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Abstract

Indirect traumatic optic neuropathy (ITON) refers to optic nerve injury resulting from impact remote to the optic
nerve. The mechanism of injury is not understood, and there are no confirmed protocols for prevention, mitigation
or treatment. Most data concerning this condition comes from case series of civilian patients suffering blunt injury,
such as from sports- or motor vehicle-related concussion, rather than military-related ballistic or blast damage.
Research in this field will likely require the development of robust databases to identify patients with ITON and
follow related outcomes, in addition to both in-vivo animal and virtual human models to study the mechanisms
of damage and potential therapies.

Keywords: Indirect trauma, Optic nerve, Blunt, Blast, Neuropathy, Biomechanics, Virtual model

Background
Indirect traumatic optic neuropathy (ITON) is a condi-
tion in which a patient suffers head trauma and is found
to have reduced vision and an afferent pupillary defect
despite a normal acute slit lamp examination and nor-
mal acute magnetic resonance imaging (MRI) and com-
puter tomography (CT) of the optic nerve and canal.
ITON differs substantially from direct traumatic optic
neuropathy (DTON); in DTON, the optic nerve axons
or vascular supply are directly damaged due to strain (as
may be observed in an avulsion of the optic nerve),
compression (as may be observed from edema or
retro-orbital hemorrhage) or transection (as may be
observed from a fracture in the optic canal). Patients
suffering either ITON or DTON can experience pro-
found vision loss after trauma. Prognosis is guarded
in either situation; however, some patients with ITON
may experience full recovery with no intervention. Few
randomized controlled studies have explored therapies for
ITON, and as discussed below, therapies employed to
treat DTON appear to be ineffective for ITON. A comput-
erized search of PubMed (performed October 28, 2015,
search terms: indirect + trauma + optic + nerve) revealed
195 publications on this topic from 1905-present; notably,
a similar search without the word “indirect” produced
4,495 entries. Most publications concerning ITON can be

divided into studies of diagnosis, therapeutic approaches
and pathogenesis. Additionally, the vast majority of
publications report on civilian blunt injuries rather
than blast or ballistic injuries that may be experienced
more commonly by military personnel.

Epidemiology
The incidence of ITON has not been directly reported
in any large population. However, very good surveillance
studies of traumatic optic neuropathy of any type have
been reported for pediatric [1] and adult [2] populations
in England. For both adults and children, the overall
incidence of traumatic optic neuropathy is approxi-
mately 1/million. Notably, approximately 80 % of the
patients were male, and the majority of cases suffered
relatively minor head injuries with neither orbital nor
skull fracture, suggesting that ITON may be more com-
mon than DTON. Visual outcomes ranged from no light
perception (NLP) to normal. One study from India
reported that 35 (or 27 %) of 129 consecutive cases
collected between 1994–2006 suffered ITON following
cranio-orbital injury in two-wheeler riders involved in
road accidents [3]. Notably, these patients reportedly did
not wear protective helmets, suggesting that helmets
may offer protection. Case reports suggest that the
location of the impact, specifically the face, is also a risk
factor for ITON [4–7]. A retrospective study of 379
consecutive patients who underwent repair for facial
fractures in the US reported that blindness developed in
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at least one eye in 21 patients (6 %), 5 of whom had
ITON (1.3 %) [8]. There has been a call to create a registry
specifically for ITON [9]; however, no such registry has
been created. The United States Department of Defense
(DoD) Vision Center of Excellence (VCE), in collaboration
with Veteran Health Affairs, developed a robust registry:
the Defense and Veterans Eye Injury and Vision Registry
(DVEIVR). The vision registry is composed of active duty
service members and veterans with eye trauma and vision
dysfunction/damage to the visual system. This initiative of
the VCE consists of clinical and historical data starting on
9/11/2001 and provides a longitudinal analysis of patients
with trauma and other ocular and visual pathway injuries
[10]; the authors are currently exploring this registry to
determine if it may yield a cohort of patients with trau-
matic optic neuropathy from any cause in general and
ITON in particular.

