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ABSTRACT
Optic neuropathy (ON) is a highly disabling complication of ﬁbrous dysplasia (FD). The optimal test for identifying and monitoring
ON in FD is unknown. Optical coherence tomography (OCT) is an imaging modality that detects retinal nerve ﬁber layer (RNFL)
thinning, a sign of optic nerve atrophy. The purpose of this study was to (i) assess the ability of OCT RNFL thickness measurements
to identify ON in FD; (ii) compare the performance of RNFL thickness to computed tomography measurements; and (iii) examine
changes in RNFL thickness over time to assess disease progression. A retrospective cohort study was performed to assess subjects
(n = 70) who underwent neuro-ophthalmologic examination, including OCT. The diagnostic utility of RNFL thickness was determined using receiver operator characteristic (ROC) curve analysis, and the accuracy was compared with computed tomography
measurements. The relationship between RNFL thickness and age was assessed cross-sectionally, using generalized estimating
equation methodology, and longitudinally, using a generalized mixed model. Eleven subjects were identiﬁed with ON. RNFL thickness identiﬁed ON (area under curve = 0.997, p < 0.0001) with sensitivity and speciﬁcity of 100% and 95%, respectively, when using
the diagnostic criterion of ≤71 μm. RNFL thickness outperformed computed tomography measurements of optic canal narrowing
and optic nerve stretch. Subjects with ON exhibited a greater decrease in RNFL thickness with each year of age (−0.70 μm/year,
p < 0.001) than subjects with normal vision (−0.16 μm/year, p < 0.05). When assessed longitudinally, subjects with normal vision
demonstrated an increase in RNFL thickness until approximately age 20 years that decreased thereafter. In contrast, subjects with
ON exhibited an earlier decrease in RNFL thickness during adolescence. In conclusion, RNFL thickness of ≤71 μm accurately identiﬁed ON in this population. By establishing the difference in rate of RNFL thinning in patients with and without ON, clinicians may
distinguish between patients at risk for ON and intervene before irreversible damage. © 2020 American Society for Bone and Mineral Research.
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Introduction

F

ibrous dysplasia (FD) is a rare, mosaic disorder in which normal bone and marrow are replaced with ﬁbro-osseous
tissue.(1–3) Expansile lesions lead to deformities, fractures, and
disability. FD may involve one or multiple bones, and may occur
in association with skin macules and hyperfunctioning endocrinopathies, termed McCune-Albright syndrome (MAS).(4)
Vision loss due to optic neuropathy (ON) is a severely disabling complication of FD.(5) ON is a nonspeciﬁc diagnosis

referring to damage and atrophy of the optic nerve due to any
cause. In patients with craniofacial FD, clinicians often assume
that ON arises secondary to compression of the optic nerve by
expansile FD lesions encasing the optic canal. Compression by
other related mass lesions, such as aneurysmal bone cysts and
mucoceles, has also been reported.(6–10) However, increasing evidence suggests the mechanism of ON in FD is more complex and
likely multifactorial. Since growth hormone excess is an established risk factor for ON in FD/MAS, optic nerve elongation, in
the setting of acromegalic macrocephaly, is another proposed
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Fig 1. Optical coherence tomography (OCT) of the retinal nerve ﬁber layer (RNFL). (A, C) Example RNFL analysis report generated by the Cirrus HD-OCT
software. (A) Horizontal tomogram of the optic disc and (B) schematic representation. The retinal layers are visualized and demarcated from the vitreous
humor by the red line. The RNFL (red arrow) is the most superﬁcial layer consisting of axons from ganglion cells that converge at the optic disc to form the
optic nerve (white arrow). The optic cup (*) appears at the center of the B scan. (C) RNFL thickness analysis reports RNFL thickness by retinal quadrant and
average thickness in the right (OD) and left (OS) eyes, compared with normative data in adult patients. Temp (T) = temporal; Sup (S) = superior; Nas
(N) = nasal; Inf (I) = inferior.

