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. patients tend to be relatively young. PM is an essen-
Introduction tial factor affecting social and economic develop-
ment.” Although extensive research on myopia, high
The incidence of myopia has recently increased, myopia, and PM has been conducted, measures to
particularly in East Asian countries, including prevent the progression of myopia remain limited.®
China,'® Japan,® and Korea.’ The prevalence of Therefore, understanding the pathological changes
pathologic myopia (PM) has risen with the increase caused by PM and its related risk factors is extremely
in myopia cases.® PM is usually binocular, and important.

Conclusions: Complex PS is associated with patient age. PS is related to MRS, and these
changes observed by 3D-MRI and OCT affect the prognosis of visual acuity. The 3D-MRI
scans shows changes in the eye shape and PS efficiently.

Translational Relevance: In patients with PM, 3D-MRI can guide the planning of poste-
rior scleral reinforcement.
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Ohno-Matsui’s classification of PS, the norma basilaris of the right eye. Wide macular staphyloma (A): wide protrusion behind

the eyeball; the protrusion is wide and blunt. Narrow macular staphyloma (B): narrow protrusion behind the eyeball; the protrusion is
pyramidal. Peripapillary staphyloma (C): limited protrusions around the attachment point of the optic nerve; the change in curvature to the
protrusion is relatively linear. Nasal staphyloma (D): a protrusion on the nasal side of the eye, with a wider area and a smoother curvature.
Inferior staphyloma (E): a large protrusion on the lower segment of the eyeball; the curvature under the protrusion is not obvious (drawn by

Guanggqi An).

PM is defined as “excessive axial elongation associ-
ated with myopia that leads to structural changes
in the posterior segment of the eye (including
posterior staphyloma [PS], myopic macular degen-
eration, myopic traction maculopathy, and high
myopia-associated optic neuropathy) and that can
lead to loss of best-corrected visual acuity.”-!°
PS is the most destructive pathological feature of
PM.!" With the development of imaging technolo-
gies, researchers have succeeded in wusing three-
dimensional magnetic resonance imaging (3D-MRI)
to revise the PS classification, which was previously
diagnosed by ophthalmoscopy. The 3D-MRI can
be used to evaluate the eye shape in PM, PS and
best-corrected visual acuity (BCVA).!>!3 PS is the
main factor of myopic maculopathy, which plays an
essential role in irreversible visual impairment due
to PM.!413

This study was conducted in Asian patients with
PM in Henan Province, China. We used 3D-MRI to
investigate the relationship among the PS type and
age, BCVA, spherical equivalent (SE), and axial length
(AL). We discussed the alterations in the eye shape and
PS with age in PM eyes and the differences in AL, SE,
and BCVA in different types of PS to guide the surgical
approach.

Materials and Methods

The study participants were patients who visited the
Henan Eye Institute from February 2017 to November
2019 and had a clinical diagnosis of PM. The inclu-
sion criteria were as follows: SE < —8.0 diopters (D) or
AL >26.5 mm. The exclusion criteria were as follows:
(1) serious systemic diseases unsuitable for 3D-MRI

testing or poor-quality 3D-MRI scans; (2) glaucoma,
diabetic retinopathy, or uveitis; or (3) previous eye
surgery or an ocular trauma history affecting the eye
structure. Based on the Declaration of Helsinki, we
collected demographic information and clinical exami-
nation results after informed consent was obtained
from the patients. The clinical examination results
included BCVA, SE, AL, and fundus photographs, as
well as optical coherence tomography (OCT) and 3D-
MRI scans.

