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Abstract

The aim of this study was to investigate extraocular muscle (EOM) volume and cross-sec-
tional area using computed tomography (CT), and to determine the relationship between
EOM size and the vertical angle of deviation in thyroid eye disease (TED). Twenty-nine
TED patients (58 orbits) with vertical strabismus were enrolled in the study. All patients
underwent complete ophthalmic examination including prism, alternate cover, and Krimsky
tests. Orbital CT scans were also performed on each patient. Digital image analysis was
used to quantify superior rectus (SR) and inferior rectus (IR) muscle cross-sectional areas
and volumes. Measurements were compared with those of controls. The correlation
between muscle size and degree of vertical angle deviation was evaluated. The mean verti-
cal angle of deviation was 26.2 + 4.1 prism diopters. The TED group had a greater maxi-
mum cross-sectional area and EOM volume in the SR and IR than the control group (all
p<0.001). Area and volume of the IR were correlated with the angle of deviation, but the SR
alone did not show a significant correlation. The maximum cross-sectional area and volume
of [Right IR + Left SR — Right SR — Left IR] was strongly correlated with the vertical angle of
deviation (P<0.001). Quantitative CT of the orbit with evaluation of the area and volume of
EOMSs may be helpful in anticipating and monitoring vertical strabismus in TED patients.

Introduction

Thyroid eye disease (TED), also called Graves’ orbitopathy, is considered as an autoimmune
disease characterized by lymphocytic infiltration of the retrobulbar tissues, including the extra-
ocular muscles (EOMs). After the inflammatory phase, fibrosis of these tissues replaces inflam-
mation. As a result, magnetic resonance imaging or computed tomography (CT) scans reveal
EOM enlargement in nearly 70% of adult patients with TED [1]. Enlargement of the inferior
rectus (IR) and medial rectus (MR) muscles, which are most often involved, result in vertical
strabismus. [2].
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Restricted EOM motility and strabismus in TED is a common condition resulting from
fatty and fibrotic changes due to cell-mediated and humoral immune processes. Most patients
undergo spontaneous remission of the active phase of TED within years. However, despite of
the remission, the resultant fibrosis and fat expansion typically persist [3]. Previous studies
have shown an association between muscle fibrosis and restriction in ocular motility [3, 4].
Regarding inconsistency in the angle of deviation, one of the most challenging aspects of thy-
roid disease is evaluating and monitoring restrictive strabismus.

Various imaging techniques have been used to evaluate morphological and structural
changes of EOMs in TED. Since the introduction of CT for the examination of EOM enlarge-
ment in patients with TED [5, 6], it has become a useful technique to assess restriction in ocular
motility. CT provides rapid and accurate visualization of orbital structures and muscle volume
investigation with CT has proven useful as a tool in diagnosis, prognosis, and follow-up in
TED patients [4, 7-9].

Several studies have shown an association between muscle enlargement on CT and clinical
evidence of restriction in ocular motility [4, 10-13]. Hallin and associates reported that muscle
area and total muscle volume were highly correlated with clinical signs including the limitation
of ocular motility and optic nerve involvement [4]. Chen et al. established a significant relation-
ship between the width of the IR muscle and limitation of supraduction in patients with TED
[10]. Although restrictive strabismus triggered due to impaired ocular motility can easily be
observed in TED, to the best of our knowledge, no consensus exists regarding the quantifica-
tion of strabismus using CT-based determination of EOM size.

Therefore, the purpose of this study was to examine the significance of EOM enlargement
as established by CT-based size determination and to evaluate the relationship between EOM
size and angle of deviation in stable TED. To simplify the analysis, only the relationship
between vertical strabismus and vertically-placed EOMs was established in this study.

Methods

This study was a hospital-based retrospective observational study of patients who were exam-
ined at Samsung Medical Center by a single clinician (S.0.) between March 2011 and June
2013. This study was approved by the ethics committee of Samsung Medical Center Institu-
tional Review Board, and followed the tenets of the Declaration of Helsinki.