Diagnosis
By definition, ITON is a condition in which injury to the
optic nerve can be clinically confirmed, i.e., patients
demonstrate reduced visual acuity, color vision, and/or
visual field, as well as a relatively afferent pupillary defect.
Notably, this latter finding may not be present in bilateral
cases. Direct ophthalmoscopy of the nerve is also expected
to appear normal, though optic atrophy or pallor are
expected to develop. Automated visual field testing should
be offered; however, the vision of subjects may be too poor
to glean useful results. In most cases, testing with visual
evoked potentials (VEP) is not needed to establish the
diagnosis. However, in questionable cases, VEP may pro-
vide confirmatory data. VEP may also have predictive
value; patients with better responses on VEP may be
more likely to regain some or all of their vision [11, 12].
VEP has also been employed in the emergency setting to
guide decisions to offer rescue treatment [13]. One case
reported a patient with ITON who was evaluated with
scanning laser polarimetry, which indicated that the
retinal nerve fiber layer acutely thickened and then pro-
gressively thinned for 3 months [14]. This trend was
supported by results from a Chinese study employing
ocular coherence tomographic (OCT) evaluation in 54
patients with ITON. Retinal nerve fiber layer thickness
ultimately decreases in these patients; however, in those
eyes with the worst vision (no light perception [NLP]),
there was a slight increase in thickness in the acute (first
2 weeks) post-injury period [15]. Additionally, this study
explored hemodynamic parameters and demonstrated
that the peak systolic velocity of blood flow within the
central retinal artery was significantly increased in ITON
patients regardless of whether their visual acuity was NLP
or better than NLP.
CT and plain radiographic findings in ITON would, by

definition, exclude fractures in the optic canal because

they would be suggestive findings of DTON. However,
patients with ITON may suffer other skull fractures. A
study of 39 patients with both ITON and peri-orbital
fractures indicated that posterior orbital fracture is
associated with poorer visual outcomes than those
with anterior fractures, suggesting that CT may help
in guiding decisions to offer therapy [16]. MRI, par-
ticularly the diffusion tensor imaging (DTI) technique,
has been applied to the study of ITON. In a study of
28 patients, no differences were noted between the
injured eye and the normal contralateral eye in the
first week after injury. Reduced fractional anisotropy
appeared in the injured eye by the second week, a trend
that continued after one month [17]. These results indi-
cate that MRI may be useful to follow the patient but may
not be as helpful in the initial diagnosis.

Treatment
No therapy has been confirmed to effectively treat ITON,
but observation is considered an acceptable option.
Observational studies of ITON have demonstrated

wide variability in visual function, the rate of recovery
and long-term outcomes. Most patients in the pediatric
TON surveillance study improved or at least did not
worsen from baseline visual acuity [1]. Recovery usually
occurs within the first month after injury [18] but can
occur later at 8 or 12 weeks [12].
Two pilot studies exploring the efficacy of intravenous

(IV) erythropoietin have been published [19, 20]. In
both cases, the drug was administered within 2–3
weeks of onset, and in both cases, the treated cohort
demonstrated improved best corrected visual acuity.
Notably, the rationale for this treatment was that erythro-
poietin may provide neuro-protection and support axonal
growth [21–24].
Corticosteroids have also been offered to patients for

ITON. A Cochrane review from 2013 found one double-
masked, placebo-controlled and randomized study in
which high-dose IV corticosteroids were offered within
1 week of the injury causing ITON; there was no signifi-
cant benefit over observation [25]. This finding was
supported by an even more recent review of multiple
electronic databases [26]. Importantly, a large multi-
center study (MRC CRASH) indicated that high-dose
corticosteroids should not be routinely offered to pa-
tients suffering a head injury due to an elevated risk
of death [27].
A 2010 study investigated the potential additive effect

of providing levodopa-carbidopa to improve the visual
outcomes of patients with indirect traumatic optic neur-
opathy (ITON) [28]. The rationale behind this study
was that steroids should be offered because they were
considered a mainstay of treatment and that the neuro-
protective effect of levodopa may enhance outcomes [29].
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This randomized, double-blind, placebo-controlled study
was completed on 32 patients with ITON within 6 days
after trauma. All patients received high-dose intravenous
methylprednisolone, and levodopa was also administered
to 16 patients. Visual acuity significantly improved in the
levodopa group but not the placebo group. Nine patients
in the levodopa group and 1 in the placebo group experi-
enced improvement in visual acuity; no patients worsened
over time. Recognizing that the evidence supporting the
efficacy of corticosteroids is insubstantial, one must won-
der whether the levodopa-carbidopa itself may provide a
benefit. The neuro-protective effects of levodopa have also
been suggested in more recent studies [30].
Optic canal decompression represents the primary sur-