mechanism.(11,12) Furthermore, FD involvement of the facial skeleton leading to asymmetry and proptosis may also stretch the
optic nerve leading to ON. Because of this heterogeneity, management of ON in FD is challenging and has been the subject
of controversy for decades.(5,12–15)
In patients with acute blindness, optic nerve decompression
surgery (OND) is indicated and can prevent permanent vision
loss. However, surgery may also cause ON due to intra-operative
thermal and ischemic damage.(16) Many surgeons rely on computed tomography ﬁndings to identify at-risk patients, associating optic canal narrowing with optic nerve compression and
inevitable ON.(14) However, compelling data demonstrate that
most patients with computed tomography evidence of optic
canal narrowing have normal vision and remain asymptomatic
over time.(5,12,15) Furthermore, by relying on radiographic measures of optic canal narrowing alone, surgeons fail to recognize
other potential causes of ON, which may not be amenable to
OND. Despite these ﬁndings, prophylactic OND based on computed tomography evaluation remains in current practice.(17)
Thus, there is a critical need to establish better predictive and
screening tools to accurately identify at-risk patients, monitor
ON, and prevent blindness.
Optical coherence tomography (OCT) is a widely used adjunct to
the neuro-ophthalmologic examination. OCT is an imaging modality that evaluates optic nerve atrophy by measuring the thickness of
the axons that form the optic nerve, termed the retinal nerve ﬁber
layer (RNFL) (Fig. 1).(18) In compressive nerve injuries, OCT RNFL
imaging has emerged as a potential diagnostic and prognostic tool
for ON and visual recovery, respectively.(19–21) OCT is used to
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monitor for progressive visual deterioration in several diseases
and has been shown to detect changes in RNFL thickness before
functional vision loss.(22–24) Therefore, in FD, RNFL thickness may
serve as a biomarker to identify patients at risk of developing ON,
as well as those with early stage disease.(25,26)
The purpose of this study was to determine the utility of OCT
in characterizing the presence and manifestations of ON in
FD. Because OCT evidence of RNFL thinning is consistent with
optic atrophy secondary to multiple etiologies, we hypothesized
that RNFL thickness may also be useful in the FD population by
identifying ON due to compression, stretch/traction, as well as
intra-operative thermal or ischemic damage after OND. Furthermore, we hypothesized that optic nerve damage in FD may
cause progressive RNFL thinning and that changes in RNFL thickness may identify at-risk patients. Therefore, the goals of this
study were to: (i) assess the ability of OCT RNFL thickness measurements to accurately identify ON in FD; (ii) compare the performance of OCT RNFL thickness to traditional radiographic
measurements in identifying ON in FD; and (iii) examine the
change in RNFL thickness over time in subjects with and without
ON to assess disease progression.

Materials and Methods
Subjects
Subjects were evaluated as part of an NIH FD/MAS natural history
study (NCT00001727) from 1998 to 2018. Informed consent/
assent was obtained, and the study was approved by the NIH
Journal of Bone and Mineral Research

Fig 2. Radiographic assessment of the optic canal, optic nerve, and orbit. (A–C) Optic canal cross-sectional area was measured using 3D multiplanar
reconstruction (MPR) to align orthogonal planes with the optic canal. Digital calipers were used to outline the region of interest from which the area
was determined (C, inset). (D, E) Optic nerve length was measured using 3D curved MPR to trace the optic nerve in multiple planes, accounting for its laxity
and curvature. (F) Globe displacement was measured to assess for proptosis by measuring the projection of the globe from the inter-zygomatic line. Note
the diffuse involvement with ﬁbrous dysplasia, evidenced by expansile bone with a homogeneous, “ground glass” appearance.

Institutional Review Board. The diagnosis of FD/MAS was made
clinically with molecular testing as needed, according to previously published guidelines.(4) Subjects with craniofacial FD who
had neuro-ophthalmologic examinations, including at least one
OCT scan, were included in the analyses. OCT was incorporated
into the standard evaluation of the subjects in the NIH cohort
in 2008; therefore, subjects seen before 2008, in whom OCT
was not performed, were ineligible.

Neuro-ophthalmologic evaluation
Evaluations were performed by a single neuro-ophthalmologist
(EF), including (i) best corrected visual acuity, using the Early
Treatment Diabetic Retinopathy Study scale; (ii) visual ﬁelds,
using Humphrey Field Analyzer/Swedish Interactive Thresholding Algorithm Fast 30–2 automated perimetry testing; (iii) color
vision, using 16 Ishihara color plates; (iv) contrast sensitivity,
using Pelli-Robson contrast sensitivity chart; and (v) optic nerve
pallor or atrophy on dilated-pupil fundoscopic exam. For the purposes of this study, clinical ON was deﬁned as abnormal results
on three or more exam variables (ie, visual acuity <20/40, abnormal visual ﬁeld test result such as a scotoma or ﬁeld defect, misidentiﬁcation of >4 Ishihara plates, Pelli-Robson score ≤1.2 log
units, and/or optic disc pallor on fundus examination), similar
to previously described methodology.(12) Patients who had
abnormal exam ﬁndings due to other causes of visual impairment (ie, papilledema, glaucoma, amblyopia, uveitis, and redgreen color blindness) were excluded.
Journal of Bone and Mineral Research

Spectral-domain OCT imaging was performed with the CirrusHD OCT (Carl Zeiss Meditec, Inc, Dublin, CA, USA). The same
Cirrus-HD OCT machine was used for all patients over the duration of the study. The Optic Disc Cube 200x200 protocol was
used for acquisition and analysis of average peripapillary RNFL
thickness. In subjects ≥18 years of age, the Cirrus-HD OCT compares the RNFL thickness to a normative database of agematched controls and ranks the measurement as <1st percentile,
1st to 5th percentiles, 5th to 95th percentiles, or >95th percentile
(Fig. 1). The only previous report of using OCT in FD used RNFL
thickness in the bottom 5% of the normal range to identify subjects with ON;(25) we used both this criterion and an alternative,
stricter criterion of <1% in our analyses.

