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Abstract

Optic pathway gliomas (OPGs) occur in 15%—20% of children with neurofibromatosis type 1
(NF1), leading to visual deficits in fewer than half of these individuals. The goal of chemotherapy
is to preserve vision, but vision loss in NF1-associated OPG can be unpredictable. Determining
which child would benefit from chemotherapy and, equally important, which child is better
observed without treatment can be difficult. Unfortunately, despite frequent imaging and
ophthalmologic evaluations, some children experience progressive vision loss before treatment.
Indications for chemotherapy usually are based on a comprehensive, quantitative assessment of
vision, but reliable vision evaluation can be challenging in young children with NF1-OPG. The
ability to identify and predict impending vision loss could potentially improve management
decisions and visual outcomes. To address this challenge, ophthalmologic, electrophysiologic, and
imaging biomarkers of vision in NF1-OPG have been proposed. We review current
recommendations for the surveillance of children at risk for NF1-OPG, outline guidelines for
initiating therapy, and describe the utility of proposed biomarkers for vision.

Optic pathway glioma (OPG) is the most common brain tumor in children with
neurofibromatosis type 1 (NF1), a tumor predisposition syndrome caused by germ-line
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mutations in the AVFZ gene (1). OPGs are low-grade glial neoplasms involving the visual
pathway (optic nerve, chiasm, tracts, and radiations) and may also involve the hypothalamus.
The tumor arises in approximately 15%—-20% of children with NF1, and although children
rarely die from NF1-OPGs, they often experience vision loss (2), endocrinopathies (3-5),
impaired social interactions, and difficulties completing activities of daily living (6). Adults
with NF1-OPG and vision loss are more likely to be unemployed and live with a caregiver
compared with glioma survivors without vision loss (7).

Treatment for NF1-OPG is most commonly intended to reduce the visual morbidity from
this disease. Chemotherapy is considered as standard first-line treatment, and radiation is
used sparingly because of the risk of second malignancy as well as cognitive and
neurovascular complications in this young patient population (8). Surgery is indicated only
in unusual circumstances, such as disfiguring proptosis in a nearly blind eye or enlarging
tumor with mass effect on critical structures (9). Unfortunately, even our best current
therapies (carboplatin-based chemotherapy) do not reliably preserve vision (10,11). For
example, a retrospective study of 115 previously untreated children with NF1-OPG reported
improved visual acuity in 32% (at least a 2-line improvement in visual acuity testing), stable
visual acuity in 40%, and worsened visual acuity in 28% (at least a 2-line deterioration in
one or both eyes) after the completion of chemotherapy (12).

Many NF1-OPGs never cause symptoms, and not all patients with symptomatic NF1-OPG
will require treatment (13,14). In a study of 57 children with NF1-OPG, only 32 (59%) had
signs or symptoms attributable to their tumor at diagnosis (14). Twenty-six (50%) showed
clinical progression over an average 8.6 years of follow-up, and 6 (11%) of those progressed
after more than a year of stability. Individual tumors can show dramatic variability in their
growth pattern. Numerous individual reports describe NF1-OPG in young children
undergoing periods of rapid growth, prolonged quiescence, and rare spontaneous regression
(15-21).

Because NF1-OPG clinical behavior and chemotherapeutic responses are difficult to predict,
choosing who should receive chemotherapy and when therapy should be initiated are
challenging management issues. Rigorous ophthalmology and imaging surveillance are
essential to monitor for tumor progression and associated morbidity. Treatment indications
should depend on current vision and the impact of potential visual decline. However,
impaired cognition and attention deficits frequently seen in patients with NF1 (22) may
complicate the assessment of vision and occasionally lead to unreliable or unreproducible
ophthalmologic exams (23). Quantitative biomarkers of visual loss currently under
development may assist in clinical decision-making by supporting visual acuity assessment
and evaluating the risk of future deficits. We will review the state of prognostic factors and
current recommendations for surveillance, propose indications for treatment, and describe
recent studies on biomarkers of vision in NF1-OPG.