gical therapy attempted in treating ITON. A number of
retrospective studies provided anecdotal data suggesting
that this surgery can be effective even if offered after a few
weeks of observation or medical therapy [18, 31–37].
However, a Cochrane review in 2005 found no strong
evidence of the efficacy of canal decompression but
did find risks of vision loss, cerebrospinal fluid (CSF)
leak and meningitis [38]. Prior to that, the International
Optic Nerve Trauma Study similarly concluded that nei-
ther steroid therapy nor decompression showed clear
benefits [39].
Transcorneal electrical stimulation (TES) has been

reported to maintain more normal morphology and
increase the survival of rat retinal ganglion cells after
nerve crush [40], to promote axon survival and re-
generation [41], and to support improved function of
the optic nerve [42]. The rationale for offering TES is
that earlier studies suggested that it may have stimu-
lated the production of neuro-protective substances.
TES has been offered to 5 humans suffering from trau-
matic optic neuropathy, 4 of whom reportedly experi-
enced visual improvement [43]. Notably, this publication
specified neither the mechanism of injury causing the
traumatic optic neuropathy nor how that diagnosis was
made. A later study reported that TES increases chor-
oidal blood flow [44]; this was postulated to be neuro-
protective. TES may warrant further exploration due to its
safety and the data supporting its positive effect on photo-
receptors and ganglion cells in animal experiments [45].
Notably, one reported case series found that acupunc-

ture, a traditional Chinese medicine, was successfully
applied to treat ITON [46]. Acupuncture has also
been reported to help patients with ischemic optic
neuropathy [47], though it has not been shown to be
successful in treating glaucoma [48]. Until other ther-
apies are proven beneficial, it appears reasonable to
consider further studying the potential of acupuncture
given its very low risk.
Research on novel neuro-protective medical therap-

ies for optic nerve injury, particularly against glaucoma

[49–54], optic neuritis [55, 56] and direct nerve trauma
[57–62], is flourishing. Additionally, efforts are aimed not
only at sparing retinal ganglion cells but also at regenerat-
ing their axons [63–66]. These therapies are in varying
stages of development but are not currently readily avail-
able to practitioners.

Etiology
Studies suggest that the biomechanical response of the
cranial contents to traumatic loads is an important aspect
in understanding the etiology of ITON. A seminal and
frequently referenced study using holographic interferom-
etry on human skulls reported that frontal loading results
in the deformation of the ipsilateral orbital roof near the
optic foramen [67]. One may suggest that this deform-
ation could damage not only the supporting vasculature of
the optic nerve but could also cause shear stresses to the
nerve, particularly where the nerve enters the canal.
A more recent anatomic study of cadaveric orbits

and optic nerves with the intent of identifying possible
etiologies for ITON was reported in 2002 [68]. Forty-one
specimens were analyzed via light, polarization, immune-
histochemical and scanning electron microscopy. Delicate
anastomoses were reported to run between the dura and
pia in the optic canal, and potential mechanisms of optic
nerve injury include the disruption of the blood supply,
pressure from microhematomas and edema, and direct
shearing injury to axons.
Diffuse axonal damage should also be considered as