The patients in this study had undergone 3D-MRI
examination at their first visit to the clinic or before
posterior scleral reinforcement (PSR) surgery. The 3D-
MRI scanning method was described in our previ-
ous study,'® and was performed by skilled radiolo-
gists. The patients were scanned using MRI (Siemens
Prism 3.0T, Germany, or GE Discovery 750 plus 3.0T,
America) and 32-channel head coils to generate a 3D
sequence for 3.0 minutes and 18 seconds. The scan
range covered the entire head. A sagittal cube imaging
technique (cube) was used. The parameters were as
follows: repetition time (TR) = 2000.0 ms; echo time
(TE) = approximately 110.0 to 120.0 ms; section thick-
ness = 1.0 mm with a 0-mm section gap, number
of layers = 128; echo train length = 90; and field
of vision = 256 x 230 mm. Volume rendering of
the image was generated by high-resolution 3D data
from a computer workstation (ADW version 4.6 post-
processing workstation). According to the eye shape
types proposed by Moriyama et al.!” and Guo et
al.,'”> we analyzed the patients’ eye shapes. PS was
defined on 3D-MRI images according to Spaide,'® as
follows: “An outpouching of a circumscribed poste-
rior fundus region and has a curvature radius that
is smaller than the curvature radius of the adjacent
eyewall.” According to Curtin’s classification,'! we
divided PS into simple staphyloma (types I to V) and
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Figure 2.

Binocular barrel-shaped eyes with wide macular staphylomas. Binocular PM in a 73-year-old female patient whose SEs were

—16 D/—19 D, BCVA values were 0.70 Log MAR/1.00 Log MAR, and ALs were 30.52 mm/31.06 mm in the right and left eyes, respectively.
The white arrow in the figure shows the optic nerve. B-Us of the left eye (A): the white triangle indicates the optic nerve, and the posterior of
the eyeball is rectangular. OCT of the left eye (B1, B2): the white hollow arrow indicates vitreous traction, and the asterisk indicates an inner
macular hole; the choroid is extremely thin, and a large area of atrophy is shown by the infrared fundus image. A 3D-MRI of the left eye (C, D):
the norma basilaris and norma occipitalis; the temporal side of the eyeball is symmetrical and, cylindrical, and the white dashed line indicates
the PS. The PS is wide and large, indicating wide macular PS. The black arrow shows an irregular protuberance in the PS. A 3D-MRI of the
right eye (E): the norma basilaris; the eyeball is cylindrical with wide macular PS, the same as in the left eye.

complex staphyloma (types VI to X). A simple staphy-
loma is a region with only one radius of curvature.
A complex staphyloma is an expansion that has two
distinct radii of curvature with a total or partial overlap
in the curves. According to Ohno-Matsui’s classifica-
tion'3 of PS, we divided PS into type I (wide, macular
staphyloma), type II (narrow, macular staphyloma),
type III (peripapillary staphyloma), type IV (nasal
staphyloma), type V (inferior staphyloma), and others
(staphylomas other than types I to V; Fig. 1). The 3D-
MRI scans were independently typed by two experi-
enced ophthalmologists (Liu and Pan) and decided
by a third senior ophthalmologist (Jin) in cases of
disagreement.

Skilled ophthalmologists performed OCT (Carl
Zeiss Meditec Inc.; SW version 4.5.1.11, Germany),
which included single and multiline scanning and
horizontal, vertical, and inclined multimode scanning
with a scan line length approximately 6 to 9 mm,
to determine the presence of fundus lesions on the
images. They focused on MRS images. The results of
OCT were interpreted by two experienced ophthalmol-
ogists (Wang and Guo) and were finally approved by a

senior doctor (Dai). According to the morphology of
MRS, Wang, Guo, and Dai divided MRS into inner
retinoschisis (nerve fiber layer and ganglion cell layer),
outer retinoschisis (outer plexiform layer and outer
nuclear layer), and mixed retinoschisis (inner + outer
retinoschisis).!> 1

Experienced optometrists tested the BCVA and SE.
AL was measured using an IOL-Master (Carl Zeiss;
IOL-Master (R) Advanced Technology version 5.4,
Germany). Fundus photographs were taken using a
45 degree fundus camera (Carl Zeiss; VISUCAM 224,
Germany) or a wide-field fundus camera (Optos PLC;
Optomap plus, Scotland).

