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Purpose. We evaluated the association between optic nerve head (ONH) microcirculation and macular ganglion cell complex
(mGCC) thickness in patients with untreated normal tension glaucoma (NTG) and a hemifield defect. Methods. The medical
records of 47 patients with untreated NTG were retrospectively reviewed. Laser speckle flowgraphy was used to obtain mean
blur rate (MBR), a relative measure of blood flow. Average total deviation (TD), mGCC, and the circumpapillary retinal nerve
fiber layer (cpRNFL) thickness were also analyzed. Results. All parameters corresponding to the defective hemifield were
significantly lower than those corresponding to the normal hemifield. In the defective hemifield, MBR was correlated with TD,
mGCC, and cpRNFL thickness. In the normal hemifield, MBR was only correlated with mGCC thickness, and multiple
regression analysis showed that mGCC thickness was a significant contributing factor of the MBR. Conclusion. MBR was well
correlated with mGCC thickness in eyes with untreated NTG and a hemifield defect. In the normal hemifield, mGCC thickness
was a contributing factor of the MBR indicating that ONH circulatory dysfunction may be associated with retinal structural
changes in the early stages of glaucoma. A reduction in ONH microcirculation may be an early indicator of the presence and

progression of glaucoma.

1. Introduction

Glaucoma is considered as a multifactorial disease resulting
from a combination of intraocular pressure- (IOP-) depen-
dent and IOP-independent risk factors such as impaired
blood flow, oxidative stress, and genetic background [1-3].
Previous studies have reported reduced ocular blood flow
in patients with glaucoma, associated with the deterioration
of the visual field [4-7]. It has also been reported that
impaired blood flow is more pronounced in normal tension
glaucoma (NTG) than in high tension glaucoma [8-10].
A recent report revealed that optic nerve head (ONH)
microcirculation was associated with biomarkers of oxidative
stress in patients with NTG [11]. While the pathogenesis
of NTG remains unclear, blood flow disturbance appears
to play a role in causing glaucomatous optic neuropathy
(GON) [3, 12, 13].

Laser speckle flowgraphy (LSFG) utilizes the laser speckle
phenomenon to noninvasively measure blood flow in ONH
microcirculation [14]. LSFG provides the mean blur rate
(MBR), a relative measure of blood flow. While it is not an
exact measure, the MBR is proportional to blood velocity
and has been used to measure relative differences in ONH
blood flow [15, 16]. The MBR of the ONH has been shown
to be highly correlated with absolute blood flow values,
measured by the microsphere method or the hydrogen
gas clearance method, in primates and rabbits [17, 18].
Measurements of ONH microcirculation in glaucoma
patients using the LSFG technique have been shown to
be reproducible [19]. Previous reports have shown that
ONH microcirculations measured by LSFG were correlated
with the mean deviation (MD) of the visual field measure-
ments (Humphrey Field Analyzer (HFA)) [20-22] and opti-
cal coherence tomography (OCT) measurements, such as
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circumpapillary retinal nerve fiber layer (cpRNFL) thickness
[15, 16, 21, 22] and macular ganglion cell complex (mGCC)
thickness in eyes with glaucoma [23].

The thickness of the mGCC, comprising the inner three
retinal layers (nerve fiber layer, ganglion cell layer, and inner
plexiform layer), and the thickness of the cpRNFL are both
diagnostic indicators of glaucoma [24-27]. Since a substan-
tial decrease in the retinal ganglion cell population can occur
before detectable visual field defects [28-31], mGCC thick-
ness is expected to be an early indicator of the presence and
progression of glaucoma.

We previously reported that baseline mGCC thickness
was significantly thinner in eyes with rapidly progressing
glaucoma than in eyes with slowly progressing glaucoma
[32]. We also found that mGCC thickness of the normal
hemifield in glaucomatous eyes with hemifield defects was
significantly thinner than that in normal eyes [33]. A previous
study using Doppler spectral-domain OCT revealed that both
mGCC thickness and retinal blood flow were reduced in the
normal hemifield of glaucomatous eyes with hemifield defects
[34]. Another study reported that laser Doppler flowmetry
detected diminished optic nerve blood flow in glaucoma
suspects who did not have any manifested visual field defect
[35]. These findings suggest that both structural and vascular
changes occur in the preperimetric stage of glaucoma.

A previous study reported decreased blood flow in the
neuroretinal rim corresponds to the regional visual field
defect in NTG with hemifield defects [36]. However, to
the best of our knowledge, there have been no reports
on the relationship between ONH microcirculation and
mGCC thickness in eyes with glaucoma and hemifield
defects. Therefore, the current study was performed to inves-
tigate the association between ONH microcirculation and
mGCC thickness in patients with untreated NTG and hemi-
field defects.