CT evaluation of the optic canal
CT evaluation was performed by a single reader (KP) using Osirix
image analysis software.(27) Three measurements were obtained
from each scan: (i) optic canal cross-sectional area, to assess for
narrowing; (ii) optic nerve length, to assess for traction/stretch;
and (iii) globe displacement, to assess for proptosis, another possible indicator of nerve traction (Fig. 2). CT scans with ≤5 mm
axial slices were reformatted to generate a 3D multiplanar reconstruction (MPR). To assess for canal narrowing, the orthogonal
MPR planes were adjusted to align perpendicular to the optic
canal (Fig. 2A–C). Digital calipers were then used to outline the
narrowest segment of the optic canal from which cross-sectional
area was calculated by the software. Optic nerve length was
USE OF OCT IN OPTIC NEUROPATHY DIAGNOSIS IN FD PATIENTS
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Fig 3. Study ﬂow chart. Seventy subjects were included in the analysis of the diagnostic utility of OCT. Subsets of this cohort were utilized for additional
analyses. FD = ﬁbrous dysplasia; MAS = McCune-Albright syndrome; OCT = optical coherence tomography; CT = computed tomography. aSubjects seen
before 2008 did not undergo OCT evaluation. bTwo children had age-related non-compliance, and 4 adults had incomplete exam data. cPapilledema,
amblyopia, uveitis, red-green color blindness.

measured by tracing the optic nerve from the posterior pole of
the globe to the end of the optic canal in multiple planes using
curved MPR to account for the natural curvature of the optic
nerve (Fig. 2D, E). Globe displacement was measured as the

Table 1. Subject Demographics and Clinical Characteristics
Characteristic
Mean age, years (range)
Sex (F:M)
Optic neuropathy, n (%)
Extra-cranial ﬁbrous dysplasia, n (%)
Mean skeletal burden scorea (range)
Endocrinopathies, n (%)
Growth hormone excess
Precocious puberty
Hypophosphatemia
Hyperthyroidism
Bisphosphonate exposure, n (%)
Mean osteoporosis treatment year
equivalentsb (range)
a

Subjects
(n = 70)
24 (5–66)
43:27
11 (16%)
62 (89%)
30.1 (0.7–75.0)
64 (91%)
24 (38%)
36 (56%)
25 (39%)
29 (45%)
35 (50%)
7.3 (0.5–27)

Skeletal burden scores were determined from Tc-99 m bone scintigraphy scans, which were available for 60 of the 70 patients (Collins et al.(51)).
b
To quantify total bisphosphonate exposure, a cumulative dose was
calculated according to typical osteoporosis treatment (Florenzano
et al.(30)).
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perpendicular length from the inter-zygomatic line to the anterior most aspect of the globe in the axial plane of the lens
(Fig. 2F).

Statistical analysis
Unless otherwise stated, each patient’s ﬁrst neuroophthalmologic evaluation and OCT scan were used. Receiver
operator characteristic (ROC) curve analyses were used to evaluate the ability of average peripapillary RNFL thickness measurements to identify eyes with ON (MedCalc for Windows, version
18.10, MedCalc Software, Ostend, Belgium). In these analyses,
RNFL thickness was considered the index test and clinical diagnosis of ON was the reference standard. The optimal diagnostic
criterion value was determined by Youden index (J). The diagnostic criterion value was ﬁrst determined in a random subset
of eyes and then validated in a second random subset. To evaluate the accuracy of Cirrus HD-OCT normative database percentiles to identify ON, Fisher’s exact tests were performed
(GraphPad Prism version for Windows, GraphPad Software, La
Jolla, CA, USA). In this analysis, each subject’s ﬁrst evaluation in
which a normative comparison percentile was available was
included (available for subjects ≥18 years). ROC curve analyses
were used to compare the ability of RNFL thickness to identify
ON to CT measurements; differences in area under the curve
(AUV) were determined by using the Hanley and McNeil
method.(28,29)
Journal of Bone and Mineral Research
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1
2
3
4
5
6
7
8
9
10
11
12
13
14

Case no.

OD
OS
OS
OD
OS
OS
OS
OD
OD
OD
OS
OD
OD
OS

Eye

5
5
5
7
7
7
8
10
10
12
12
29
24
36

Age

Post-prophylactic OND
Marked disturbance
Marked disturbance
Minor disturbance
Minor disturbance
Post-surgical
Minor disturbance
Marked disturbance
Post-prophylactic OND
Marked disturbance
Post-prophylactic OND
Post-surgical
Marked disturbance
Minor disturbance

Presentation
Therapeutic OND
Pamidronate
Zoledronate
Therapeutic OND
Therapeutic OND
Therapeutic OND
Therapeutic OND

Intervention
23
23
18
17
8
31
8
11
11
31
31
41
53
53

Age (years)
51
58
49
62
65
56
71
58
62
55
58
58
51
55

RNFL
Light perception
20/25
Finger counting
20/20
20/20
20/640
20/20
20/800
20/40
Finger counting
Light perception
20/20
20/25
20/32

Visual acuity
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal
Abnormal

Visual ﬁelds

NIH evaluation

0/16
14/16
0/16
16/16
16/16
0/16
16/16
0/16
5/16
0/16
0/16
16/16
4/16
16/16

Color
0
1.2
0
1.35
1.05
0.45
1.05
0
0.75
0
0
1.95
1.2
1.5

Contrast

Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor
Pallor

Fundus

MAS with GH excess
MAS with GH excess, Proptosis

MFD, Proptosis
MAS with GH excess
MAS, Proptosis
MAS with GH excess, Proptosis
MAS, bone cyst
MAS, Proptosis
MAS with GH excess, Proptosis
MAS, bone cyst