PROGNOSTIC FACTORS

Based on our current understanding of NF1-OPG, it is unclear which OPGs will cause
symptoms sufficient to justify treatment. Whereas past studies focused on tumor growth, the
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importance of visual acuity outcomes has been highlighted recently (24,25). Numerous
reports have attempted to define risk factors for symptomatic OPG. Tumors limited to the
optic nerve have a less aggressive course than those involving the optic tracts and radiations
(26-28), as well as possibly the chiasm (29). Recent studies suggest that female patients
require treatment more frequently for tumors limited to the optic nerve than males, despite a
relatively equal incidence of tumors in this region (30,31). Although young children with
NF1-OPG may require treatment more frequently (32), studies have been unable to prove
that young age increases the risk of visual loss (13,14). Although these characteristics
inform the risk of aggressive behavior in OPG, the impact of each will require further
investigation.

RECOMMENDATIONS FOR SURVEILLANCE

Without reliable clinical indicators to predict the development of symptomatic NF1-OPG,
careful surveillance for early signs of vision loss is essential (Tables 1 and 2). Ideal intervals
for surveillance have not been studied, and surveillance recommendations in children with
NF1 are based on clinical experience and limited available evidence. In addition to annual
assessments by an experienced NF clinician, children suspected or known to have NF1
should undergo yearly comprehensive ophthalmologic or neuro-ophthalmic evaluations
including assessment of visual acuity, visual fields, color vision, pupillary testing, eye
movements, and optic disc appearance. In children without a known OPG, vision screening
should be performed annually until 8 years of age, then every other year until 18 years as
vision loss is less common in older age groups (2). However, subjective symptoms of vision
loss should prompt a comprehensive ophthalmologic exam at any age.

The most important assessment in the ophthalmologic evaluation is age-appropriate, best-
corrected quantitative visual acuity (2). Methods to assess visual acuity must be quantitative,
reliable, and available for a wide spectrum of age and cognitive ability (24,25). If visual
acuity results are believed to be unreliable because of poor cooperation or deficits in
attention and cognition, testing should be repeated within 2 weeks. Visual fields should be
assessed either by confrontation or, preferably, perimetry.

When a symptomatic NF1-OPG is suspected, MRI of the brain with dedicated high-
resolution sequences of the optic nerves and chiasm is the imaging technique of choice to
evaluate the extent of OPG involvement and to monitor for radiographic progression or
response. T1-weighted sequences with and without contrast and T2-weighted sequences are
typically used. Because contrast enhancement may be heterogeneous and variable, T2-
weighted sequences are often the most useful to define tumor involvement (33). However,
defining tumor borders can be challenging because areas of T2 hyperintensity common in
NF1 may abut the tumor, and diffuse tumors may have uncertain boundaries (Fig. 1).

Scant data exist regarding optimal intervals for imaging and ophthalmologic surveillance in
children with newly diagnosed NF1-OPG. We recommend evaluations every 3 months in the
first year (2), as most children treated for NF1-OPG initiated treatment within the first year
(12). Once tumor size and vision are shown to be stable, the frequency of evaluations may be
extended to every 6 months. Tumors that remain stable for more than 3 years are less likely
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to become symptomatic (12) and can be followed annually with MRI, but ophthalmology
evaluations should continue every 6 months until at least 8 years of age before extending
them to annually. NF1-OPGs that remain stable on ophthalmology evaluation and
neuroimaging for =5 years may undergo imaging less frequently. Ophthalmology
evaluations should continue annually until 18 years of age. Because vision in NF1-OPGs
generally is stable after 18 years of age, surveillance of known NF1-OPG may be
discontinued after that age if clinically stable.

INDICATIONS FOR TREATMENT

NF1-OPG rarely threatens life; therefore, the main goal of therapy is directed at reducing the
risk of permanent, clinically significant, visual dysfunction. The decision to treat or observe
without treatment may not be straightforward because it can be challenging or impossible to
predict which tumors will cause further deficits and which of those will respond to therapy.
The most comprehensive review of indications for treatment showed no clear consensus
among 10 experienced NF centers, and the most frequent primary indications included
visual acuity loss and radiographic tumor progression (12). More studies are needed to
explore which indications for treatment are best able to prevent or mitigate vision loss in
children with NF1-OPG. The following guidelines for chemotherapy are intended to reduce
the functional impact of NF1-OPG, while taking into consideration the patient’s current
condition, risk of further deficit, and potential for benefit (Fig. 2).