2. Materials and Methods

2.1. Study Subjects. This study was approved by the Toho
University Ohashi Medical Center Institutional Review
Board (number 14-60), and all study conduct adhered to
the tenets of the Declaration of Helsinki. We retrospectively
reviewed the medical records of patients with glaucoma
who underwent LSFG ocular circulation measurements at
the Department of Ophthalmology outpatient clinic at Toho
University Ohashi Medical Center (Tokyo, Japan) between
January 2013 and January 2016. Subjects who met all of
the following inclusion criteria were included: untreated
NTG with a hemifield defect, normal and open anterior
chamber angles on slit-lamp biomicroscopy and gonioscopy,
glaucomatous ONH appearance on stereoscopic evaluation
with a corresponding visual field defect, intraocular pres-
sure (IOP) <21 mmHg throughout 1 day (measured every
3 hours) or on at least three different days, best-corrected
visual acuity of at least 20/25, spherical refractive errors
between —6.00 and +6.00 diopters (D), and a refractive
cylindrical error within 2.00 D. Subjects who had any of the
following conditions were excluded from analyses: history
of intraocular surgery, intraocular eye disease (other than
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FIGURE 1: Average total deviation for the superior and inferior
hemifields (29 stimuli each). The 16 edge points (boxed points)
were excluded from analyses.

NTG), diabetes mellitus, systemic hypertension, or other
systemic or ocular disease known to affect the visual field.
If both eyes met all eligibility criteria, the eye with lower
MD in the HFA test was selected.

The IOP was measured with a Goldmann applanation
tonometer, and the IOP recorded on the same day as the
LSFG measurements was used for the analyses. Systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were mea-
sured before performing LSFG measurements. The mean
blood pressure (MBP) and mean ocular perfusion pressure
(MOPP) were calculated as follows:

1
MBP =DBP + _ (SBP - DBP),

2 (1)
MOPP = = MBP - IOP.

All patients also underwent OCT measurements of both
mGCC and RNFL thickness within 3 months of LSFG ocular
circulation measurements.

2.2. Visual Field Analyses. Standard automated perimetry was
performed with an HFA (Carl Zeiss Meditec Inc., Dublin,
CA, USA) using the 30-2 Swedish Interactive Threshold
Algorithm. Visual field tests were considered reliable when
fixation losses were <20%, false positives were <15%, and
false negatives were <25%. A hemifield defect was defined
as three or more significant (P < 0.05), nonedge, contigu-
ous points, at least one highly significant (P <0.01) point
in the pattern deviation plot, and a Glaucoma Hemifield
Test grading outside normal limits. A normal hemifield
was defined as two or less significant (P < 0.05), nonedge
contiguous points in the pattern deviation plot [37]. Aver-
age total deviations (TD) for the superior or inferior hemi-
fields (29 stimuli each) were calculated. The 16 edge points
were excluded from analyses (Figure 1). Average TD was
used as retinal sensitivity, and dB was converted to the
linear scale of 1/Lambert.
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FIGURE 2: (a) Laser speckle flowgraphy false-color map. Higher numbers indicate faster blood flow. (b) Locations of the superonasal sector
(Sn), superotemporal sector (St), temporal superior sector (Ts), temporal inferior sector (Ti), inferotemporal sector (It), inferonasal sector
(In), nasal inferior sector (Ni), and nasal superior sector (Ns). (c) The black area represents the tissue area, and the white area represents
the vessel area. (d) Fundus photograph showing the optic nerve head and major retinal vessels.

2.3. Optic Disc Microcirculation Measurements. Subject
pupils were dilated using 0.4% tropicamide before LSFG
examination. The ocular circulation was evaluated with
LSFG (LSFG-NAVI, software version 3.1.39.2, Softcare
Ltd., Fukuoka, Japan), and MBR was used as a relative
measure of blood flow [19]. The principle and methods
of LSFG have been previously described [14, 38]. A
trained operator manually determined the ONH margins
with an ellipsoidal band and saved its position into the
system software. The LSFG analyzer software automatically
calculated the mean MBR of the three areas: mean MBR
in all area of optic disc (MBR,), mean MBR in the vessel
area of optic disc (MBR,), and mean MBR in the tissue
area of optic disc (MBRy). The three values were also
automatically determined for four divisions (superior, tem-
poral, inferior, and nasal quadrants) or eight divisions:
superonasal (Sn), superotemporal (St), temporal superior
(Ts), temporal inferior (Ti), inferotemporal (It), inferonasal
(In), nasal inferior (Ni), and nasal superior sector (Ns).
Figure 2 shows the eight divisions in a false-color LSFG
map. The superior ONH circulation was an average of four

sectors (Ts, St, Sn, and Ns), and the inferior ONH circulation
was an average of another four sectors (Ti, It, In, and Ni).