We recruited all patients who were diagnosed with TED with vertical strabismus over 8
prism diopters (PD). All subjects underwent complete ophthalmic examination. The angle of
deviation was measured in PD using the alternate prism and cover test (APCT) with fixation at
33 cm and 6 m. The Krimsky reflex method was also used in patients whose ocular motility
was restricted more than -2 grades of limitation, as described by Feldon and colleagues [14].
We instructed each patient to focus on a target 33 cm away and applied a prism over the
patient’s dominant eye with a light source. When the corneal light reflection was located at the
center of each cornea, we measured the angle of deviation. Only patients who had undergone
ophthalmologic examination within 1 month of CT imaging were included in the study.
Patients were excluded if they had a history of strabismus surgery, cranial nerve palsy, inflam-
matory conditions such as pseudotumor and myositis, any orbital mass, or a systemic disease
such as myasthenia gravis or chronic progressive external ophthalmoplegia. Subjects with con-
traindications to CT scanning were also excluded. Patient records were anonymized and de-
identified prior to analysis.

The state of TED—active or stable—was recorded by the oculoplasty specialist at the time of
clinical evaluation. Active TED was defined by the presence of a change in clinical examination
since the prior exam, or by signs of inflammation including pain on eye movement, chemosis,
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or fluctuating eyelid edema/erythema. Stable TED was diagnosed when there was neither
change in clinical examination nor findings of inflammation over a 6-month period. All
patients were euthyroid and had been stable for longer than 6 months before surgery. To mini-
mize the time course of changes in the muscles, only stable TED patients with a vertical angle
of deviation were included in this study.

To establish normal EOM values, we included an age-matched control group of 10 normal,
orthotropic volunteers with a mean age of 55.0 + 10.7 years (range, 47 to 67 years), of which
four were male and 6 female. Each control underwent ophthalmologic examination to verify
normal visual acuity, ocular motility, and ocular anatomy. None had undergone any prior ocu-
lar surgery except for cataract surgery.

Measurement methods

Sequences of CT slides were obtained in 3-mm-thick coronal, continuous sections using a
multi slice spiral CT scanner (Mx8000 IDT; Philips, Eindhoven, The Netherlands). The 3-mm
coronal CT slabs were reformatted from contiguous axial slices of the orbit, which includes the
space between the interzygomatic line and the orbital apex. A soft tissue window (grayscale)
setting was used to differentiate orbital muscle, fat, and bone tissue. Orbital soft tissue thresh-
olds were set at 30 to 100 Hounsfield units (HU) for muscle tissue. A digital image CT viewer
and Hypersnap™ 6 (Hyperionics Technology, Murrysville PA, USA) were used to capture the
CT images (Fig 1). Image analysis was similar to published methods [15, 16]. Every digital CT
image was converted to 8-bit tagged image file format (TIFF) with locally developed software.
For accurate measurement, quantitative estimation of EOM size was performed manually with
the Image ] program (National Institutes of Health, Rockville Pike, Bethesda, MD, USA). An
equal scaling index was included in every CT image, and a consistent method of measurement
of EOM size was used to avoid possible measurement errors. We performed manual outlining
of the superior rectus (SR) and inferior rectus (IR) at the primary gaze position with a tablet
monitor, and area calculation was automatically performed in Image J. The maximum value of
the vertical EOMs in each subject was used for analysis.

Two independent observers (J.L., K.B.), who were blinded to clinical strabismus measure-
ments, obtained every measurement twice to ensure data consistency, and the mean of the
two measurements was recorded. Inter-observer reproducibility was evaluated based on the
intraclass correlation coefficient (ICC). The intra-observer ICC value was also calculated after
analysis.

Area and volume calculation methods

EOM area was measured anteriorly and posteriorly from the maximum cross-sectional area
(MCA). Among the sequences of CT image slides, the section with the maximum value was
selected as the MCA using the calculated values of SR and IR area. Five anterior and four poste-
rior sections from the MCA were used to estimate the EOM volume (Fig 2. S1: anterior section
—S10: posterior section). We assumed linear interpolation of the data over the slice gap. There-
fore, the volume, V, for each muscle was estimated using the formula

N-1 S S
Z +
V — SG n n+1
n=1 2

where Sg is the slice gap, N is the total number of slices upon which areas were measured for
that muscle, and S,, is the muscle area of slice n.
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Fig 1. Contrast CT image and schematic drawing of the coronal plane orbit. (a) Contrast CT image through the mid-left orbit in a patient with mild TED.
The superior rectus muscle (SR) can be distinguished from the superior ophthalmic vein and the levator palpebrae. (b) Schematic drawing of the coronal
plane orbit. The area of the IR appears significantly larger than the area of the SR.

doi:10.1371/journal.pone.0148167.g001

Data analysis

We evaluated trends in vertical strabismus versus various combinations of bilateral SR and IR
muscle values. To standardize vertical strabismus, the angle of deviation was defined relative to
the right eye. If the right eye was higher, then a positive angle was assigned; if the right eye was
lower, then a negative angle was assigned.