MAS with GH excess, Proptosis

Comments

ON = optic neuropathy; OD = right eye; OS = left eye; OND = optic nerve decompression; FD = ﬁbrous dysplasia; MAS = McCune-Albright syndrome; GH = growth hormone; MFD = monostotic ﬁbrous dysplasia;
NIH=National Institutes of Health.
a
Minor disturbance = presented without visual complaints but gradual visual disturbances apparent on examinations (optic disc pallor, red desaturation, decreased contrast sensitivity, minor visual ﬁeld
defect, etc.)
b
Marked disturbance = presented acutely with chief complaint of signiﬁcant vision loss, signiﬁcant change in visual acuity on examination, or prominent visual ﬁeld defect.
c
Post-surgical/post-prophylactic OND = vision changes developed after surgical intervention involving the orbit and/or optic canal or nearby structures. Prophylactic OND is deﬁned as a procedure intended to
prevent ON in a patient with normal vision. Therapeutic OND is deﬁned as a procedure intended to improve vision in a patient with a clinical diagnosis of ON.

J
K

B
C
D
E
F
G
H
I

A

Subject

a,b,c

Initial presentation

Table 2. Characteristics of Subjects With Craniofacial Fibrous Dysplasia and Optic Neuropathy

Fig 4. Age-related changes in retinal nerve ﬁber layer (RNFL) thickness. Measured RNFL thickness (A, C) and predicted RNFL thickness (B, D) based on statistical models (Supplemental Tables S1 and S2). Cross-sectional analysis (A, B): Subjects with optic neuropathy (ON) (red) exhibited abnormal loss of RNFL
thickness with each additional year of age (−0.71 μm/year) compared with subjects with normal vision (green) (−0.12 μm/year). Longitudinal analysis (C,
D): In subjects with normal vision (green), RNFL thickness increased during childhood and adolescents and then decreased in adulthood. Subjects with ON
(red) exhibit early loss of RNFL that stabilizes in adulthood. Representative cases (E, F): Subject D and subject F (Table 2) had history of bilateral normal
vision (green) but developed unilateral ON (red). Compared with their healthy right eyes (OD), both patients exhibited a steady decrease in RNFL in their
affected left eyes (OS).

The relationship between RNFL thickness and age was analyzed cross-sectionally. A repeated measures linear regression
model was ﬁtted using generalized estimating equation methodology to account for the within-subject correlation between
bilateral eyes (unstructured correlation structure and robust variance estimates) (IBM SPSS Statistics Subscription for Windows,
IBM Corp., Armonk, NY, USA). For subjects with longitudinal data,
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we used a generalized mixed-effects model to account for serial
neuro-ophthalmologic exams/OCTs and intra-subject correlation, with an unstructured covariance structure for inter- and
intra-subject random intercepts (IBM SPSS Statistics Subscription
for Windows, IBM Corp.). The models assessed differences
between subjects with and without ON, as well as the effects of
FD encasement of the optic canal, MAS-related
Journal of Bone and Mineral Research

Fig 5. Receiver-operator characteristic (ROC) curve analyses: Evaluating the diagnostic performance of OCT and radiographic measurements. ROC curve
of: (A) average peripapillary retinal nerve ﬁber layer (RNFL) thickness and (B) radiographic measurements (optic canal cross-sectional area, optic nerve
length, and globe displacement). (C) Dot diagram of random subset 1: All values between RNFL thickness ≤65 μm to ≤71 μm (between blue lines) yielded
the same Youden index (J = 0.99, 95% CI 0.91 to 1.00) with sensitivity and speciﬁcity of 100.0% (95% CI 59.0% to 100.0%) and 98.6% (95% CI 92.2% to
100.0%), respectively. (D) Dot diagram of random subset 2: Diagnostic criterion of RNFL thickness ≤71 μm (blue line) yielded the highest Youden index
(J = 0.95, 95% CI 0.82 to 1.00) with sensitivity of 100.0% (95% CI 59.0 to 100.0) and speciﬁcity of 94.7% (95% CI 85.4% to 98.9%).

endocrinopathies (growth-hormone excess, precocious puberty,
hyperthyroidism, and hypophosphatemia), and orbital/OND surgery. Bisphosphonates have not been demonstrated to improve
clinical outcomes in FD; however, they are frequently prescribed
in an attempt to prevent ON and other FD-related complications.
Bisphosphonate exposure was therefore also included as a
parameter in the regression model.