We used SPSS statistics 25.0 software (IBM Corp.)
for all data analyses. The x? test was used to analyze
the categorical data, which are described using frequen-
cies and percentages. Correlations are expressed using
Cramer’s V coefficients. The Kolmogorov-Smirnov test
was performed to verify whether all the data sets were
distributed normally. Normally distributed continuous
data are described by the mean and standard devia-
tion, and ANOVA was used for comparisons. A P value
<0.05 was considered statistically significant.
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Figure 3. Binocular conical-shaped eyes with narrow macular staphylomas. Binocular PM in a 47-year-old female patient whose SEs were
—14 D/—13 D, BCVA values were 0.82 LogMAR/0.30 LogMAR, and ALs were 30.16 mm/30.08 mm in the right and left eyes, respectively.
The white arrow in the figure indicates the optic nerve. Fundus photograph and OCT of the left eye (A, B): the green arrow indicates the
OCT scanning line. The black arrow indicates PS confined to the macular area, and the outer retina has retinoschisis formed at the PS area,
indicated by the asterisk. The 3D-MRI of the left eye (C, D): the norma basilaris and norma occipitalis; the temporal and nasal sides of the
eyeball are symmetrical and conical, and the white dashed line indicates the PS. The PS is more limited, indicating narrow macular PS, which
is conical. B-Us of the left eye B: the white triangle indicates the optic nerve, and the posterior of the eyeball is conical. The 3D-MRI of the
right eye (F): the norma basilaris; the eye shape is conical, and the PS is of the narrow macular type, consistent with the left eye.

Figure 4. Binocular nasally distorted shaped eyes, peripapillary staphylomas. Binocular PM in a 22-year-old female patient whose SEs were
—20D/—18 D, BCVA values were 0.70 Log MAR/0.40 Log MAR, and ALs were 30.19 mm/29.14 mm in the right and left eyes, respectively. The
white arrow in the figure indicates the optic nerve. 3D-MRI and OCT of the right eye (A, B1, B2): the norma basilaris; the white dashed line
indicates the area of PS, the top of which is the point of optic nerve attachment. OCT shows the macula located on a slope. 3D-MRIl and OCT
of the left eye (C, D1, D2): the norma basilaris; the white dashed line indicates the area of PS, the top of which is the point of optic nerve
attachment. OCT shows the macula located on a slope. Both eyes are the same.
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Figure 5.

Binocular nasally distorted shaped eyes, nasal staphylomas. Binocular PM in a 28-year-old male patient whose SEs were

—12 D/—12 D, BCVA values were 1.30 Log MAR/0.52 Log MAR, and ALs were 28.33 mm/29.69 mm in the right and left eyes, respectively.
The white arrow in the figure indicates the optic nerve. OCT of the right eye (A1, A2): the white hollow arrow indicates vitreous traction. OCT
of the right eye (B1, B2): another B-scan layer. The white hollow arrow indicates vitreous traction in the same place as the white arrowhead
point and blood vessels. The asterisks show the inner and outer retinoschisis forming. The 3D-MRI of the right eye (C, D): the norma basilaris
and norma occipitalis; the eye grows toward the nasal position, and the white dashed line indicates the PS, which is wide, indicating nasal
staphyloma. The 3D-MRI of the left eye (E): the norma basilaris; the eye was barrel shaped, and the PS was of the narrow macular type,

different from that in the right eye.

General Information and Basic
Characteristics

Fifty-nine patients (17 men and 42 women) and
108 eyes were included in this study. The average patient
age was 48 £ 15 years. Of the 108 eyes, the SE was
17 D (approximately 12 to 20 D), the BCVA was
0.76 (approximately 0.33 to 1.28) Log MAR, and the
average AL was 29.87 + 2.07 mm. Ten monocular
patients were included: two with single-eye atrophy,
five with unilateral PM, and three requiring unilateral
retinal reattachment operation. Forty-nine binocular
patients were included.