We evaluated correlations between the vertical angle of deviation and combinations of
EOM area and volume. Variation was determined as varied combination considering the recip-
rocal action of the EOM on vertical strabismus. Thus, the right SR (RSR), right IR (RIR), left
SR (LSR), left IR (LIR), [RSR + LIR], [RIR + LSR], [RSR—RIR], [LSR—LIR], and [(RSR+LIR)-
(RIR+LSR)] were all evaluated. We used both the maximum cross-sectional area and the EOM
volume for analysis. We determined the mean area and the standard deviation for each muscle.
The normative average from the control group was compared with the average muscle areas in
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Fig 2. (A) Serial mean cross-sectional areas of the inferior rectus muscle (mm?). (B) Serial mean cross-sectional areas of the superior rectus muscle (mm?).

doi:10.1371/journal.pone.0148167.9002
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our study cohort using paired t tests. We deduced correlations using the linear regression anal-
ysis method with Bonferroni correction. All statistical analyses in this study were done using
SPSS 18 for Windows (SPSS, Chicago, IL, USA). Inter-observer variability and intra-observer
repeatability were analyzed using the intraclass correlation coefficient (ICC). A p value less
than 0.05 was considered significant.

Results

We enrolled 29 TED patients including 14 females and 15 males in this study. The mean age
was 54.1 + 11.4 years (range, 27 to 74 years). Total duration of TED was 56.93+45.25 months
(range, 18 to 180 months). The mean vertical angle of deviation was 26.2 + 14.1 PD (range, 8 to
65 PD).16 patients (55.2%) were treated with steroid, and 6 patients (20.7%) were treated with
radiation therapy. No patient had surgical decompression.

Average values and ranges for the areas of the SR and IR in TED patients and normal con-
trol patients are shown in Table 1. The mean maximum area and EOM volume of the IR were
significantly larger than the SR in both the TED group and the control group (P<0.05). The
TED group had a significantly larger maximum EOM area than the control group; mean values
of maximum EOM area were 37.5 + 15.7 mm” for the SR and 56.9 + 26.2 mm” for the IR in
TED patients. Compared with the control group, these average areas exceeded the upper
limit of the normal range. Mean volume estimates were 681.9 + 244.9 mm” for the SR and
949.5 + 349.6 mm” for the IR in TED patients (Table 2). The EOM volume was greater than
the control group for both the SR and IR, and was more significant.

Negative hypertropia (NHT) was observed in 17 patients and positive hypertropia (PHT)
was observed in 12 patients. The mean angle of deviation was 26.4 PD in PHT (range, 15 to 50
PD), and 26.0 PD in NHT (range, 8 to 65 PD). There was a significant correlation between ver-
tical strabismus and the value of RIR, LIR, [RIR + LSR], [RSR—RIR], [LSR—LIR] and [(RSR
+LIR)-(RIR+LSR)] in both maximum area and volume (Table 3).

Table 1. Average maximal muscle areas (mm?) of thyroid eye disease (TED) patients versus normal
control patients.

Extraocular muscle TED Control group P-value
RSR 36.4 (17.6-80.0) 27.0 (20.6-36.2) 0.04
RIR 56.3 (26.3—-147.4) 35.1 (25.3-47.8) <0.01
LSR 38.9 (20.1-79.6) 27.5 (21.8-36.6) 0.03
LIR 57.4 (22.0-130.5) 35.7 (26.1-44.1) <0.01

RSR, right superior rectus; RIR, right inferior rectus; LSR, left superior rectus; LIR, left inferior rectus.

doi:10.1371/journal.pone.0148167.1001

Table 2. Average muscle volume (mm?) of thyroid eye disease (TED) patients versus normal control
patients.