The calculation formulas were as follows: mean MBR of
the superior ONH = {(mean MBR of Ts x number of samples
of Ts) + (mean MBR of St x number of samples of St) + (mean
MBR of Snxnumber of samples of Sn)+(mean MBR of
Ns x number of samples of Ns)}/the total number of samples
(Ts+St+Sn + Ns), mean MBR of the inferior ONH = {(mean
MBR of Tixnumber of samples of Ti)+(mean MBR of
It x number of samples of It) + (mean MBR of In x number
of samples of In) + (mean MBR of Nix number of samples
of Ni)}/the total number of samples (Ti+It+In+ Ni).

Three consecutive measurements were taken for each
subject, and the average of the measurements was used in
the analyses.

2.4. Retinal Nerve Fiber Layer and Ganglion Cell Complex
Thickness Measurements. All OCT measurements were
performed with the RTVue-100 Fourier-domain OCT
(software version 4.0, Optovue, Inc., Fremont, CA, USA) that
uses a scanning laser diode to emit a scan beam with a



wavelength of 840+ 10 nm. This system provides images of
ocular microstructures. In this study, the GCC scanning pro-
tocol was used to measure mGCC thickness. The GCC proto-
col consists of one horizontal and 15 vertical line scans that
cover a 7 x 7 mm region. Each GCC scan captures 15,000 data
points within 0.6 seconds, and a 6x6mm map (corre-
sponding to approximately 20° on the visual field map)
was created. The mGCC thickness was measured from
the internal limiting membrane to the outer inner plexiform
layer boundary, and the OCT system provided overall supe-
rior and inferior hemifield averages.

The ONH protocol was used for cpRNFL thickness
measurements. Using the fundus picture generated by
OCT (a video baseline protocol), we were able to manually
trace ONH contours. The RNFL thickness was automatically
measured along a 3.45mm circle centered on the center of
the optic disc. A total of 775 A-scans were obtained along this
circle. Our trained operator obtained good quality OCT
images of each subject after pupillary dilation. Images were
excluded from analyses when the signal strength was low
(<40), segmentation errors occurred, or when the scan circle
was not centered on the optic disc.

2.5. Statistical Analysis. For all analyses, the superior hemi-
field of the visual field corresponded to the inferior ONH
circulation and the inferior hemifield of the visual field
corresponded to the superior ONH circulation. Differences
between the two hemifields in ONH microcirculation
parameters and retinal thickness measurements (mGCC
and cpRNFL) were tested for statistical significance using
two-tailed, paired t-tests. Linear regression analyses and
multiple regression analyses were used to evaluate the asso-
ciation between the ONH microcirculation, TD, mGCC
thickness, and cpRNFL thickness. Pearson’s correlation
coefficients were used to evaluate the correlation between
the ONH microcirculation and systemic parameters. Data
were reported as mean *standard deviation. Statistical sig-
nificance was defined as P < 0.05.

3. Results

A total of 47 subjects (13 males, 34 females) with untreated
NTG were included in the study. The average age was
54.6 + 11.4 years. Table 1 summarizes the demographic and
ocular characteristics of the study subjects. Twenty-six of
47 subjects (55%) had a superior hemifield defect, and
21 of 47 subjects (45%) had an inferior hemifield defect.
Table 2 shows the average values of TD, mGCC thickness,
cpRNFL thickness, and MBR corresponding to the defective
and normal hemifields. All parameters corresponding to
the defective hemifield were significantly lower than those
corresponding to the normal hemifield.

Figure 3 shows the relationships between MBR,, TD,
mGCC thickness, and cpRNFL thickness corresponding to
the defective hemifield. In the defective hemifield, MBR,
was correlated with TD (r=0.352, P=0.015), mGCC
thickness (r=0.293, P=0.046), and cpRNFL thickness
(r=0.299, P=0.041). While MBRv was also correlated
with TD (r=0.302, P=0.039), MBR| was not (r=0.212,
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TaBLE 1: Subject demographics and ocular characteristics.

Mean + SD
Age (years) 546+114
Gender (male/female) 13/34
Spherical equivalent (D) -2.7+238
Mean deviation (dB) -3.26+3.4
Pattern standard deviation (dB) 6.27 +4.4
IOP (mmHg) 15.1+24
MOPP (mmHg) 44.1+9.7
SBP (mmHg) 124.0+19.5
DBP (mmHg) 71.2+£14.0
MBP (mmHg) 88.8+15.0

DBP: diastolic blood pressure; IOP: intraocular pressure; MBP: mean blood
pressure; MOPP: mean ocular perfusion pressure; SBP: systolic blood
pressure; SD: standard deviation.

TaBLE 2: Comparisons between normal and defective hemifields for
total deviations, optical coherence tomography measurements, and
optic nerve head microcirculation parameters.

