Wai-Man, P.; Büchner, B.; Gallenmüller, C.; Bailie, M.; Nwali, N.; Griffiths, P.G.; Von Livonius, B.; Reznicek, L.; et al. Persistence of the treatment effect of idebenone in Leber’s hereditary optic neuropathy. Brain 2013, 136, e230. [Google Scholar] [CrossRef]

	



Man, P.; Griffiths, P.; Brown, D. The epidemiology of Leber hereditary optic neuropathy in the North East of England. Am. J. Hum. Genet. 2003, 72, 333–339. [Google Scholar] [CrossRef]








[image: Jcm 09 01112 g001 550] 





Figure 1. (A) Optic nerve segmentation area. (B) 3D model of both optic nerves. (C) 3D optic nerves’ reconstruction after unwanted brain tissue removal. (D) Optic nerve dimensioning process at three selected points, respectively: (1) 1st point of interest, (2) 2nd point of interest, (3) 3rd point of interest. (E) Calculation of optic nerves’ surface areas. 
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Figure 2. Hyper intensive area visible within the ONSC. ONSC, Optic Nerve Sheath Complex. 
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Figure 3. Shows the images of 2 patients with LHON disease ((A) Idebenone treatment, (B) no treatment received) and a healthy control subject (C). The optic nerve can be easily traced all the way to the optic chiasm, and optic tract is also clearly visible. Blue arrow indicates proximal part of the optic nerve, red arrow the distal part of the optic nerve, and yellow arrows the hyper intensive areas within the optic nerve. LHON, Leber’s hereditary optic neuropathy. 
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Figure 4. (A) Silent-MT images in 3 LHON subjects who received Idebenone therapy. The yellow arrows show irregularity within the optic nerve. (B) Silent-MT images in three LHON subjects who received Idebenone therapy. Optic nerve atrophy is not visible in Patient F, (disease duration more than one year), however the yellow arrow shows more tortuous anatomy of the optic nerve, which is consistent with the side of the disease. MT, Magnetization Transfer. 
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Table 1. Quantitative comparisons of the left and right optic nerves at three measurement points. This analysis concerns the entire group of patients with Leber’s disease (n = 15).
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Left

	
Right

	

	




	

	
M (SD)

	
Min–Max

	
M (SD)

	
Min–Max

	
Z

	
p






	
Length (cm)

	
4.31 (0.49)

	
3.50–5.50

	
4.28 (0.39)

	
3.70–5.20

	
0.59

	
0.550




	
Diameter (mm) 1

	
3.89 (0.63)

	
2.30–4.90

	
4.06 (0.81)

	
2.70–5.10

	
0.62

	
0.532




	
Diameter 2

	
1.95 (0.55)

	
0.70–3.00

	
2.32 (0.55)

	
0.90–3.10

	
2.03

	
0.043




	
Diameter 3

	
3.19 (0.39)

	
2.50–3.80

	
3.24 (0.31)

	
2.80–3.80

	
0.85

	
0.394




	
Surface area (mm2) 1

	
12.23 (3.84)

	
3.80–17.66

	
13.50 (5.23)

	
5.55–21.58

	
0.91

	
0.364




	
Surface area 2

	
3.27 (1.74)

	
0.39–7.48

	
4.56 (1.91)

	
0.64–7.95

	
2.04

	
0.040




	
Surface area 3

	
8.05 (1.92)

	
4.44–11.79

	
8.35 (1.64)

	
6.41–11.52

	
0.62

	
0.532








M, median; SD, standard deviation; Z, z-score.
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Table 2. Comparison of quantitative nerves parameters in two LHON subgroups created on the basis of Idebenone treatment criterion.
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Idebenone Treatment (n = 6)

	
Without Treatment (n = 9)

	

	




	

	
M (SD)

	
Min–Max

	
M (SD)

	
Min–Max

	
Z

	
p






	
L. Length (cm)

	
4.28 (0.43)

	
3.50–4.70

	
4.33 (0.55)

	
3.60–5.50

	
0.02

	
0.968




	
L. Diameter (mm) 1

	
3.75 (0.82)

	
2.30–4.40

	
3.98 (0.51)

	
3.20–4.90

	
0.05

	
0.952




	
L. Diameter 2

	
2.06 (0.77)

	
0.70–3.00

	
1.87 (0.39)

	
1.30–2.50

	
−1.00

	
0.315




	
L. Diameter 3

	
3.47 (0.38)

	
2.90–3.80

	
3.01 (0.28)

	
2.50–3.40

	
−2.06

	
0.038




	
L. Surface area (mm2) 1

	
11.66 (4.79)

	
3.80–16.59

	
12.61 (3.33)

	
7.52–17.66

	
0.05

	
0.953




	
L. Surface area 2

	
3.96 (2.36)

	
0.39–7.48

	
2.81 (1.11)

	
1.33–4.75

	
−1.12

	
0.262




	
L. Surface area 3

	
9.47 (1.28)

	
7.18–11.79

	
7.11 (1.38)

	
4.44–8.66

	
−2.06

	
0.038




	
R. Length (cm)

	
4.16 (0.30)

	
3.70–4.60

	
4.36 (0.44)

	
3.80–5.20

	
0.94

	
0.345




	
R. Diameter (mm) 1

	
3.96 (0.75)

	
2.70–4.80

	
4.12 (0.88)

	
2.80–5.10

	
0.53

	
0.595




	
R. Diameter 2

	
2.38 (0.54)

	
1.50–3.10

	
2.27 (0.58)

	
0.90–3.00

	
−0.17

	
0.859




	
R. Diameter 3

	
3.35 (0.32)

	
2.80–3.80

	
3.17 (0.31)

	
2.90–3.80

	
−1.00

	
0.316




	
R. Surface area (mm2) 1

	
12.54 (4.35)

	
5.55–17.16

	
14.14 (5.90)

	
6.75–20.58

	
0.76

	
0.443




	
R. Surface area 2

	
4.76 (2.07)

	
1.73–7.95

	
4.42 (1.90)

	
0.64–7.75

	
−0.41

	
0.679




	
R. Surface area 3

	
8.85 (1.65)

	
6.63–11.35

	
8.02 (1.64)

	
6.41–11.52

	
−1.00

	
0.316








LHON, Leber’s hereditary optic neuropathy; L., left optic nerve; R., right optic nerve.
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