Extraocular muscle TED Control group P-value
RSR 669.9 (360.7-1387.6) 471.7 (356.7-586.6) <0.01
RIR 919.8 (490.2-1972.8) 601.7 (504.2-739.9) <0.01
LSR 693.9 (376.5-1446.0) 494.0 (397.9-661.2) <0.01
LIR 979.2 (455.3-1863.7) 604.4 (517.0-703.7) <0.01

RSR, right superior rectus; RIR, right inferior rectus; LSR, left superior rectus; LIR, left inferior rectus.

doi:10.1371/journal.pone.0148167.t002
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Table 3. Correlation between vertical strabismus and extraocular muscle size (maximum cross sec-
tion area, volume) of thyroid eye disease patients.

Maximum cross section Volume (mm?%)
area (mm?)

Variable R-square p value R-square p value
RSR 0.03 1.00 0.05 1.00
LSR 0.05 1.00 0.02 1.00
RIR 0.46 <0.01 0.37 <0.01

LIR 0.27 0.04 0.25 0.05
RSR+LIR 0.20 0.21 0.20 0.21
RIR+LSR 0.44 <0.01 0.32 0.02
RSR—RIR 0.42 <0.01 0.41 <0.01
LSR—LIR 0.37 <0.01 0.45 <0.01

(RSR+LIR)-(RIR+LSR) 0.66 <0.01 0.65 <0.01

RSR, right superior rectus; RIR, right inferior rectus; LSR, left superior rectus; LIR, left inferior rectus.

doi:10.1371/journal.pone.0148167.t003

The maximum cross-sectional area of [(RSR+LIR)-(RIR+LSR)], which had the most signifi-
cant correlation with vertical strabismus, has a regression equation that can be derived as follows:

Vertical angle of deviation (PD) = 0.62 x [(RSR 4 LIR) — (RIR + LSR)] — 3.05

Therefore, for each 1 mm? increase in [(RSR+LIR)-(RIR+LSR)], the vertical angle of devia-
tion increases by 0.62 PD, with an intercept of -3.05.

The P-value of the linear regression analysis was <0.001, which indicated strong predictive
power. The maximum cross sectional area and volume of [(RSR+LIR)-(RIR+LSR)] were
graphed with trend lines (Fig 3).

The intra-examiner reproducibility values were 0.824 and inter-examiner reproducibility
values were 0.881. The intra- and inter-examiner ICC reproducibility for the area and the vol-
ume calculation of muscles all exceeded 0.75 (excellent).

A B

. Angle
Area Volume
-100 -1500 -1000
L] L]
L] L]
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Fig 3. Trend lines between EOM and the vertical angle of deviation for [[RSR+LIR)-(RIR+LSR)] (A, maximum cross-sectional area; B, volume).

doi:10.1371/journal.pone.0148167.9003
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Discussion

Strabismus in TED patients is distinct from idiopathic strabismus, and is characterized as
restrictive strabismus due to EOM fibrosis. In TED, reversible inflammation can result in
decreased EOM size and improvements in the angle of deviation, but these improvements
often do not return to normal [3]. In the stable phase, atrophy and fibrosis of muscle fibers are
evident, and fibrous strands extend into adjacent adipose tissues [17]. Fibrosis in stable TED
often leads to greater restriction than in the active phase, where fibrosis is incomplete [3]. This
finding suggests that the cause of the angle of vertical deviation may be the fibrotic enlargement
of EOMs.

Angle of deviation can vary with head position, especially when persistent EOM fibrosis has
developed in the chronic phase of TED. Because restrictive strabismus results from fibrotic
EOM enlargement, measuring EOM volume may complement strabismus evaluation and fol-
low-up care of TED patients. Prior studies revealed the relationship between muscle enlarge-
ment and restriction in ocular motility [3, 4], but no reports have investigated the correlation
between muscle enlargement and the angle of deviation.

To clarify the relationship between fibrotic EOM enlargement and the angle of vertical devi-
ation, CT images were used to evaluate EOM size in patients with TED. Even with improved
imaging techniques, the area of the SR muscle is difficult to measure because the levator pal-
pebrae and the superior ophthalmic vein are in such a close relationship with SR muscle that
they are difficult to differentiate. This difficulty is amplified in TED patients when the EOMs
are enlarged [18]. Most researchers measure these structures together as the SR group, which
likely results in a slightly larger muscle volume [18-25]. Others choose to exclude these muscles
[26]. In this study, we tried to exclude the levator palpebrae muscle and the superior ophthal-
mic vein in measurements of the area and volume of the SR, as they can affect the results. We
therefore excluded 2 of 29 CT scans (6.9%) of poor quality in which it was difficult to separate
these structures for accurate measurement.