The analysis of PS based on 3D-MRI revealed that
102 eyes of the 108 eyes that had PS, 55 (54.9%)
had simple staphyloma, and 47 (46.08%) had complex
staphyloma. Type I (Fig. 2) occurred in 56 eyes (52.5%),
type II (Fig. 3) occurred in 27 eyes (26.7%), type III
(Fig. 4) occurred in 8 eyes (5.0%), type IV (Figs. SA-
D) occurred in 1 eye (1.0%), type V (Fig. 6) occurred in
2 eyes (2.0%), and others (Fig. 7) occurred in 8 eyes

(7.8%). The eye shape associated with type I was
generally nasally distorted and barrel shaped (x> =
8.417; P = 0.004; Figs. 2C, 2D, 2E). The eye shape
associated with type II was generally conical (x> =
17.476; P < 0.05; see Fig. 3). The eye shapes associ-
ated with type III and type I'V were all nasally distorted
(see Fig. 4; Figs. SA-D). In this sample, 35 patients
(71.4%) had the same eye shape in both eyes, and 37
patients (80.4%) had the same PS type.

OCT findings were observed in 81 of the 108 eyes:
10 eyes (12.4%) had a retinal hole (Fig. 2B1), 60 eyes
(74.1%) had MRS (Fig. 2B1; Fig. 3B; Figs. 5A1, 5B1;
Fig. 7B1; Figs. 8A1, 8B1), and 7 eyes (8.6%) had a
dome-shaped macula (DSM; see Fig. 7).

Ocular Characteristics in Patients of Different
Ages

We coded the right eye as 1 and left eye as 2 in
46 patients with binocular PS and used the random
number extraction method to select one eye, adding
10 eyes from 10 monocular patients. The samples of
56 eyes in 56 people were analyzed.
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Figure 6. Monocular PM, conical-shaped right eye, inferior staphyloma in a 10-year-old male patient whose left eye showed emmetropia.
The SE was —11 D, the BCVA was 1.30 Log MAR, and the AL was 26.82 mm in the right eye. The white arrow in the figure indicates the optic
nerve. Fundus photograph of the right eye (A): the black arrows indicate the PS, which is located below the fundus, and the optic discinclines
toward the lower temporal position. B-Us of the right eye (B): the white triangle indicates the optic nerve, and the posterior of the eyeball is
conical. The 3D-MRI of the right eye (C, D): the nasal view and norma superior. The temporal and nasal sides of the eyeball are symmetrical,
and the eyeball is conical. The white dashed line indicates the PS, which is located below the point of optic nerve attachment, indicating
inferior staphyloma. The 3D-MRI of the left eye (E): the norma basilaris; the eye shape was spheroidal.

Among the 56 eyes, the ages of patients who
presented with simple type and complex type PS with
normality after the Kolmogorov-Smirnov test were 43
+ 12 and 57 + 12 years, respectively. The difference in
the complexity of PS with patient age was statistically
significant (F = 18.181; P < 0.05), with the complex
type being more common in older patients.

AL, SE, and BCVA in Different PS Types

Of the 102 eyes with PS, the ALs of the eye with the
simple type and complex type were 29.57 + 2.40 mm
and 30.52 &+ 1.38 mm, respectively. The difference in the
AL between simple PS and complex PS was statistically
significant (P = 0.003), with longer ALs in complex PS.
The ALs of eyes with type I and other types of PS were
30.47 £+ 1.77 mm and 29.46 + 2.11 mm, respectively.
The difference in the AL between type I and other
types of PS was statistically significant (F = 6.499, P =
0.012), with longer ALs in type I than the other types.

The SEs of eyes with the simple type and complex
type were 15 D + 5 D and 19 D + 4 D, respectively.
The difference in the SE between the simple type and
the complex type was statistically significant (F =17.41,
P < 0.05), with lower SEs in the complex type than
the simple type. The difference in the SE between the
different types of PS was not statistically significant
(P =0.169).