Indications for Chemotherapy

The best indication for treatment is evidence of progressive, clinically significant vision loss.
A difference of 0.2 logMAR or greater in visual acuity in a single eye from age-based
normal values is considered abnormal, and a change in visual acuity of 0.2 logMAR or more
is considered clinically significant (2,24,25). Because vision deficits due to NF1-OPG may
go unnoticed and even precede a diagnosis of OPG, ophthalmologic abnormalities found at
tumor presentation and thought to be chronic may not require therapy. Although precise
measurement of visual field deficits can be challenging in young children with NF1-OPG,
convincing evidence of new or progressive visual field loss (for instance, a new quad-
rantanopia) also would constitute clinically significant vision loss and indicate treatment.

Other scenarios to consider treatment come from the combination of an increased risk of
visual loss along with an increased impact of further visual deficit. Although complete or
near complete vision loss in a single eye (worse than 1.0 logMAR relative to age norms [2])
is not a sufficient indication to initiate treatment by itself, it increases the importance and
impact of preserving vision in the contralateral/well-seeing eye. Therefore, children who are
blind or nearly blind in one eye and have either visual compromise (worse than 0.2 logMAR
relative to age norms [2]) in the seeing eye or tumor progression by MRI may benefit from
chemotherapy to preserve monocular vision. Similarly, when vision loss is suspected, but a
reliable visual acuity is unobtainable, the impact of potential vision loss is increased because
identifying modest vision loss early may be impossible. When reliable visual acuity is
unobtainable, radiographic tumor progression or an accumulation of risk factors may
support treatment for presumed vision loss. Children with visual acuity loss in a single eye
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near a functional threshold (0.6-1.0 logMAR relative to age norms [2]) may benefit from
chemotherapy to preserve or improve visual acuity because of the potential impact of any
visual acuity change (Fig. 2) (12).

Indications for Increased Vigilance

Although many signs and symptoms may raise concerns for tumor progression in a child
with OPG, few are proven predictors of clinically significant vision loss. Although the
accumulation of these risk factors in the appropriate clinical setting may support a
consideration of instituting therapy, factors that may be associated with visual acuity loss or
visual field deficit are reasons for increased vigilance, but are not indications for treatment.

Although the assessment of visual acuity and visual fields is fundamental to making
treatment decisions for NF1-OPG, other ophthalmologic findings in isolation lack either
reliability or clinical significance to be considered primary indications for treatment. Such
findings include new onset color vision loss, disc pallor, optic nerve swelling, afferent
pupillary defect, strabismus, or nystagmus. In the absence of new visual acuity changes or
new field deficits, these findings are not an indication for treatment but should raise concern
for more frequent evaluations.

Numerous previous studies have shown that radiographic tumor progression is neither
necessary nor sufficient to cause vision loss (10,12,34-36). Tumor progression generally
does not require treatment when visual acuity and visual fields remain stable. However,
tumor growth warrants increased surveillance, may cause nonvisual morbidity if the tumor
infiltrates other structures, and is particularly concerning when a reliable visual acuity is
unobtainable.

MRI abnormalities, such as optic nerve tortuosity and nerve sheath thickening, are distinct
from OPG but common in children with NF1. NF1 children with optic nerve tortuosity may
be more likely to develop OPG, but are not more likely to require treatment than other
children with NF1-OPG (37,38). Follow-up imaging may be helpful in distinguishing tumor
from more benign findings (Fig. 2).

Factors That Should Not Influence Treatment Decisions

Precocious puberty or changes in growth hormone related to NF1-OPG are not indications
for treatment with chemotherapy. Precocious puberty should be treated with gonadotropin-
releasing hormone antagonists; therapy for growth hormone excess related to NF1-OPG is
controversial (39,40). Similarly, chemotherapy may in some instances improve proptosis
caused by NF1-OPG, but should not be started to manage the proptosis alone. In a nonseeing
or low vision eye, therapy for proptosis should be limited to tumors causing corneal
exposure or unacceptable cosmetic appearance. In these cases, a trial of chemotherapy may
reduce proptosis and preserve any remaining vision before an attempt at surgical debulking
(41).
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BIOMARKERS OF VISION

Treatment for OPG is commonly based on progressive vision loss and the risk of future
disability. However, ophthalmologic measures can be difficult in young patients and cannot
predict impending vision loss or response to therapy. Imaging and quantitative measures of
the visual pathway have attempted to address these challenges. Currently in development,
biomarkers of vision assess the integrity of the visual pathway to provide objective and
reliable measures of visual function (Table 2).