In the literature, the IR muscle, the MR muscle, and the SR muscle group are the most com-
monly enlarged muscles in TED patients. However, the LR muscle had an average diameter
within the normal range [4]. Since the LR along with the MR are the primary EOMs that direct
horizontal eye movement, we exclusively focused on vertical EOMs to rule out the effect of LR,
which is the least affected muscle in TED. Considering the reciprocal action of the SR and IR
on both eyes, we tried to evaluate the effect of extensive cases of vertical EOMs on vertical stra-
bismus. Therefore, we analyzed not only each vertical EOMs but also various additive and sub-
tractive formulas including [RSR + LIR], [RIR + LSR], [RSR—RIR], [LSR—LIR], and [(RSR
+LIR)-(RIR+LSR)] to ascertain the relationship between vertical strabismus and vertically-
placed EOMs.

This study revealed a strongly positive relationship between quantitative CT measurement
of EOM size and angle of vertical deviation in TED. Among single EOMs, the maximum cross-
sectional area and volume of the IR were correlated with the angle of vertical deviation, but the
SR alone did not show a significant correlation. These results accord well with previous studies.
Dagi et al. reported a trend toward increased motility restriction with increased EOM diameter
in TED [3]. In their study, the mean diameter and ocular motility restriction were greater in IR
than SR. Because angle of deviation is affected by ocular motility restriction, the IR muscle is
likely to affect the angle of vertical deviation in TED.

It is notable that the maximum cross-sectional area and volume of [(RSR+LIR)-(RIR+LSR)]
was most correlated with the angle of vertical deviation in this study. Considering the recipro-
cal action of vertical EOM:s on vertical strabismus, we analyzed multiple variations in TED.
Variation considering the reciprocal action for four different vertical EOMs in both eyes
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showed the most significant relationship with restrictive strabismus. We found that patients
whose IR muscle combination size (RIR+LIR, or RIR-LIR) was similar showed different
amounts of vertical deviation depending on SR muscle size. Although SR muscle size did not
separately affect the angle of vertical deviation, the size of the IR and SR muscle combination
considering reciprocal action is more reliable than single EOM size for assessing the angle of
vertical deviation in TED.

Volume measurement is known to be more directly indicative of EOM enlargement than
either muscle diameter or cross-sectional area estimation [22]. However, several quantitative
measures other than total EOM volume are highly correlated with EOM enlargement [9]. In
our study, the volume of EOM showed a strong correlation with the angle of deviation, and
maximum cross-sectional area showed similar results of correlation. This result implies that
maximum cross-sectional EOM area, rather than EOM volume, can be used to monitor pro-
gression in Graves’ orbitopathy.

This study has shown that quantitative CT evaluation of the extraocular muscles is one of
the most important parameters in assessing vertical strabismus as well as ocular motility
restriction in patients with TED. If EOM measurement is used to monitor progression of
Graves’ orbitopathy, changes in muscle size should be studied. In addition, some form of image
registration is necessary to identify equivalent section of the muscle.

The following limitations were encountered in this study. First, we used a single center for
this study and all subjects had the same ethnicity. Some of the results may thus not be valid for
other ethnic groups. Second, our data are taken from a single time point. While it is true that
we found a strong correlation between EOM area and/or volume and the magnitude of strabis-
mus in stable TED, we cannot conclude that changes in EOM size over time in a particular
patient will be correlated with changes in the angle of strabismus in the active phase. A longitu-
dinal study is required to further clarify this relationship. This raises another concern, which is
the benefit of serial CT versus the risk associated with repeat radiation exposure. TED patients
with strabismus do tend, on average, to be older than TED patients as a whole, but current rec-
ommendations are still to limit radiation exposure in all patients whenever possible.

In conclusion, both the cross-sectional area and EOM volume were greater than the norm in
the muscles, and there was a strong correlation between these parameters and the vertical angle
of deviation. Maximum cross-sectional area rather than total EOM volume can be used to moni-
tor Graves’ orbitopathy. Quantitative CT imaging of the orbit with evaluation of the area and
volume of EOMs may be helpful in anticipating and monitoring strabismus in TED patients.

Supporting Information

S1 Table. Maximum plane area and volume of extraocular muscle measured by computed
tomography.