Results
Subjects
A total of 175 subjects enrolled in the NIH natural history study
were ineligible for inclusion because they did not have craniofacial FD (n = 30) or they were seen before 2008 (n = 95), before
OCT was incorporated into the standard neuro-ophthalmologic
Journal of Bone and Mineral Research

examination at NIH. All subjects with craniofacial FD evaluated
after 2008, who therefore had at least one OCT, were screened
for inclusion (Fig. 3). Two pediatric subjects were excluded
because of inadequate OCT scans with signiﬁcant artifact secondary to age-related test non-compliance, and 4 adult subjects
were excluded because of incomplete exam data. Fifteen subjects were excluded because of confounding ophthalmologic
diagnoses (papilledema n = 5; glaucoma n = 1; amblyopia
n = 2; uveitis n = 2; and red-green color blindness n = 5). Overall,
70 subjects met inclusion criteria (Fig. 3). General demographics
and clinical characteristics of the study cohort are shown in
Table 1. Most patients had MAS-related endocrinopathies.
Bisphosphonate treatments were given primarily outside of
NIH by local clinicians; regimens were therefore individualized
and varied for each subject. To evaluate overall bisphosphonate
exposure, each individual’s cumulative dose was quantiﬁed
USE OF OCT IN OPTIC NEUROPATHY DIAGNOSIS IN FD PATIENTS
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according to typical treatment of osteoporosis, determined as an
osteoporosis equivalent treatment year, according to previously
published methodology.(30)

Neuro-ophthalmologic examination
At the NIH evaluation, 11 of the 70 subjects (16%) had abnormal
neuro-ophthalmologic exam ﬁndings consistent with ON
(Table 2, subjects A–K). Ten subjects with ON had MAS endocrinopathies, including 6 with growth hormone excess. Two subjects had stable, chronic bone cysts abutting the optic canal
and 7 had proptosis. Three subjects had bilateral involvement,
resulting in a total of 14 cases of ON out of 140 eyes (10%)
(Table 2, cases 1–14). In all cases of ON, FD surrounded the optic
canal, encasing the optic nerve. On neuro-ophthalmologic exam,
all cases demonstrated visual ﬁeld defects and optic disc pallor.
Visual ﬁeld mean deviation correlated with RNFL thickness
(Supplemental Fig. S1). Eleven cases (79%) had decreased contrast sensitivity (Pelli-Robson ≤1.2 log units). Interestingly, 7 cases
(50%) had normal visual acuity (>20/40), and 6 (43%) had normal
color vision (>12/16 Ishihara plates).
In 11 of the 14 cases of ON (79%) (Table 2, cases 1–11), the initial presentation of visual disturbances occurred during childhood or adolescence (<18 years of age). In contrast, visual
disturbances were reported during adulthood (≥18 years of
age) in only 3 cases (12–14). In 9 of the cases (64%) (Table 2, cases
2–8, 10, 13, 14), vision changes occurred spontaneously without
any clear provocation. However, in 4 cases (36%) (Table 2, cases
1, 9, 11–12), vision changes ﬁrst occurred after surgical procedures. In cases 1, 9, and 11, vision loss occurred after prophylactic
OND procedures. In cases 1 and 11, vision changes were
observed acutely, during the immediate postoperative period.
Conversely, in case 9, vision remained intact throughout the
immediate postoperative period; vision loss was reported
4 years later, at which time an unsuccessful therapeutic decompression was performed. In case 12, vision changes occurred
acutely after a debulking procedure involving the frontal bone.
Of the 9 cases that did not occur in relationship to surgical
intervention (Table 2, cases 2–8, 10, 13, 14), 5 were managed
expectantly and 4 underwent therapeutic decompression procedures. Three of the therapeutic decompression surgeries were
successful (cases 2, 13, 14), resulting in improvement of symptoms and partial restoration of vision. Two of the nonsurgical
cases (4–5) were treated with bisphosphonates after ON diagnoses. Case 5 was treated with zoledronate (0.05 mg/kg every
6 months). Over an 18-month follow-up period, mild disease
progression (worsening contrast vision and visual ﬁeld deﬁcits)
was observed during the ﬁrst 12 months but then stabilized for
the last 6 months; however, the patient’s RNFL thickness continued to decrease (Fig. 4E). In case 4, ON was diagnosed during a
comprehensive FD/MAS evaluation at NIH. At that time, pamidronate (1 mg/kg every 3 months) was started for bone pain;
treatment was continued for 2 years. The patient’s vision
remained clinically stable for over a 10-year follow-up period.
None of the unprovoked cases (2–8, 10, 13, 14) had history of
bisphosphonate exposure before vision loss.