a mechanism underlying ITON. Diffuse axonal dam-
age due to injurious inertial force to the head has
been associated with poor neurological outcomes. Rapid
deformations of axons in the white matter tracts of the
brain can lead to damage to the axonal cytoskeleton and
the impairment of axoplasmic transport. Subsequent
swelling and calcium entry into damaged axons can lead
to further dysfunction and physical breakage and add-
itional neuropathological changes in the brain tissue [69].
There is a need to improve the current understanding on
the connection between the biomechanics and patho-
physiology associated with axonal trauma. In vivo experi-
ments that stretched an optic nerve in guinea pigs have
provided tissue-based mechanical criteria for axonal injury
using a measure of strain, which was defined as the ratio
of the amount of extension over the unstretched length
[70]. Integrating these experimentally-derived criteria with
high-fidelity head anatomy from MRI and DTI data within
a physics-based framework have enhanced computational
models of traumatic brain injury (TBI) [71]. For example,
Cirovic et al. [72] performed a finite element analysis of
the human globe and orbit to study the passive mecha-
nisms of eye restraint during head impact trauma; this
study explored ocular changes that may be observed in
shaken baby syndrome. Modeling has been applied to
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understand the biomechanics of glaucomatous injury to
the optic nerve [73–78], compressive injury to the chiasm
[79], blunt injury to the optic nerve [80] and blast injury
to the globe and orbit [81–83]. Data from trauma
modeling in a virtual head and orbit suggest that frontally
applied forces, even of low impact, propagate toward the
optic foramen, supporting the notion that ITON is more
likely to result from facial injuries than from injuries to
other locations on the skull. Despite these advances, the
etiology of ITON remains unclear. A holistic model of the
orbit, including both bone and soft tissue elements, may
bring greater understanding to this blinding illness and
permit strategies for prevention and mitigation. Addition-
ally, a better model would enable studies not only of blunt
injury commonly experienced by civilians but also ballistic
and blast injury in warfare.

Conclusions
Little is known with certainty about the etiology of indir-
ect traumatic optic neuropathy. This sight-threatening
condition may be a relatively common comorbidity of
blunt craniofacial head trauma. Unfortunately, there are
neither proven strategies for prevention, mitigation or
cure, nor are there satisfactory laboratory models to ex-
plore this condition. The authors strongly support the
development and analysis of clinical databases to better
understand the natural history of this condition. Further,
the authors support efforts to create models, both virtual
and real, to clarify the biomechanics of ITON.

Abbreviations
CSF: cerebrospinal fluid; CT: computed tomography; DOD: Department of
Defense (United States); DTI: diffusion tensor imaging; DTON: direct traumatic
optic neuropathy; DVEIVR: Defense and Veterans Eye Injury and Vision
Registry; ITON: indirect traumatic optic neuropathy; IV: intravenous;
MRI: magnetic resonance imaging; NLP: no light perception; OCT: ocular
coherence tomography; TBI: traumatic brain injury; TES: transcorneal electrical
stimulation; VCE: Vision Center of Excellence (of the US Dept. of Defense);
VEP: vision evoked potential.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors reviewed articles, drafted the manuscript, participated in its
design and reviewed and approved the manuscript. ELS and TM
conceptualized the review.

Author details
1Wilmer Eye Institute at Johns Hopkins Hospital, Baltimore, Maryland, USA.
2Whiting School of Engineering, Johns Hopkins University, Baltimore, MD,
USA. 3Director of Informatics and Information Management, Vision Center of
Excellence [VCE], Office of the Assistant Secretary of Defense for Health
Affairs [ASD-HA], United States Department of Defense [DOD], Walter Reed
National Military Medical Center, Bethesda, MD, USA.

Received: 5 November 2015 Accepted: 4 January 2016

References
1. Ford RL, Lee V, Xing W, Bunce C. A 2-year prospective surveillance of

pediatric traumatic optic neuropathy in the United Kingdom. J AAPOS.
2012;16:413–7.

2. Lee V, Ford RL, Xing W, Bunce C, Foot B. Surveillance of traumatic optic
neuropathy in the UK. Eye (Lond). 2010;24:240–50.

3. Bhattacharjee H, Bhattacharjee K, Jain L, Sarma G, Sarma AS, Medhi J, et al.
Indirect optic nerve injury in two-wheeler riders in northeast India. Indian J
Ophthalmol. 2008;56:475–80.

4. Obenchain TG, Killeffer FA, Stern WE. Indirect injury of the optic nerves and
chiasm with closed head injruy. Report of three cases. Bull Los Angeles
Neurol Soc. 1973;38:13–20.

5. Purvin V. Evidence of orbital deformation in indirect optic nerve injury.
Weight lifter’s optic neuropathy. J Clin Neuroophthalmol. 1988;8:9–11.

6. Venable HP, Wilson S, Allan WC, Prensky AL. Total blindness after trivial frontal
head trauma: bilateral indirect optic nerve injury. Neurology. 1978;28:1066–8.

7. Segal N, Spineanu L, Drăgan I, Coroiu M. Therapeutic failures in indirect
injuries to the optic nerve. Oftalmologia. 1993;37:42–5.