(DOCX)

Author Contributions

Conceived and designed the experiments: KHB SYO. Performed the experiments: SYO. Ana-
lyzed the data: JYL KHB. Contributed reagents/materials/analysis tools: IJL. Wrote the paper:
JYL KHB. Critically revised the manuscript: KAP SYO.

References

1. Enzmann DR, Donaldson SS, Kriss JP. Appearance of Graves' disease on orbital computed tomogra-
phy. J Comput Assist Tomogr. 1979; 3: 815-819. PMID: 583152

PLOS ONE | DOI:10.1371/journal.pone.0148167 January 28, 2016 8/9


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148167.s001
http://www.ncbi.nlm.nih.gov/pubmed/583152

@’PLOS ‘ ONE

Extraocular Muscle and Vertical Strabismus in Thyroid Eye Disease

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Schotthoefer EO, Wallace DK. Strabismus associated with thyroid eye disease. Curr Opin Ophthalmol.
2007; 18: 361-365. PMID: 17700227

Dagi LR, Zoumalan Cl, Konrad H, Trokel SL, Kazim M. Correlation between extraocular muscle size
and motility restriction in thyroid eye disease. Ophthal Plast Reconstr Surg. 2011; 27: 102—110. doi: 10.
1097/10P.0b013e3181e9a063 PMID: 21383547

Hallin ES, Feldon SE. Graves' ophthalmopathy: II. Correlation of clinical signs with measures derived
from computed tomography. Br J Ophthalmol. 1988; 72: 678-682. PMID: 3179255

Bijlsma WR, Mourits MP. Radiologic measurement of extraocular muscle volumes in patients with
Graves' orbitopathy: a review and guideline. Orbit. 2006; 25: 83—-91. PMID: 16754214

Forbes G, Gorman CA, Brennan MD, Gehring DG, lIstrup DM, Earnest Ft. Ophthalmopathy of Graves'
disease: computerized volume measurements of the orbital fat and muscle. AJNR Am J Neuroradiol.
1986; 7: 651-656. PMID: 3088943

Feldon SE, Lee CP, Muramatsu SK, Weiner JM. Quantitative computed tomography of Graves'
ophthalmopathy. Extraocular muscle and orbital fat in development of optic neuropathy. Arch Ophthal-
mol. 1985; 103: 213-215. PMID: 3838463

Feldon SE, Weiner JM. Clinical significance of extraocular muscle volumes in Graves' ophthalmopathy:
a quantitative computed tomography study. Arch Ophthalmol. 1982; 100: 1266—1269. PMID: 6896638

Hallin ES, Feldon SE. Graves' ophthalmopathy: I. Simple CT estimates of extraocular muscle volume.
Br J Ophthalmol. 1988; 72: 674—677. PMID: 3179254

Chen YL, Chang TC, Huang KM, Tzeng SS, Kao SC. Relationship of eye movement to computed tomo-
graphic findings in patients with Graves' ophthalmopathy. Acta Ophthalmol (Copenh). 1994; 72: 472—
477.

Trokel SL, Hilal SK. Recognition and differential diagnosis of enlarged extraocular muscles in computed
tomography. Am J Ophthalmol. 1979; 87: 503-512. PMID: 582088

Nugent RA, Belkin Rl, Neigel JM, Rootman J, Robertson WD, Spinelli J, et al. Graves orbitopathy: cor-
relation of CT and clinical findings. Radiology. 1990; 177: 675-682. PMID: 2243967

Ozgen A, Alp MN, Ariyurek M, Tutuncu NB, Can |, Gunalp |. Quantitative CT of the orbit in Graves' dis-
ease. BrJ Radiol. 1999; 72: 757-762. PMID: 10624341

Feldon SE, Muramatsu S, Weiner JM. Clinical classification of Graves' ophthalmopathy. Identification
of risk factors for optic neuropathy. Arch Ophthalmol. 1984; 102: 1469-1472. PMID: 6548373

Demer JL, Clark RA, Kono R, Wright W, Velez F, Rosenbaum AL. A 12-year, prospective study of extra-
ocular muscle imaging in complex strabismus. J AAPOS. 2002; 6: 337-347. PMID: 12506273

Shin SY, Demer JL. Superior oblique extraocular muscle shape in superior oblique palsy. Am J
Ophthalmol. 2015; 159: 1169—-1179 e1162. doi: 10.1016/j.aj0.2015.02.019 PMID: 25747676

Bahn RS. Graves' ophthalmopathy. N Engl J Med. 2010; 362: 726—738. doi: 10.1056/NEJMra0905750
PMID: 20181974