Visual Evoked Potentials

Visual evoked potentials (VEPS) measure cortical activity in response to a visual stimulus
using occipital scalp electrodes similar to electroencephalography. VEP latency or decreased
amplitude may indicate damage to the visual pathway. Studies conducted over the past 3
decades demonstrated that VEP has high sensitivity (90%-100%) in identifying OPGs but
moderate specificity (60%—-69%) (42—44). VEP requires patient cooperation and skilled staff
members to successfully acquire and is not widely available in most centers. However, the
most significant drawback of VEP is that, although it has been able to identify tumor, it has
not been able to distinguish symptomatic from asymptomatic OPGs. In small retrospective
and longitudinal studies, VEP corresponded with visual acuity only about 50% of the time
(45,46). In addition, large between-visit variation in latency and amplitude, even in untreated
patients, makes small changes in serial VEP difficult to interpret (36). In children treated for
bilateral OPGs, there was no significant change in VEP amplitude before, during, or after
therapy, and no relationship between VEP amplitude and response to treatment (47). VEP
thus far has been unable to identify OPGs that require treatment or monitor the visual
response to treatment. Because a clinically useful biomarker must be able to predict or
identify visual acuity loss to affect treatment decisions, VEP has not yet fulfilled this role.

Optical Coherence Tomography—Optical coherence tomography (OCT) used to assess
structural changes within the eye secondary to visual pathway injury has flourished as a
biomarker of vision. OCT measures of the peripapillary retinal nerve fiber layer (pbRNFL)
thickness and the ganglion cell-inner plexiform layer complex have been associated with
visual acuity and visual field defects in tumors compressing the chiasm (48,49), optic
neuropathies (50), as well as multiple sclerosis and optic neuritis (51-54).

Over the past 6 years, OCT has gained considerable attention as a potential biomarker of
vision in NF1-OPGs, and multiple investigations have helped demonstrate its reliability (55—
58). In a cross-sectional study of 48 children and young adults with OPG, reduced pRNFL
thickness (,80 mm) was associated with decreased vision (abnormal visual acuity and/or
visual field defect) (55). The magnitude of visual acuity loss, as measured by low-contrast
(i.e., Sloan) or high-contrast testing methods, also significantly correlated with the
magnitude of pRNFL thickness. A pRNFL threshold greater than 80 mm was found in most
subjects with normal visual acuity and visual fields, suggesting that a normal RNFL
thickness may be reassuring in children with an OPG in whom a reliable visual acuity
cannot be obtained. OCT may be most useful in young children who have difficulties with
cooperation and attention. In these children, handheld OCT makes taking measurements
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practical during sedation with excellent reproducibility (59-61). Unfortunately, the logistics
of acquiring studies during sedation for a clinically recommended MRI and the lack of
native segmentation software makes it difficult for many centers to use handheld OCT.

Two longitudinal studies have investigated the usefulness of following OCT over time in
children with OPG. In 23 patients with symptomatic OPG (14 with NF1-OPG) followed for
2 years, RNFL thinning was significantly greater in 5 children with either tumor growth (n =
2) or tumor growth with vision loss (nh = 3) compared with those without radiographic or
clinical progression (8.6 vs 2.4 mm thinning) (62). Although all children with vision loss
were considered “progressive,” this OCT study was unable to separate the effect of vision
loss from asymptomatic tumor progression using OCT. In another study of 46 children with
OPG (31 with NF1-OPG) followed by OCT, 10 eyes from 7 patients experienced new vision
loss. Using a 10% decline in pRNFL thickness confirmed by 2 consecutive visits as a
threshold, OCT measures identified children with visual acuity or visual field loss with 70%
sensitivity and 100% specificity (100% positive predictive value and 94% negative
predictive value) (56).