Defective Normal p

hemifield hemifield
Average TD (dB) -6.0+6.8 -04+1.6 <0.001
Average TD (1/Lambert) 04+0.3 1.0+0.3 <0.001
mGCC (um) 75.6+8.0 88.1+8.3 <0.001
cpRNEFL (pm) 74.3+8.4 89.0+11.7 <0.001
MBR, (AU) 18.3+4.5 20.1+£5.0 <0.001
MBR,, (AU) 39.8+8.0 41.7+9.0 0.003
MBR; (AU) 9.7+£2.0 10.3+2.2 <0.001

*Statistical significance determined with two-tailed, paired t-tests. AU:
arbitrary units; cpRNFL: circumpapillary retinal nerve fiber layer; MBR,:
mean blur rate in all area; MBRy: mean blur rate in vessel area; MBR:
mean blur rate in tissue area; mGCC: macular ganglion cell complex; TD:
total deviation.

P=0.152). Regarding OCT measurements, TD was
correlated with both mGCC thickness (r = 0.363, P =0.012)
and cpRNFL thickness (r =0.383, P =0.008). The multiple
regression analysis, wherein MBR, was used as the dependent
variable and TD, mGCC thickness, and cpRNFL thickness
were used as explanatory variables, showed that TD was a
significant contributing factor (slope 5.232, 95% confidence
interval [CI] =1.062-9.402, and P =0.015) of the MBR,.
Figure 4 shows the relationships between mGCC
thicknesses, MBR ,, and MBR.| corresponding to the normal
hemifield. In the normal hemifield, only mGCC thick-
ness was correlated with MBR, (r=0.371, P=0.010) and
MBR; (r=0.361, P=0.013). TD was not correlated with
mGCC thickness (r=0.098, P =0.510), cpRNFL thickness
(r=0.013, P=0.933), MBR, (r=0.252, P=0.088), MBRv
(r=0.197, P=0.184), or MBR} (r=0.203, P=0.172).
The multiple regression analysis, wherein MBR, was used
as the dependent variable and TD, mGCC thickness, and
cpRNFL thickness were used as explanatory variables,
showed that mGCC thickness was a significant contributing
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FIGURE 3: Relationships between mean blur rate in all areas (MBR,), total deviation (TD), macular ganglion cell complex (mGCC) thickness,
and circumpapillary retinal nerve fiber layer (cpRNFL) thickness corresponding to the defective hemifield: (a) MBR, and TD,
y=15.984 +5.232x (r=0.352, P=0.015); (b) MBR, and mGCC thickness, y=5.796 +0.165x (r=0.293, P=0.046); (c) MBR, and

cpRNFL thickness y = 6.347 + 0.160x (r = 0.299, P = 0.041).

factor (slope 0.225, 95% CI=0.056-0.393, and P =0.010) of
the MBR,.

Table 3 shows the correlations between MBR, of the
entire optic disc, age, IOP, MOPP, and systemic parameters.
Age was positively correlated with SBP (r = 0.366, P =0.011)
and MOPP (r = 0.296, P = 0.043), but not with MBR .. MBR ,
was not correlated with IOP or MOPP.

4. Discussion

Previous studies have reported early structural changes in
apparently normal hemifields of glaucomatous eyes with
hemifield defects [33, 39, 40]. It has also been shown that a

reduction in mGCC thickness corresponding to the normal
hemifield is correlated with the severity of the glaucoma
[41]. Sehi et al. observed reduced retinal blood flow, RNFL
thinning, and mGCC loss in the perimetrically normal hemi-
sphere of glaucomatous eyes [34]. These findings suggest that
both retinal circulatory dysfunction and structural changes
likely occur before retinal sensitivity reduction. Therefore,
in this study, the association between ONH microcircula-
tion and mGCC thickness was evaluated in patients with
untreated NTG and a hemifield defect.

The findings revealed that MBR, and MBR were corre-
lated with mGCC thickness in the normal hemifield,
although there was no correlation between MBR and TD.
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FIGURE 4: Relationships between mean blur rate in all areas (MBR ,), mean blur rate in tissue area (MBR), and macular ganglion cell complex
(mGCC) thickness corresponding to the normal hemifield: (a) MBR, and mGCC thickness, y =0.341 + 0.225x (r=0.371, P=0.010),
and (b) MBRy and mGCC thickness, y =1.987 + 0.094x (r=0.361, P=0.013).

TaBLE 3: Correlations between optic nerve head microcirculation,
age, intraocular pressure, mean ocular perfusion pressure, and
systemic parameters.

MBR, Age
r P r P
Age 0.202 0.173 N/A N/A
(@) —-0.090 0.547 —-0.043 0.776
MOPP —-0.103 0.489 0.296 0.043
SBP -0.111 0.456 0.366 0.011
DBP -0.118 0.428 0.191 0.200
MBP —-0.123 0.411 0.279 0.057

DBP: diastolic blood pressure; IOP: intraocular pressure; MBP: mean blood
pressure; MBR,: mean blur rate in all area; MOPP: mean ocular perfusion
pressure; r, Pearson’s correlation coefficient; SBP: systolic blood pressure.
Values in bold are statistically significant (P < 0.05).