The BCVA values of the eyes with the simple type
and complex type were 0.69 (approximately 0.22 to
1.00) Log MAR and 1.00 (approximately 0.69 to 1.20)
Log MAR, respectively. The difference in the BCVA
between the simple type and complex type was statis-
tically significant (P = 0.001), with worse BCVA in
the complex type than the simple type. The difference
in the BCVA between the different types of PS was
statistically significant (P = 0.025). The BCVA values
of type I and other types of PS were 0.82 (approxi-
mately 0.52 to 1.30) Log MAR and 0.70 (approximately
0.22 to 1.00) LogMAR, respectively. The difference in
the BCVA between type I and other types of PS was
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Figure 7. Binocular temporally distorted eyes, other staphylomas. Binocular PM in a 52-year-old female patient whose SEs were
—23 D/—23 D, BCVA values were 1.00 Log MAR/1.30 Log MAR, and ALs were 28.26 mm/28.20 mm in the right and left eyes, respectively.
The white arrow in the figure indicates the optic nerve. The 3D-MRI of the right eye (C, D): the norma basilaris and nasal view; two PS areas
in different positions, with temporal distortions of the eye shape. OCT of the right eye (B1, B2): the white hollow arrows indicate proliferative
membrane traction; the asterisk indicates the formation of inner and outer retinoschisis. The white triangle in B1 shows the dome-shaped
macula (DSM), corresponding to the area indicated by the white arrowhead in B2 and the area indicated by the black arrowheads in (A). The
3D-MRI of the left eye (E): temporally distorted eyes; other staphylomas were the same as those in the right eye.

Figure 8. Binocularspheroidal shaped eyes, no staphyloma, mixed retinoschisis. Binocular PMin a 19-year-old male patient whose SEs were
—10D/—10 D, BCVA values were 0.00 LogMAR/0.05 LogMAR, and ALs were 29.19 mm/28.56 mm in the right and left eyes, respectively. The
white arrow in the figure indicates the optic nerve. OCT of the right eye (A1, A2): the white hollow arrow indicates the vitreous traction; the
asterisk indicates the formation of the inner and outer retinoschisis. The white arrowhead in A2 indicates retinoschisis at the retinal vessels.
The 3D-MRI of the right eye (C): the norma basilaris; the eyeball was spherically dilated, with no staphyloma. OCT and 3D-MRI of the left eye
(B1, B2, D): same as that of the right eye.
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statistically significant (P = 0.049), with worse BCVA
in type I than the other types.

Relationship Between PS and MRS

We observed inner retinoschisis in 17 eyes (28.3%),
outer retinoschisis (see Fig. 3B) in 15 eyes (25.0%)
and mixed retinoschisis (see Figs. 5A1, 5B1; Fig. 7B1;
Figs. 8A1, 8B1) in 28 eyes (46.6%) among the 60 eyes
subjected to OCT. We also observed four eyes with
mixed retinoschisis without PS (Fig. §) in two young
male patients. We observed 30 eyes (53.5%) with type I
PS, 16 eyes (28.6%) with type II PS, 4 eyes (7.1%) with
type III PS, 1 eye (1.8%) with type IV PS, 1 eye (1.8%)
with type V, and 4 eyes (7.1%) with other PS. Most of
the patients (93.3%) had MRS combined with PS, and
the macular types (types I 4 II) were the most common
(82.1%). The relationship between the type of MRS
and wide macular (x> = 0.509, P = 0.775; Cramer’s
V = 0.095) or narrow macular (x> = 1.670, P = 0.434;
Cramer’s V = 0.173) PS was weak.