Although the change in pRNFL reported in these 2 studies was able to identify concurrent
vision loss, it is unclear whether early changes in pRNFL thickness will be able to identify
impending vision loss or predict the risk of future vision loss. pRNFL decline seems to
continue well after vision loss occurs, complicating the interpretation of longitudinal
measures. A normal pRNFL thickness may reassure treating physicians that vision loss is
unlikely to have occurred, supporting close surveillance, rather than immediate treatment.
Despite recent advances in OCT technology to improve acquisition and reproducibility for
pediatric studies (63), differences across protocols and device manufacturers should be
considered when interpreting results (64). Multi-institutional longitudinal OCT studies in
children with NF1 and newly diagnosed OPG may help define the utility of OCT in making
informed decisions in children unable to reliably perform quantitative visual acuity testing.

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is an MR technique that measures the diffusion of water
molecules as they traverse hydrophobic white matter fibers. By following diffusion patterns
in the brain, a map of white matter tracts can be created, where diffusion without a dominant
direction (e.g., decreased fractional anisotropy, FA) may represent areas of white matter
damage (Fig. 3).

In a study of 10 children with OPG (4 with NF1-OPG), visual fibers were attenuated or
absent in all subjects. Although no statistical association was found between fiber
tractography and visual acuity, measures of white matter damage were not investigated (65).
To determine whether white matter integrity was associated with vision in OPG, DTI
measures and visual acuity were compared in 50 children with NF1-OPG (66). Although no
association was found in the optic nerve or optic tracts, FA of the optic radiations was
significantly associated with visual acuity, even after excluding tumors located in the
radiations, suggesting that damage to the radiations may reflect axonal degeneration from
the anterior pathway. The association between FA and visual acuity was corroborated in 23
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children with OPG followed prospectively with DTI where visual acuity was associated with
FA of the optic nerves and optic radiations (67).

Increased diffusion may also be associated with the risk of future clinical progression in
NF1-OPG. In a subset of 15 children from the previous study with longitudinal measures
over a year, initial FA of the optic radiations predicted visual acuity change 1 year later (66).
The association between increased diffusion and worse visual outcomes has been
corroborated by diffusion-weighted imaging (DWI) studies of the chiasmatic OPG (68)
although not all DWI studies found a significant effect (69). Although DTI offers the
possibility of predicting future vision loss, these results need to be replicated in larger
studies, and it is uncertain whether predicted losses can be avoided with treatment.

DTl is technically difficult in accessing the optic nerves (where neighboring fat, bone, and
sinuses can cause susceptibility artifacts) and the optic chiasm (where white matter
decussation can confound tractography). For this reason, DTI may be best suited to an
evaluation of the posterior visual pathway and may be complementary to the evaluation of
the optic nerve provided by OCT. However, the cost-effectiveness of adding DTI to MRI and
recent advances in automation that eliminate reliance on the operator (70) are 2 advantages
of this potentially convenient biomarker of visual acuity.

Volumetric MRI

Although traditional measures of OPG dimensions have not correlated with vision loss,
volumetric magnetic resonance techniques may better define OPG size. Previous studies
have relied on qualitative comparison of tumor size or traditional cross-sectional measures of
tumor volume that often fail to account for the diffuse and amorphous shape of OPGs (71).
A rigorous volumetric tumor measure may allow tumor volume to be a more robust indicator
of vision loss.

Recently, a volumetric method has been developed that partitions the optic nerve, chiasm,
and most proximal 1 cm of the optic tract using multisequence MRI to quantify anterior
visual pathway (AVP) volume (Fig. 4). This method has been used to help define AVP
enlargement to add objective criteria to the diagnosis of OPGs (72). In 38 children with
NF1-OPGs, increased AVP and OPG volume using this method was associated with worse
visual acuity (73), suggesting that the lack of correlation between tumor size and vision in
previous studies may be due to the failure of 1- and 2-dimensional measurements to estimate
OPG size. Increased chiasm volume was a sensitive indicator of pRNFL thinning, but
volume measures predicted RNFL thickness only in tumors involving both the optic nerve
and chiasm, but not in tumors sparing the chiasm. Unfortunately, structures posterior to the
proximal optic tract are more difficult to measure because of decreased contrast with
neighboring structures and focal areas of signal intensity common in NF1.