This indicates that ONH circulation was correlated with
retinal structural changes before retinal sensitivity reduction
occurred. Recently Shiga et al. reported that ONH blood
flow measured by LSFG was significantly reduced in
preperimetric glaucoma compared with normal subjects
[22]. Another study using OCT angiography revealed that
preperimetric glaucoma patients exhibited significantly
lower ONH perfusion than normal patients [42]. These
results suggest that impaired optic nerve blood flow
develops early in the glaucomatous process. Since previous
studies have reported a reduction in mGCC thickness in
apparently normal hemifields of glaucomatous eyes with
hemifield defects [34], we speculate that ONH circulatory
dysfunction may be associated with mGCC thickness in
the very early stages of glaucoma. Therefore, our results
imply that detection of decreased ONH circulation and
the thinning of mGCC may indicate the presence or pro-
gression of glaucoma.

In this study, MBR, was correlated with TD, mGCC
thickness, and cpRNFL thickness in the defective hemi-
field. This result is consistent with previous studies show-
ing that ONH blood flow, as measured by LSFG, is
significantly associated with the MD of HFA and cpRNFL
thickness in eyes with glaucoma [15, 16, 21]. Aizawa et al.
reported that MBR, was an independent factor indicating
glaucoma severity; however, there was no significant diffe-
rence between the MBR, of moderate and severe glauco-
matous visual fields [21]. Chiba et al. reported that
MBR was correlated more strongly with MD than MBR,,
[15]. However, in our cohort, TD was correlated with
MBRy, but not with MBR; in the defective hemifield.
While the underlying reason for this discrepancy between
studies is uncertain, differences in type of glaucoma
between studies may have affected the outcomes. Our
study cohort comprised patients with untreated NTG,
while those of Chiba et al. were treated glaucoma patients
with generalized enlarged disc type.

Regarding the association between ocular blood flow
and structural parameters, Hwang et al. did not find a cor-
relation between retinal blood flow, measured by Doppler
OCT, and cpRNFL thickness. However, the authors did
report a paradoxical correlation between retinal blood flow
and rim area measured by confocal scanning laser oph-
thalmoscopy [43]. They speculated that there may be a
significant correlation between localized cpRNFL loss and
localized retinal blood flow. However, doppler OCT used
in the study assessed total retinal blood flow and it was
not designed for the evaluation of the microcirculation of
the neuroretinal rim. In contrast, Chen et al. reported that
cpRNFL vascular microcirculation measured by OCT-
based microangiography was significantly correlated with
structural defects [44]. Moreover, ONH microcirculation
measured by laser Doppler flowmetry was strongly corre-
lated with ONH damage, assessed by fundus photograph
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and confocal scanning laser ophthalmoscopy [45]. In an
animal experiment, ONH microcirculation increased during
the earliest stage followed by a linear decline that was
strongly correlated with loss of cpRNFL thickness [46].

The blood supply of the ONH can be divided into two
main sources: the posterior ciliary artery, which feeds the
prelaminar region and lamina cribrosa, and the central
retinal artery, which feeds the nerve fiber layer [42]. As
previously reported, the MBR; is believed to correspond to
the posterior ciliary artery circulation while the MBR,, is
thought to correspond to the retinal circulation [15]. Since
the penetration depth of the LSFG laser into the ONH has
not been well defined, it remains speculative. However,
Aizawa et al. reported that the MBR values in the ONH tissue
were highly correlated with hydrogen gas clearance measure-
ments of capillary blood flow in the ONH of albino and pig-
mented rabbits [18]. This suggests that the MBR, can be
considered an estimate of capillary blood flow in the ONH.
In our cohort, mGCC thickness was correlated with MBR .
in the normal hemifield but not with MBR,,. This might indi-
cate that MBR is more affected than MBT,, in the early
stages of glaucoma.

In the current study, both mGCC thickness and cpRNFL
thickness were correlated with TD in the defective hemifield.
However, there was no significant correlation between these
parameters in the normal hemifield. This may be because
a certain level of structural changes can occur before visual
field defects are detectable. In contrast, MBR was corre-
lated with mGCC thickness in both normal and defective
fields. Therefore, ONH microcirculation might be expected
to be an indicator of glaucoma both before and after retinal
sensitivity reduces.

Recently, Yanagida et al. reported that the MBR of ONH
was negatively correlated with age in normal populations
[47]. In our cohort, age was positively correlated with SBP
and MOPP, but not with MBR.