8. Manfredi SJ, Raji MR, Sprinkle PM, Weinstein GW, Minardi LM, Swanson TJ.
Computerized tomographic scan findings in facial fractures associated with
blindness. Plast Reconstr Surg. 1981;68:479–90.

9. Kesler A, Feinsod M. Indirect traumatic optic neuropathy–problems
and challenges in diagnosis and uncertainty in treatment. Harefuah.
2004;143(5):359–63. 390.

10. US Dept. of Defense Vision Center of Exellence. Defense and Veterans Eye
Injury and Vision Registry [http://vce.health.mil/]. Accessed 2 Nov 2015.

11. Mahapatra AK. Visual evoked potentials in optic nerve injury. Does it merit a
mention? Acta Neurochir (Wien). 1991;112:47–9.

12. Mahapatra AK. Delayed recovery from indirect optic nerve injury. A report of
two unusual cases. J Neurosurg Sci. 1992;36:151–3.

13. Cornelius CP, Altenmuller E, Ehrenfeld M. The use of flash visual evoked
potentials in the early diagnosis of suspected optic nerve lesions due to
craniofacial trauma. J Craniomaxillofac Surg. 1996;24:1–11.

14. Miyahara T, Kurimoto Y, Kurokawa T, Kuroda T, Yoshimura N. Alterations in
retinal nerve fiber layer thickness following indirect traumatic optic
neuropathy detected by nerve fiber analyzer. GDx-N Am J Ophthalmol.
2003;136:361–4.

15. Shi W, Wang HZ, Song WX, Yang WL, Li WY, Wang NL. Axonal loss and
blood flow disturbances in the natural course of indirect traumatic optic
neuropathy. Chin Med J (Engl). 2013;126:1292–7.

16. Tsai HH, Jeng SF, Lin TS, Kueh NS, Hsieh CH. Predictive value of computed
tomography in visual outcome in indirect traumatic optic neuropathy
complicated with periorbital facial bone fracture. Clin Neurol Neurosurg.
2005;107:200–6.

17. Li J, Shi W, Li M, Wang Z, He H, Xian J, et al. Time-dependent diffusion
tensor changes of optic nerve in patients with indirect traumatic optic
neuropathy. Acta Radiol. 2014;55:855–63.

18. Fujitani T, Inoue K, Takahashi T, Ikushima K, Asai T. Indirect traumatic optic
neuropathy–visual outcome of operative and nonoperative cases. Jpn J
Ophthalmol. 1986;30:125–34.

19. Entezari M, Esmaeili M, Yaseri M. A pilot study of the effect of intravenous
erythropoetin on improvement of visual function in patients with recent
indirect traumatic optic neuropathy. Graefes Arch Clin Exp Ophthalmol.
2014;252:1309–13.

20. Kashkouli MB, Pakdel F, Sanjari MS, Haghighi A, Nojomi M, Homaee MH, et
al. Erythropoietin: a novel treatment for traumatic optic neuropathy-a pilot
study. Graefes Arch Clin Exp Ophthalmol. 2011;249:731–6.

21. King CE, Rodger J, Bartlett C, Esmaili T, Dunlop SA, Beazley LD.
Erythropoietin is both neuroprotective and neuroregenerative following
optic nerve transection. Exp Neurol. 2007;205:48–55.

22. Kretz A, Happold CJ, Marticke JK, Isenmann S. Erythropoietin promotes
regeneration of adult CNS neurons via Jak2/Stat3 and PI3K/AKT pathway
activation. Mol Cell Neurosci. 2005;29:569–79.

23. Sullivan TA, Geisert EE, Templeton JP, Rex TS. Dose-dependent treatment of
optic nerve crush by exogenous systemic mutant erythropoietin. Exp Eye
Res. 2012;96:36–41.

24. Weishaupt JH, Rohde G, Polking E, Siren AL, Ehrenreich H, Bahr M. Effect of
erythropoietin axotomy-induced apoptosis in rat retinal ganglion cells.
Invest Ophthalmol Vis Sci. 2004;45:1514–22.