FUTURE DIRECTIONS FOR BIOMARKERS OF VISION

As the pace of development for novel therapeutics accelerates, effective OPG biomarkers of
visual loss will be crucial. Clinicians must weigh the risks of conventional chemotherapy
against the potential benefit of preventing further vision loss. Recently, orally available

J Neuroophthalmol. Author manuscript; available in PMC 2020 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Blank et al.

Page 9

biologic agents have shown efficacy in difficult-to-treat NF1-associated plexiform
neurofibromas (74). If similar therapies are found to be effective for patients with NF1-OPG,
they may offer improved efficacy with fewer complications. Future biomarkers will need to
identify a therapeutic window when vision loss is imminent, but preventable, to improve the
visual outcome of therapy (75). As more therapeutic options emerge, biomarkers that
identify best therapies or recognize therapeutic futility early in therapy may improve
therapeutic efficacy.

The development of biomarkers for vision hopefully will lead to a better understanding of
the pathophysiology of vision loss in children with OPG. Studies of OCT reveal a threshold
of axonal damage past which vision loss is likely. DTI studies demonstrate that anterior
damage may propagate to posterior structures as vision loss develops. Understanding the
mechanism of vision loss in OPGs may help illuminate the optimal schedule for surveillance
as well as when and how treatment can best prevent further deficits. To achieve these goals,
potential biomarkers will need to demonstrate not only efficacy but also reliability,
accessibility, and cost-effectiveness.
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FIG. 1.
A 7-year-old girl with NF1-OPG involving the optic nerves (A), optic chiasm and

hypothalamus (B), and optic tracts (C) shown on T2 sequences. Focal areas of T2 signal
intensity are demonstrated in the midbrain and thalamus (B—-D) and may abut tumor
margins. NF1, neurofibromatosis type 1; OPG, optic pathway glioma.
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Indications for treatment and factors affecting decision-making in patients with NF1-OPG.
logMAR, logarithm of the minimal angle of resolution; NF1, neurofibromatosis type 1;
OPG, optic pathway glioma; S/Sx, signs and symptoms; VA, visual acuity; VF, visual fields;
*VA compared with age-based norms ** including change in color vision, new afferent

pupillary defect, strabismus, optic disc swelling/pallor.
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FIG. 3.
Diffusion tractography of the optic radiations (in red) superimposed on axial (A), sagittal

(B), and 3-dimensional composite (C) b = 0 sec/mm?2 images of a child with NF1-OPG.
Decreased diffusion along these tracts may reflect white matter damage. NF1,
neurofibromatosis type 1; OPG, optic pathway glioma.
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= Optic tracts —

FIG. 4.
Axial T1 brain MRI (A) with segmentation in red (B) of a patient with bilateral NF1-OPG.

Volumetric rendering of the NF1-OPG involving both sides of the anterior visual pathway
(C) with 2D slices through the tumor (D). The irregular tumor shape is not amenable to
traditional (i.e., 2D) measures. NF1, neurofibromatosis type 1; OPG, optic pathway glioma;
2D, 2 dimensional.
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TABLE 1.

Surveillance recommendations for patients with NF1 with and without an OPG

Evaluation Frequency

Suspected or known NF1 without an OPG

Ophthalmology * Every year until 8 yr
Then every other year until 18 yr

NF1-OPG confirmed by MRI Ophthalmology*  EVery 3 mo for first yr
Then every 6 mo for 2 yr and =8 yr of age

Then annually until age 18 if stable

Neuroimaging” Every 3 mo for first year
Then every 6 mo for 2 yr
Then annually for 3-5 yr
Then less frequent imaging as per clinical judgment until 18 yr

*
Ophthalmology (or neuro-ophthalmology) includes quantitative visual acuity, visual field assessment, color vision, and the evaluation of the optic
disc. Visual acuity thought to be unreliable should be repeated within 2 weeks.

fNeuroimaging includes T1-and T2-weighted MRI sequences of the brain with and without contrast. High-resolution imaging of the optic nerves
and chiasm should be included.

NF1, neurofibromatosis type 1; OPG, optic pathway glioma.
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