The present study has several limitations. First, the
nature of this retrospective study may have introduced
potential biases (e.g., our cohort had more female subjects
than male). A previous study reported that the MBR of
ONH in females was significantly higher than that in
males in normal populations [47]. Second, due to data
limitations, we were unable to identify any correlation
between the MBR and central corneal thickness. Third,
we divided the MBR into two sectors (superior and infe-
rior sectors); the superior hemifield of the visual field
was considered to correspond with the inferior ONH cir-
culation, while the inferior hemifield of the visual field
was considered to correspond with the superior ONH
circulation. However, this may not represent actual ONH
circulation. Fourth, as stated previously, the MBR remains
a relative value, though it was highly correlated with abso-
lute blood flow values measured by the microsphere
method or the hydrogen gas clearance method in animal
experiments [17, 18]. Furthermore, LSFG has only been
employed in Japanese population to date. Finally, we only
included a relatively small number of subjects in our
study. Larger and prospective studies are needed in the
future to confirm these findings.

5. Conclusions

We demonstrate that MBR is correlated with mGCC thick-
ness in both normal and defective hemifields in eyes with
untreated NTG. The multiple regression analysis revealed
that mGCC thickness was a significant contributing factor
of the MBR in the normal hemifield. Since previous studies
have reported a reduction in mGCC thickness in apparently
normal hemifields of glaucomatous eyes with hemifield
defects [34], ONH circulatory dysfunction may be associated
with retinal structural changes in the very early stages of
glaucoma. It is uncertain whether ONH circulatory dys-
function is a cause or consequence of GON. However, a
decrease in ONH circulation may be an early indicator
of the presence and progression of glaucoma, in addition
to mGCC thickness.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The authors deeply thank Mr. Takashi Sato, their photogra-
pher, for data acquisition of LSFG and OCT measurements.

References

[1] M. Mozaffarieh and J. Flammer, “New insights in the patho-
genesis and treatment of normal tension glaucoma,” Current
Opinion in Pharmacology, vol. 13, no. 1, pp. 43-49, 2013.

[2] A.P. Cherecheanu, G. Garhofer, D. Schmidl, R. Werkmeister,
and L. Schmetterer, “Ocular perfusion pressure and ocular
blood flow in glaucoma,” Current Opinion in Pharmacology,
vol. 13, no. 1, pp. 36-42, 2013.

[3] T. Nakazawa, “Ocular blood flow and influencing factors for
glaucoma,” Asia-Pacific Journal of Ophthalmology (Phila),
vol. 5, no. 1, pp. 38-44, 2016.

[4] J. E. Grunwald, J. Piltz, S. M. Hariprasad, and J. DuPont,
“Optic nerve and choroidal circulation in glaucoma,” Investi-
gative Ophthalmology & Visual Science, vol. 39, no. 12,
pp. 2329-2336, 1998.

[5] J. Kerr, P. Nelson, and C. O'Brien, “A comparison of ocular
blood flow in untreated primary open-angle glaucoma and
ocular hypertension,” American Journal of Ophthalmology,
vol. 126, no. 1, pp. 42-51, 1998.

[6] O. Findl, G. Rainer, S. Dallinger et al., “Assessment of

optic disk blood flow in patients with open-angle glaucoma,”

American Journal of Ophthalmology, vol. 130, no. 5,

pp. 589-596, 2000.

N. Plange, A. Remky, and O. Arend, “Colour doppler imaging

and fluorescein filling defects of the optic disc in normal

tension glaucoma,” British Journal of Ophthalmology, vol. 87,

no. 6, pp. 731-736, 2003.

[8] Y. Yamazaki and F. Hayamizu, “Comparison of flow velocity
of ophthalmic artery between primary open angle glaucoma
and normal tension glaucoma,” British Journal of Ophthal-
mology, vol. 79, no. 8, pp. 732-734, 1995.

[9] Y. Yamazakiand S. M. Drance, “The relationship between pro-
gression of visual field defects and retrobulbar circulation in

)
)



(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

patients with glaucoma,” American Journal of Ophthalmology,
vol. 124, no. 3, pp. 287-295, 1997.

H. J. Kaiser, A. Schoetzau, D. Stumpfig, and J. Flammer,
“Blood-flow velocities of the extraocular vessels in patients
with high-tension and normal-tension primary open-angle
glaucoma,” American Journal of Ophthalmology, vol. 123,
no. 3, pp. 320-327, 1997.

N. Himori, H. Kunikata, Y. Shiga et al., “The association
between systemic oxidative stress and ocular blood flow in
patients with normal-tension glaucoma,” Graefe's Archive for
Clinical and Experimental Ophthalmology, vol. 254, no. 2,
pp. 333-341, 2016.

J. Flammer, S. Orgul, V. P. Costa et al., “The impact of ocular
blood flow in glaucoma,” Progress in Retinal & Eye Research,
vol. 21, no. 4, pp- 359-393, 2002.

N. Fan, P. Wang, L. Tang, and X. Liu, “Ocular blood flow and
normal tension glaucoma,” Biomedical Research International,
vol. 2015, Article ID 308505, p. 7, 2015.