25. Yu-Wai-Man P, Griffiths PG. Steroids for traumatic optic neuropathy.
Cochrane Database Syst Rev. 2013;6:CD006032.

Singman et al. Military Medical Research  (2016) 3:2 Page 4 of 6

http://vce.health.mil/


26. Kumaran AM, Sundar G, Chye LT. Traumatic optic neuropathy: a review.
Craniomaxillofac Trauma Reconstr. 2015;8:31–41.

27. Edwards P, Arango M, Balica L, Cottingham R, El-Sayed H, Farrell B, et al.
Final results of MRC CRASH, a randomised placebo-controlled trial of
intravenous corticosteroid in adults with head injury-outcomes at 6 months.
Lancet. 2005;365:1957–9.

28. Razeghinejad MR, Rahat F, Bagheri M. Levodopa-carbidopa may improve vision
loss in indirect traumatic optic neuropathy. J Neurotrauma. 2010;27:1905–9.

29. Yavas GF, Yilmaz O, Kusbeci T, Ozturk F. The effect of levodopa and
dopamine agonists on optic nerve head in Parkinson disease. Eur J
Ophthalmol. 2007;17:812–6.

30. Sen A, Tugcu B, Coskun C, Ekinci C, Nacaroglu SA. Effects of levodopa on
retina in Parkinson disease. Eur J Ophthalmol. 2014;24:114–9.

31. Jorissen M, Feenstra L. Optic nerve decompression for indirect posterior
optic nerve trauma. Acta Otorhinolaryngol Belg. 1992;46:311–24.

32. Levin LA, Joseph MP, Rizzo 3rd JF, Lessell S. Optic canal decompression in
indirect optic nerve trauma. Ophthalmology. 1994;101:566–9.

33. Mahapatra AK, Tandon DA. Traumatic optic neuropathy in children:
a prospective study. Pediatr Neurosurg. 1993;19:34–9.

34. Rajiniganth MG, Gupta AK, Gupta A, Bapuraj JR. Traumatic optic neuropathy:
visual outcome following combined therapy protocol. Arch Otolaryngol
Head Neck Surg. 2003;129:1203–6.

35. Thakar A, Mahapatra AK, Tandon DA. Delayed optic nerve decompression
for indirect optic nerve injury. Laryngoscope. 2003;113:112–9.

36. Wohlrab TM, Maas S, de Carpentier JP. Surgical decompression in traumatic
optic neuropathy. Acta Ophthalmol Scand. 2002;80:287–93.

37. Zhilin G, Huoniu O, Zhihua C, Guorong D. Wide optic nerve canal
decompression for the treatment of blindness resulting from an indirect
optic nerve injury. J Craniofac Surg. 2011;22:1463–5.

38. Yu Wai Man P, Griffiths PG. Surgery for traumatic optic neuropathy.
Cochrane Database Syst Rev. 2005;4:CD005024.

39. Levin LA, Beck RW, Joseph MP, Seiff S, Kraker R. The treatment of traumatic
optic neuropathy: the International Optic Nerve Trauma Study.
Ophthalmology. 1999;106:1268–77.

40. Henrich-Noack P, Voigt N, Prilloff S, Fedorov A, Sabel BA. Transcorneal
electrical stimulation alters morphology and survival of retinal ganglion cells
after optic nerve damage. Neurosci Lett. 2013;543:1–6.

41. Miyake K, Yoshida M, Inoue Y, Hata Y. Neuroprotective effect of transcorneal
electrical stimulation on the acute phase of optic nerve injury. Invest
Ophthalmol Vis Sci. 2007;48:2356–61.

42. Tagami Y, Kurimoto T, Miyoshi T, Morimoto T, Sawai H, Mimura O. Axonal
regeneration induced by repetitive electrical stimulation of crushed optic
nerve in adult rats. Jpn J Ophthalmol. 2009;53:257–66.

43. Fujikado T, Morimoto T, Matsushita K, Shimojo H, Okawa Y, Tano Y. Effect of
transcorneal electrical stimulation in patients with nonarteritic ischemic
optic neuropathy or traumatic optic neuropathy. Jpn J Ophthalmol. 2006;50:
266–73.

44. Kurimoto T, Oono S, Oku H, Tagami Y, Kashimoto R, Takata M, et al.
Transcorneal electrical stimulation increases chorioretinal blood flow in
normal human subjects. Clin Ophthalmol. 2010;4:1441–6.