Diagnostic performance of RNFL thickness
ROC curves were calculated to assess the ability of average peripapillary RNFL thickness to detect ON in craniofacial FD (Fig. 5A).
RNFL thickness performed extremely well as a single diagnostic
test (area under the curve [AUC] = 0.997, 95% conﬁdence interval
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[CI] 0.97 to 1.00, p < 0.0001). Because of the heterogenous nature
of FD, in which one side of the cranium can be affected and the
other spared, both eyes from each subject were included
(n = 140). However, to account for potential intra-subject correlation, separate ROC curves were also generated for right and left
eyes, which showed no difference in the AUC (difference in
AUC = 0.001, 95% CI −0.011 to 0.013, p > 0.05).
To determine the optimal diagnostic criterion in these
patients, ROC curve analysis was performed on a subset of randomly selected eyes (n = 76, AUC = 0.998, 95% CI 0.95 to 1.00,
p < 0.0001). Based on Youden index (J) of 0.99 (95% CI 0.91 to
1.00), the optimal threshold for diagnosis of ON was RNFL thickness ≤65 μm, with a sensitivity and speciﬁcity of 100.0% (95%
CI 59.0% to 100.0%) and 98.6%, (95% CI 92.2% to 100.0%),
respectively. All criterion values from ≤65 μm to ≤71 μm yielded
the same sensitivity and speciﬁcity (Fig. 5C). These potential criterion values were validated using the remaining random subset
of eyes (n = 64, AUC = 0.995, 95% CI 0.93 to 1.00, p < 0.0001). In
this group, the criterion value of RNFL thickness ≤65 μm yielded
a sensitivity of 85.7% (95% CI 42.1% to 99.6%) and speciﬁcity of
100.0% (95% CI 93.7% to 100.0%). However, the criterion value
of ≤71 μm yielded a sensitivity of 100.0% (95% CI 59.0 to 100.0)
and speciﬁcity of 94.7% (95% CI 85.4% to 98.9%) and demonstrated the highest Youden index (J = 0.95, 95% CI 0.82 to 1.00)
(Fig. 5D).
We assessed the association of the Cirrus HD-OCT ageadjusted normative percentiles (available for patients age
≥18 years) with ON status. A subset of 41 subjects had at least
one evaluation in which a normative comparison percentile
was available (Fig. 3). Of the 82 eyes included in this analysis,
9 had ON and 73 had normal vision. Using the bottom 5% of
the normative range (<1st percentile and 1st to 5th percentile
designations) to identify ON yielded a sensitivity of 100.0%
(95% CI 70.1 to 100.0) and speciﬁcity of 83.6% (95% CI 73.4 to
90.3) (Fisher’s exact test p < 0.0001). When we used the bottom
1% of the normal range (<1st percentile designation) as the diagnostic criterion, we found sensitivity and speciﬁcity of 100.0%
(95% CI 70.1% to 100%) and 97.3% (95% CI 90.6 to 99.5), respectively (Fisher’s exact test p < 0.0001).

Diagnostic performance of computed tomography
measurements
Concurrent computed tomography scans (within 1 year of the
neuro-ophthalmologic examination) were available for 48 subjects who had no history of orbital surgery or OND (Fig. 3). The
association of optic canal cross-sectional area, optic nerve
length, and globe displacement with ON status was evaluated
by using ROC curves (Fig. 5B). Optic canal cross-sectional area
was the only radiographic measurement associated with ON
(AUC = 0.94, 95% CI 0.87 to 0.98; p < 0.0001). The optimal criterion for ON was area ≤10.85 mm2, with a sensitivity and speciﬁcity of 100.0% (95% CI 39.8% to 100.0%) and 88.0% (95% CI 79.6%
to 93.9%), respectively (J = 0.88, 95% CI 0.72 to 0.95). When comparing the association of average RNFL thickness, optic canal
cross-sectional area, optic nerve length, and globe displacement
with ON status, RNFL thickness had the strongest association,
with signiﬁcantly greater AUC than optic canal cross-sectional
area (difference in AUC = 0.05, 95% CI 0.001 to 0.09, p < 0.05),
optic nerve length (difference in AUC = 0.23, 95% CI 0.03 to
0.43, p < 0.05), and globe displacement (difference in AUC = 0.41,
95% CI 0.27 to 0.54, p < 0.0001).
Journal of Bone and Mineral Research

Change in RNFL thickness
The relationship between RNFL and age was evaluated crosssectionally and longitudinally (Fig. 4), assessing for differences
between subjects with and without ON. When assessed crosssectionally (Supplemental Table S1), RNFL thickness was
0.16 μm lower for each additional year of age (95% CI −0.60 to
0.27; p < 0.05) in subjects with normal vision; subjects with ON
exhibited a larger decrease of 0.70 μm for each additional year
of age (95% CI −1.07 to −0.32; p < 0.001) (Fig. 4A, B). Growth hormone excess was the only factor that had a signiﬁcant effect on
RNFL thickness; RNFL was 7.66 μm thicker in patients with
growth hormone excess (95% CI 1.72 to 13.60, p < 0.05).
Serial examinations were available for 26 subjects (total
OCTs = 91, mean 3 OCTs per subject, range 2 to 6) (Fig. 3). When
examined longitudinally (Supplemental Table S2), patients with
normal vision initially exhibited an increase in RNFL thickness
during childhood and adolescence (rate 1.30 μm/year, 95% CI
−0.95 to 3.55, p < 0.001), which then subtly decreased after the
second decade of life and throughout adulthood (change in
rate −0.03 μm/year2, 95% CI −0.05 to −0.01, p < 0.05). In contrast, subjects with ON demonstrated a decrease in RNFL thickness during childhood and adolescence (rate −3.62 μm/year,
95% CI −5.71 to −1.54, p < 0.001), which slowed over time
(change in rate 0.06 μm/year2, 95% CI 0.01 to 0.11, p < 0.05)
(Fig. 4C, D).