T. Sugiyama, M. Araie, C. E. Riva, L. Schmetterer, and S. Orgul,
“Use of laser speckle flowgraphy in ocular blood flow
research,” Acta Ophthalmology, vol. 88, no. 7, pp. 723-729,
2010.

N. Chiba, K. Omodaka, Y. Yokoyama et al., “Association
between optic nerve blood flow and objective examinations
in glaucoma patients with generalized enlargement disc type,”
Clinical Ophthalmology, vol. 5, pp. 1549-1556, 2011.

Y. Yokoyama, N. Aizawa, N. Chiba et al., “Significant correla-
tions between optic nerve head microcirculation and visual
field defects and nerve fiber layer loss in glaucoma patients
with myopic glaucomatous disk,” Clinical Ophthalmology,
vol. 5, pp. 1721-1727, 2011.

L. Wang, G. A. Cull, C. Piper, C. F. Burgoyne, and B. Fortune,
“Anterior and posterior optic nerve head blood flow in non-
human primate experimental glaucoma model measured by
laser speckle imaging technique and microsphere method,”
Investigative Ophthalmology & Visual Science, vol. 53,
no. 13, pp. 8303-8309, 2012.

N. Aizawa, F. Nitta, H. Kunikata et al., “Laser speckle and
hydrogen gas clearance measurements of optic nerve circula-
tion in albino and pigmented rabbits with or without optic disc
atrophy,” Investigative Ophthalmology & Visual Science,
vol. 55, no. 12, pp. 7991-7996, 2014.

N. Aizawa, Y. Yokoyama, N. Chiba et al., “Reproducibility
of retinal circulation measurements obtained using laser
speckle flowgraphy-NAVT in patients with glaucoma,” Clinical
Ophthalmology, vol. 5, pp. 1171-1176, 2011.

K. Yaoeda, M. Shirakashi, A. Fukushima et al., “Relationship
between optic nerve head microcirculation and visual field loss
in glaucoma,” Acta Ophthalmologica Scandinavica, vol. 81,
no. 3, pp. 253-259, 2003.

N. Aizawa, H. Kunikata, Y. Shiga, Y. Yokoyama, K. Omodaka,
and T. Nakazawa, “Correlation between structure/function
and optic disc microcirculation in myopic glaucoma, mea-
sured with laser speckle flowgraphy,” BMC Ophthalmology,
vol. 14, no. 1, p. 113, 2014.

Y. Shiga, H. Kunikata, N. Aizawa et al., “Optic nerve head
blood flow, as measured by laser speckle flowgraphy, is signif-
icantly reduced in preperimetric glaucoma,” Current Eye
Research, vol. 41, no. 11, pp. 1447-1453, 2016.

W. Kobayashi, H. Kunikata, K. Omodaka et al., “Correlation
of optic nerve microcirculation with papillomacular bundle

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

Journal of Ophthalmology

structure in treatment naive normal tension glaucoma,”
Journal of Ophthalmology, Article ID 468908, p. 9, 2014.

N. R. Kim, E. S. Lee, G. J. Seong, J. H. Kim, H. G. An, and C.Y.
Kim, “Structure-function relationship and diagnostic value of
macular ganglion cell complex measurement using fourier-
domain OCT in glaucoma,” Investigative Ophthalmology &
Visual Science, vol. 51, no. 9, pp. 4646-4651, 2010.

M. Seong, K. R. Sung, E. H. Choi et al., “Macular and peripapil-
lary retinal nerve fiber layer measurements by spectral domain
optical coherence tomography in normal-tension glaucoma,”
Investigative Ophthalmology & Visual Science, vol. 51, no. 3,
pp. 1446-1452, 2010.

A. Schulze, J. Lamparter, N. Pfeiffer, F. Berisha, I. Schmidt-
mann, and E. M. Hoffmann, “Diagnostic ability of retinal gan-
glion cell complex, retinal nerve fiber layer, and optic nerve
head measurements by fourier-domain optical coherence
tomography,” Graefe's Archive for Clinical and Experimental
Ophthalmology, vol. 249, no. 7, pp. 1039-1045, 2011.

T. Rolle, C. Briamonte, D. Curto, and F. M. Grignolo,
“Ganglion cell complex and retinal nerve fiber layer measured
by fourier-domain optical coherence tomography for early
detection of structural damage in patients with preperimetric
glaucoma,” Clinical Ophthalmology, vol. 5, pp. 961-969, 2011.

P.J. Airaksinen, S. M. Drance, G. R. Douglas, D. K. Mawson,
and H. Nieminen, “Diffuse and localized nerve fiber loss in
glaucoma,” American Journal of Ophthalmology, vol. 98,
no. 5, pp. 566-571, 1984.

H. A. Quigley, J. Katz, R. J. Derick, D. Gilbert, and A. Sommer,
“An evaluation of optic disc and nerve fiber layer examinations
in monitoring progression of early glaucoma damage,”
Ophthalmology, vol. 99, no. 1, pp. 19-28, 1992.