45. Pardue MT, Ciavatta VT, Hetling JR. Neuroprotective effects of low level
electrical stimulation therapy on retinal degeneration. Adv Exp Med Biol.
2014;801:845–51.

46. Huang J, Qian A. Acupuncture treatment for optic nerve contusion. J Tradit
Chin Med. 2008;28:5–6.

47. Qin Y, Yuan W, Deng H, Xiang Z, Yang C, Kou X, et al. Clinical efficacy
observation of acupuncture treatment for nonarteritic anterior ischemic
optic neuropathy. Evid Based Complement Alternat Med. 2015;2015:713218.

48. Law SK, Lowe S, Law SM, Giaconi JA, Coleman AL, Caprioli J. Prospective
evaluation of acupuncture as treatment for glaucoma. Am J Ophthalmol.
2015;160:256–65.

49. Chen YS, Green CR, Danesh-Meyer HV, Rupenthal ID. Neuroprotection in the
treatment of glaucoma - a focus on connexin43 gap junction channel
blockers. Eur J Pharm Biopharm. 2015;95(Pt B):182–93.

50. De Groef L, Van Hove I, Dekeyster E, Stalmans I, Moons L. MMPs in the
neuroretina and optic nerve: modulators of glaucoma pathogenesis and
repair? Invest Ophthalmol Vis Sci. 2014;55(3):1953–64.

51. Mayama C. Calcium channels and their blockers in intraocular pressure and
glaucoma. Eur J Pharmacol. 2014;739:96–105.

52. Song W, Huang P, Zhang C. Neuroprotective therapies for glaucoma. Drug
Des Devel Ther. 2015;9:1469–79.

53. Wang J, Liu X, Zhong Y. Rho/Rho-associated kinase pathway in glaucoma
(Review). Int J Oncol. 2013;43:1357–67.

54. Xiong S, Xu X. The option of neuroprotective therapeutics for glaucoma.
Zhonghua Yan Ke Za Zhi. 2014;50:630–3.

55. Galetta KM, Balcer LJ. Measures of visual pathway structure and
function in MS: clinical usefulness and role for MS trials. Mult Scler
Relat Disord. 2013;2:172–82.

56. Raftopoulos RE, Kapoor R. Neuroprotection for acute optic neuritis-Can it
work? Mult Scler Relat Disord. 2013;2:307–11.

57. Wang YQ, Li XF, Zhou X, Liu XQ, Wang WP. Protective effects of Chinese
herbal medicine Zuogui Pill on retina ganglion cells after optical nerve
clipping injury in rats. Zhong Xi Yi Jie He Xue Bao. 2011;9:991–7.

58. Chien JY, Sheu JH, Wen ZH, Tsai RK, Huang SP. Neuroprotective effect of
4-(Phenylsulfanyl)butan-2-one on optic nerve crush model in rats. Exp Eye
Res. 2015;143:148–57.

59. Kyung H, Kwong JM, Bekerman V, Gu L, Yadegari D, Caprioli J, et al.
Celastrol supports survival of retinal ganglion cells injured by optic nerve
crush. Brain Res. 2015;1609:21–30.

60. Lindsey JD, Duong-Polk KX, Hammond D, Chindasub P, Leung CK, Weinreb
RN. Differential protection of injured retinal ganglion cell dendrites by
brimonidine. Invest Ophthalmol Vis Sci. 2015;56:1789–804.

61. Vigneswara V, Esmaeili M, Deer L, Berry M, Logan A, Ahmed Z. Eye
drop delivery of pigment epithelium-derived factor-34 promotes retinal
ganglion cell neuroprotection and axon regeneration. Mol Cell Neurosci.
2015;68:212–21.

62. Wang X, Lin J, Arzeno A, Choi JY, Boccio J, Frieden E, et al. Intravitreal
delivery of human NgR-Fc decoy protein regenerates axons after optic
nerve crush and protects ganglion cells in glaucoma models. Invest
Ophthalmol Vis Sci. 2015;56:1357–66.

63. Gordon WC, Bazan NG. Mediator lipidomics in ophthalmology: targets for
modulation in inflammation, neuroprotection and nerve regeneration. Curr
Eye Res. 2013;38:995–1005.

64. Koriyama Y. Role of protein S-nitrosylation in central nervous system survival
and regeneration. Yakugaku Zasshi. 2013;133:843–8.