Discussion
Findings from this study demonstrate that OCT measurement of
average peripapillary RNFL thickness was a promising biomarker
for identifying ON in this FD/MAS population. In our cohort, a
diagnostic threshold of RNFL thickness ≤71 μm exhibited high
sensitivity and speciﬁcity for ON. Importantly, this criterion was
applicable to pediatric patients, who often present a diagnostic
challenge because of the lack of readily available normative data.
In addition, this study provides valuable information for monitoring disease progression. After an increase from childhood
through puberty, RNFL thickness decreased with age in patients
with normal vision. In contrast, subjects with ON demonstrated
an early decrease in RNFL thickness during childhood. Therefore,
before the second decade, either unchanged or decreasing RFNL
thickness may suggest the development of ON and the need for
more frequent assessment, and/or potentially the need for OND.
These ﬁndings may enable clinicians to better monitor patients
over time and help to identify those with abnormal loss who
may be at higher risk of developing ON, especially in the pediatric population.
Recently, Loewenstern and colleagues examined the utility of
OCT to identify and monitor ON in 6 patients with anterior skull
base FD.(25) In this cohort, 2 patients with clinically evident unilateral ON had RNFL thickness in the bottom 5% of the ageadjusted normal range. The authors concluded that OCT was
able to identify ON using this diagnostic criterion; however, they
were unable to demonstrate statistical signiﬁcance, which they
attributed to limitations in sample size. In the current study, we
were able to expand and validate this assertion by examining
OCT ﬁndings in a larger cohort. The criterion of RNFL thickness
in the bottom 5% of the normal range proposed by Loewenstern
and colleagues yielded high sensitivity for ON in this data set but
carried an unacceptably high false positive rate of 16.4%. When
we applied the more stringent criterion of RNFL thickness in
the bottom 1% of the normal range, the speciﬁcity of the test
Journal of Bone and Mineral Research