Firbank MJ, Harrison RM, Williams ED, Coulthard A. Measuring extraocular muscle volume using
dynamic contours. Magn Reson Imaging. 2001; 19: 257—265. PMID: 11358663

Feldon SE, Levin L. Graves' ophthalmopathy: V. Aetiology of upper eyelid retraction in Graves' ophthal-
mopathy. Br J Ophthalmol. 1990; 74: 484—485. PMID: 2390525

Krahe T, Schlolaut KH, Poss T, Trier HG, Lackner K. [Computed tomographic volumetry of the orbit in
endocrine orbitopathy]. Rofo. 1989; 151: 597-601. PMID: 2554416

Tian S, Nishida Y, Isberg B, Lennerstrand G. MRI measurements of normal extraocular muscles and
other orbital structures. Graefes Arch Clin Exp Ophthalmol. 2000; 238: 393—-404. PMID: 10901470

Firbank MJ, Coulthard A. Evaluation of a technique for estimation of extraocular muscle volume using
2D MRI. BrJ Radiol. 2000; 73: 1282—-1289. PMID: 11205672

Szucs-Farkas Z, Toth J, Kollar J, Galuska L, Burman KD, Boda J, et al. Volume changes in intra- and
extraorbital compartments in patients with Graves' ophthalmopathy: effect of smoking. Thyroid. 2005;
15:146—-151. PMID: 15753674

Detorakis ET, Engstrom RE, Straatsma BR, Demer JL. Functional anatomy of the anophthalmic socket:
insights from magnetic resonance imaging. Invest Ophthalmol Vis Sci. 2003; 44: 4307—4313. PMID:
14507874

Szucs-Farkas Z, Toth J, Balazs E, Galuska L, Burman KD, Karanyi Z, et al. Using morphologic parame-
ters of extraocular muscles for diagnosis and follow-up of Graves' ophthalmopathy: diameters, areas,
or volumes? AJR Am J Roentgenol. 2002; 179: 1005-1010. PMID: 12239055

Carlow TJ, Depper MH, Orrison WW Jr., MR of extraocular muscles in chronic progressive external
ophthalmoplegia. AJNR Am J Neuroradiol. 1998; 19: 95-99. PMID: 9432164

PLOS ONE | DOI:10.1371/journal.pone.0148167 January 28, 2016 9/9


http://www.ncbi.nlm.nih.gov/pubmed/17700227
http://dx.doi.org/10.1097/IOP.0b013e3181e9a063
http://dx.doi.org/10.1097/IOP.0b013e3181e9a063
http://www.ncbi.nlm.nih.gov/pubmed/21383547
http://www.ncbi.nlm.nih.gov/pubmed/3179255
http://www.ncbi.nlm.nih.gov/pubmed/16754214
http://www.ncbi.nlm.nih.gov/pubmed/3088943
http://www.ncbi.nlm.nih.gov/pubmed/3838463
http://www.ncbi.nlm.nih.gov/pubmed/6896638
http://www.ncbi.nlm.nih.gov/pubmed/3179254
http://www.ncbi.nlm.nih.gov/pubmed/582088
http://www.ncbi.nlm.nih.gov/pubmed/2243967
http://www.ncbi.nlm.nih.gov/pubmed/10624341
http://www.ncbi.nlm.nih.gov/pubmed/6548373
http://www.ncbi.nlm.nih.gov/pubmed/12506273
http://dx.doi.org/10.1016/j.ajo.2015.02.019
http://www.ncbi.nlm.nih.gov/pubmed/25747676
http://dx.doi.org/10.1056/NEJMra0905750
http://www.ncbi.nlm.nih.gov/pubmed/20181974
http://www.ncbi.nlm.nih.gov/pubmed/11358663
http://www.ncbi.nlm.nih.gov/pubmed/2390525
http://www.ncbi.nlm.nih.gov/pubmed/2554416
http://www.ncbi.nlm.nih.gov/pubmed/10901470
http://www.ncbi.nlm.nih.gov/pubmed/11205672
http://www.ncbi.nlm.nih.gov/pubmed/15753674
http://www.ncbi.nlm.nih.gov/pubmed/14507874
http://www.ncbi.nlm.nih.gov/pubmed/12239055
http://www.ncbi.nlm.nih.gov/pubmed/9432164