65. Namekata K, Kimura A, Kawamura K, Harada C, Harada T. Dock GEFs and
their therapeutic potential: neuroprotection and axon regeneration. Prog
Retin Eye Res. 2014;43:1–16.

66. Thanos S, Bohm MR, Meyer zu Horste M, Prokosch-Willing V, Hennig M,
Bauer D, et al. Role of crystallins in ocular neuroprotection and axonal
regeneration. Prog Retin Eye Res. 2014;42:145–61.

67. Gross CE, DeKock JR, Panje WR, Hershkowitz N, Newman J. Evidence for
orbital deformation that may contribute to monocular blindness following
minor frontal head trauma. J Neurosurg. 1981;55:963–6.

68. Thale A, Jungmann K, Paulsen F. Morphological studies of the optic canal.
Orbit. 2002;21:131–7.

69. Smith DHMD. Axonal damage in traumatic brain injury. Neuroscientist. 2000;6:13.
70. Bain AC, Meaney DF. Tissue-level thresholds for axonal damage in an

experimental model of central nervous system white matter injury.
J Biomech Eng. 2000;122:615–22.

71. Carlsen RW, Daphalapurkar NP. The importance of structural anisotropy in
computational models of traumatic brain injury. Front Neurol. 2015;6:28.

72. Cirovic S, Bhola RM, Hose DR, Howard IC, Lawford PV, Parsons MA. A
computational study of the passive mechanisms of eye restraint during
head impact trauma. Comput Methods Biomech Biomed Engin. 2005;8:1–6.

73. Ayyalasomayajula A, Park RI, Simon BR, Vande Geest JP. A porohyperelastic
finite element model of the eye: the influence of stiffness and permeability
on intraocular pressure and optic nerve head biomechanics. Comput
Methods Biomech Biomed Engin. 2015;1–12.

74. Causin P, Guidoboni G, Harris A, Prada D, Sacco R, Terragni S. A poroelastic
model for the perfusion of the lamina cribrosa in the optic nerve head.
Math Biosci. 2014;257:33–41.

75. Coudrillier B, Pijanka JK, Jefferys JL, Goel A, Quigley HA, Boote C, et al.
Glaucoma-related changes in the mechanical properties and collagen
micro-architecture of the human sclera. PLoS One. 2015;10:e0131396.

76. Downs JC. Optic nerve head biomechanics in aging and disease. Exp Eye
Res. 2015;133:19–29.

77. Nguyen TD, Ethier CR. Biomechanical assessment in models of
glaucomatous optic neuropathy. Exp Eye Res. 2015;141:125–38.

78. Zhang L, Albon J, Jones H, Gouget CL, Ethier CR, Goh JC, et al. Collagen
microstructural factors influencing optic nerve head biomechanics. Invest
Ophthalmol Vis Sci. 2015;56:2031–42.

Singman et al. Military Medical Research  (2016) 3:2 Page 5 of 6



79. Wang X, Neely AJ, McIlwaine GG, Tahtali M, Lillicrap TP, Lueck CJ. Finite
element modeling of optic chiasmal compression. J Neuroophthalmol.
2014;34:324–30.

80. Huempfner-Hierl H, Bohne A, Wollny G, Sterker I, Hierl T. Blunt forehead trauma
and optic canal involvement: finite element analysis of anterior skull base and
orbit on causes of vision impairment. Br J Ophthalmol. 2015;99:1430–4.

81. Rossi T, Boccassini B, Esposito L, Clemente C, Iossa M, Placentino L, et al.
Primary blast injury to the eye and orbit: finite element modeling. Invest
Ophthalmol Vis Sci. 2012;53:8057–66.

82. Bhardwaj R, Ziegler K, Seo JH, Ramesh KT, Nguyen TD. A computational
model of blast loading on the human eye. Biomech Model Mechanobiol.
2014;13:123–40.

83. Bailoor S, Bhardwaj R, Nguyen TD. Effectiveness of eye armor during blast
loading. Biomech Model Mechanobiol. 2015;14:1227–37.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Singman et al. Military Medical Research  (2016) 3:2 Page 6 of 6


	Abstract
	Background
	Epidemiology
	Diagnosis
	Treatment
	Etiology
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Author details
	References