We showed that eye shape and PS type were almost
consistent in both eyes of patients, which is consis-
tent with previous reports.!”>!” According to earlier
reports,’’ 22 the eye shape associated with PM and the
type of PS changes with age. Patients with complex
PS are usually older than those with simple PS, but
the morphological changes in PS with age deserve
further longitudinal studies. Previous studies>> 2 have
suggested that the incidence of eye morphology
changes increases with increasing age and AL and
decreasing SE. In our study, patients with complex PS
were older, and had a longer AL, a lower SE, and
worse BCVA than those with simple PS, in accordance
with previous studies.”®-” Wide macular PS includes
complex PS (Curtin’s definition) in the latest classifica-
tion definition.”® In our study, macular PS (both wide
and narrow macular PS) was the most common type
at 79.2%, slightly lower than 88% and 79% in previous
studies,'*?’ because our patients were younger than
those in previous studies. Patients with wide macular
staphyloma had a longer AL (P = 0.012) and worse
BCVA (P = 0.049) than those with other types of
PS. In our study, the rates of wide macular staphy-
loma, including complex PS and simple PS, were less
than those in other studies. Based on our study and
the results of previous studies,??-3-3! we proposed that
most of the eyes with PM initially present with a single
narrow, macular and/or peripapillary staphyloma first;
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with age, multiple PSs fuse to form a wide, macular
staphyloma, the AL continues to elongate, and the eye
shape tends to achieve a barrel shape. Thus, eyes with
PM are not only elongated but also unevenly expanded
in the posterior sclera.

Several studies'!*} have suggested that AL elonga-
tion may cause mechanical damage to the retina and
optic nerve by stretching the eyewall. In our study,
MRS occurred with a high percentage in PS (93.3%),
particularly in the macular type (82.1%). Moreover,
we found that some eyes (12/60) had vitreous traction.
However, among them, four eyes from two male
patients presented with MRS, but not PS, a finding
similar to the study findings of Sun et al.** Thus, MRS
may also appear to be associated with vitreous traction,
similar to the conclusions by Shinohara et al.*® and
Ikuno et al.’® Thus, the occurrence of MRS is due
to the combined action result of the vitreous-retinal
interface and PS.3” According to the theoretical causes
of MRS, surgeons should consider the operation plan
to treat MRS; the results of OCT and 3D-MRI are
suggested to be analyzed, and PSR or pars plana vitrec-
tomy (PPV) should be chosen cautiously to ensure that
patients obtain admirable surgical benefits.

Because they change with age, PM, the shape of the
eye, and PS are associated with visual prognosis; thus,
these changes must be monitored. Our study showed
that using 3D-MRI to observe eye shape and PS in
PM had advantages. The 3D-MRI can indicate eye
shape in vivo and in situ because it can comprehen-
sively show the natural three-dimensional eye shape.
The detection rate and accuracy of 3D-MRI are higher
than those of B-mode ultrasound scans (B-US).*® In
the clinic, 3D-MRI allows convenient interpretation of
the disease, guides clinical decisions, allows assessment
of the prognosis, and assists in patient understand-
ing of the disease. In studies, 3D-MRI simplifies PS
classification, allowing the observance of morphologi-
cal changes and comparison of the PS anatomy. Recent
studies®-* have suggested that wide-field swept-source
OCT could replace 3D-MRI, but it is not practical in
large PS. However, 3D-MRI still has limitations. First,
it is not suitable for patients with claustrophobia or
mental issues and requires a high degree of patient
cooperation. Second, MRI uses T,-weighted images to
reconstruct the intraocular fluid morphology; thus, it
cannot show scleral morphology, the vitreous-retinal
interface, or retinal interlayer changes. Additionally,
the cost of this examination is high.

In this study, eye shape and PS type were based on
the subjective judgment of the investigators. With the
development of imaging technologies, future studies
should focus on quantifying the curvature, size, and
depth of PSs and clarifying the spatial points of a PS
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in 3D image coordinates. For example, we should mark
each point on a PS and know the spatial relationship
to structures, such as the optic disc and fovea. This can
provide dynamic biological modeling of PM.

Our study has limitations. First, the study included
patients with PM referred to a large eye center. There-
fore, the results may not represent the general popula-
tion of PM individuals. Second, this study was a retro-
spective study with a small sample size, and only
five individuals had undergone genotyping. Third,
spectral domain-OCT did not allow the observation of
morphological and pathological changes in the choroid
and sclera.

Conclusions

Our results demonstrated that PS complexity
increased with age and that PS was related to MRS.
These changes were related to the visual acuity.
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