improved, yielding a much lower false positive rate of only
2.7%. However, a critical limitation of the Cirrus-HD OCT and
other devices is lack of pediatric normative data. Therefore,
establishing diagnostic criteria based on normative percentiles
neglects the pediatric population, who may be at higher risk
for developing ON because of higher degree of FD activity during childhood.(31) Indeed, the majority of the affected patients
in our cohort ﬁrst experienced vision changes during childhood.
We performed ROC curve analysis to identify a potential range of
cut-off values of RNFL thickness below which would indicate
ON. We found that using a threshold of ≤71 μm to identify ON
was highly sensitive and speciﬁc, with a false positive rate
of 5.3%.
Historically, clinicians have relied on radiographic evidence of
FD optic nerve encasement and canal narrowing to identify atrisk patients and monitor disease progression.(14) However, in
the current study, we demonstrated that computed tomography
measurement of optic canal cross-sectional area is a suboptimal
indicator for ON, carrying a false positive rate as high as 12%. We
also evaluated computed tomography measurements of optic
nerve length and globe displacement to assess for nerve elongation/stretch, another proposed mechanism of ON that has been
implicated in various diseases;(32–34) however, neither measurement was associated with ON in FD. Overall, in this data set,
OCT measurement of RNFL thickness was more strongly associated with ON than all computed tomography measurements.
OCT can assess for multiple causes of ON because thinning of
the RNFL is indicative of axonal loss and atrophy of the nerve, a
universal feature of ON, independent of etiology. Therefore,
OCT is a superior imaging modality that can also be used to monitor patients with ON secondary to ischemic or thermal damage
related to OND surgery. Furthermore, although not evaluated in
this study, monitoring RNFL thickness may be particularly useful
for identifying ON in patients with increased intracranial pressure secondary to bony expansion or cerebellar tonsil herniation.(35) This group may initially present with papilledema and
increased RNFL thickness but later exhibit RNFL thinning and
ON. Further investigation of papilledema as a potential complication of FD is needed. A similar presentation and clinical course
may be observed in patients with ON secondary to rapidly
expanding, compressive mass lesions. In the acute setting,
patients present with mono-ocular blindness with normal fundoscopic exams or evidence of optic disc edema due to obstruction
of venous outﬂow. However, over time optic disc atrophy and
RNFL thinning may develop, representing irreversible nerve
damage. Finally, OCT examination of the retinal ganglion cell
layer (GCL) may be another useful diagnostic and prognostic test
in this population, with the potential to detect retinal damage
before onset of RNFL thinning.(36)
After establishing the strength of the association of RNFL
thickness with ON, an aim of this study was to assess its potential
to identify at-risk patients before clinically evident vision loss,
possibly allowing for preventative intervention. We were able
to establish the natural history of RNFL thickness in FD patients
with normal vision and compare these ﬁndings to those with
ON. Patients who had ON exhibited a rapid rate of decline in
RNFL thickness compared with FD patients with normal vision,
who lost RNFL thickness with age at a rate similar to that of the
normal population.(37–42) The most notable difference was
observed in children and adolescents with normal vision, who
had an initial increase in RNFL thickness during periods of
growth and puberty; in these patients, thinning was not
observed until the third decade of life, in contrast to the
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experience of subjects with ON, who exhibited early loss. These
data suggest that any decline in RNFL thickness in children and
adolescents may be an indicator of impending ON and should
be monitored closely for development of visual changes. Unfortunately, only 2 of the 11 subjects with ON had OCT evaluations
before the development of vision loss; therefore, we did not have
the statistical power to test for the ability of RNFL thinning to predict the development of ON. However, these 2 cases still demonstrate the great potential of monitoring RNFL thickness to
predict risk (Fig. 4E, F). At their ﬁrst evaluations, both subjects
had normal vision bilaterally, but by their second evaluation both
developed unilateral vision loss and were diagnosed with
ON. Although the RNFL thickness remained stable in their right
eyes (OD) throughout the follow-up period, we observed a consistent decrease in RNFL thickness in their diseased left eyes
(OS) (Fig. 4E, F), consistent with the patterns of RNFL thinning
demonstrated in the larger cohort analyses (Fig. 4A–D). Therefore, monitoring changes in RNFL over time appears to have
the potential to be a useful tool to distinguish at-risk patients,
but further studies are needed to conﬁrm these ﬁndings.
Interestingly, we found that subjects with growth hormone
excess tended to have increased RNFL thickness. Previous studies have demonstrated that acromegalic patients with macroadenomas have decreased RNFL thickness due to chiasmal
compression.(43–45) However, Yazgan and colleagues recently
showed that acromegalic patients without macroadenomas
have increased RNFL thickness, suggesting growth hormone
excess has a protective effect on the neural retinal layers in the
absence of compression. However, untreated growth hormone
excess is an established risk factor of ON in FD/MAS,(11) which
may be due to stretch/traction of the optic nerve in the setting
of macrocephaly, or compression of the nerve or chiasm by
expanded FD or macroadenomas, respectively. Although
patients with MAS have somatolactotroph hyperplasia, few
develop macroadenomas, especially if intervention is initiated
early.(46) In our cohort, most patients were well controlled with
medical therapy, which may explain why we observe increased
RNFL thickness; furthermore, this may be why CT measurement
of optic nerve length failed to correlate to optic neuropathy in
this cohort.
Clear indications for surgery are limited because of the lack
of controlled surgical outcome data and long-term follow-up.
Studies evaluating compressive injuries secondary to pituitary
adenomas have demonstrated that prognosis for postsurgical restoration of visual function is better in patients
who have greater RNFL thickness at the time of intervention,
highlighting the importance of early diagnosis and intervention.(20,47) Therefore, in addition to acute marked vision loss,
rapid RNFL loss in patients with minor to moderate vision
changes may be another indication for invention in order to
optimize the likelihood of vision recovery. However, the risk
of postoperative blindness should be stressed, and surgery
should be reserved for patients whose vision loss signiﬁcantly
impacts their quality of life.
Bisphosphonate treatment in FD is controversial. Although
open-label studies suggest they may be effective for pain, they
have not been found to prevent fractures, FD expansion, or progressive deformities.(30,35,48–50) In this study, no relationship was
found between bisphosphonate treatment and RNFL thickness,
suggesting bisphosphonates are unlikely to be beneﬁcial in preventing ON. However additional longitudinal studies using consistent dosing regimens are needed to clearly deﬁne the role of
bisphosphonate treatment in FD.
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A limitation of this study was the relatively small sample size
compared with studies of more common diseases. However,
despite the rarity of FD/MAS, this is by far the largest cohort with
combined vision and radiographic assessments studied to date.
In addition, there are limitations to OCT as a technique. The segmentation software that identiﬁes and measures the retinal
layers cannot accurately account for certain anatomical variations, resulting in artifacts and inaccurate results. Patients with
papilledema were excluded from our study for this reason,
despite being an important potential cause of ON. In addition,
the software is periodically updated, and changes in the segmentation algorithms may potentially affect the comparability
of measurements. Another limitation of this study is the retrospective nature of the analyses. The power of the study was limited by the low incidence of ON, resulting in few subjects with
data at the time of initial vision changes before intervention.
Although these results suggest that RNFL thickness may be a
useful tool to identify young patients at risk for developing optic
neuropathy, a prospective study including OCT data from subjects with normal vision initially who later developed ON is
required to deﬁnitively determine the prognostic signiﬁcance
of changes in RNFL. Future studies with multiple data points
per patient will be required to prospectively evaluate. Because
patients were seen at a tertiary referral center, there was likely
a selection bias favoring more severe disease; however, the
inclusion of severely affected patients allowed for statistical evaluation of clinical assessments that has not previously been possible in smaller and less affected cohorts. Furthermore, the
ﬁndings from this study may have important clinical implications
for a highly morbid complication of FD with signiﬁcant effects on
quality of life.
In conclusion, there is a critical need for better diagnostic and
monitoring tools to accurately diagnose ON in patients with FD
and to identify those at risk in order to prevent vision loss as well
as unnecessary interventions with high morbidity. Measurement
of RNFL thickness accurately identiﬁed ON in this group of
patients with FD and can be used to monitor for optic nerve
damage in both pediatric and adult patients. RNFL thickness
was a better indicator of ON than computed tomography measurements of optic canal stenosis and optic nerve stretch. However, RNFL thickness is a single component of the neuroophthalmologic examination and should always be considered
within the entire clinical context before surgical intervention.
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