A. Sommer, J. Katz, H. A. Quigley et al, “Clinically
detectable nerve fiber atrophy precedes the onset of glaucoma-
tous field loss,” Archives Ophthalmology, vol. 109, no. 1,
pp. 77-83, 1991.

R. S. Harwerth, L. Carter-Dawson, F. Shen, E. L. Smith 3rd,
and M. L. Crawford, “Ganglion cell losses underlying
visual field defects from experimental glaucoma,” Investiga-
tive Ophthalmology ¢ Visual Science, vol. 40, no. 10,
pp. 2242-2250, 1999.

A. Anraku, N. Enomoto, A. Takeyama, H. Ito, and G. Tomita,
“Baseline thickness of macular ganglion cell complex pre-
dicts progression of visual field loss,” Graefe's Archive for
Clinical and Experimental Ophthalmology, vol. 252, no. 1,
pp. 109-115, 2014.

S. T. Takagi, Y. Kita, F. Yagi, and G. Tomita, “Macular retinal
ganglion cell complex damage in the apparently normal visual
field of glaucomatous eyes with hemifield defects,” Journal of
Glaucoma, vol. 21, no. 5, pp. 318-325, 2012.

M. Sehi, I. Goharian, R. Konduru et al., “Retinal blood flow in
glaucomatous eyes with single-hemifield damage,” Ophthal-
mology, vol. 121, no. 3, pp. 750-758, 2014.

J. R. Piltz-seymour, J. E. Grunwald, S. M. Hariprasad, and J.
Dupont, “Optic nerve blood flow is diminished in eyes of
primary open-angle glaucoma suspects,” American Journal
of Ophthalmology, vol. 132, no. 1, pp. 63-69, 2001.

E. A. Sato, Y. Ohtake, K. Shinoda, Y. Mashima, and I. Kimura,
“Decreased blood flow at neuroretinal rim of optic nerve
head corresponds with visual field deficit in eyes with normal
tension glaucoma,” Graefe's Archive for Clinical and Experi-
mental Ophthalmology, vol. 244, no. 7, pp. 795-801, 2006.



Journal of Ophthalmology

(37]

(38]

(39]

[40]

(41]

(42]

(43]

(44]

(45]

(46]

[47]

S. Nakagawa, H. Murata, H. Saito et al., “Frequency doubling
technology for earlier detection of functional damage in
standard automated perimetry-normal hemifield in glaucoma
with low-to-normal pressure,” Journal of Glaucoma, vol. 21,
no. 1, pp. 22-26, 2012.

Y. Tamaki, M. Araie, E. Kawamoto, S. Eguchi, and H. Fujii,
“Non-contact, two-dimensional measurement of tissue circu-
lation in choroid and optic nerve head using laser speckle
phenomenon,” Experimental Eye Research, vol. 60, no. 4,
pp. 373-383, 1995.

R. D. Reyes, G. Tomita, and Y. Kitazawa, “Retinal nerve
fiber layer thickness within the area of apparently normal
visual field in normal-tension glaucoma with hemifield defect,”
Journal of Glaucoma, vol. 7, no. 5, pp. 329-335, 1998.

H. Inuzuka, K. Kawase, A. Sawada, Y. Aoyama, and T.
Yamamoto, “Macular retinal thickness in glaucoma with
superior or inferior visual hemifield defects,” Journal of
Glaucoma, vol. 22, no. 1, pp. 60-64, 2013.

H. Inuzuka, K. Kawase, H. Yamada, S. Oie, S. Kokuzawa, and
T. Yamamoto, “Macular ganglion cell complex thickness in
glaucoma with superior or inferior visual hemifield defects,”
Journal of Glaucoma, vol. 23, no. 3, pp. 145-149, 2014.

Y. Jia, J. C. Morrison, J. Tokayer et al., “Quantitative OCT
angiography of optic nerve head blood flow,” Biomedical
Optics Express, vol. 3, no. 12, pp. 3127-3137, 2012.

J. C. Hwang, R. Konduru, X. Zhang et al., “Relationship among
visual field, blood flow, and neural structure measurements in
glaucoma,” Investigative Ophthalmology & Visual Science,
vol. 53, no. 6, pp- 3020-3026, 2012.

C. L. Chen, A. Zhang, K. D. Bojikian et al., “Peripapillary reti-
nal nerve fiber layer vascular microcirculation in glaucoma
using optical coherence tomography-based microangiogra-
phy,” Investigative Ophthalmology & Visual Science, vol. 57,
no. 9, pp. 475-485, 2016.

H. Resch, D. Schmidl, A. Hommer et al., “Correlation of optic
disc morphology and ocular perfusion parameters in patients
with primary open angle glaucoma,” Acta Ophthalmology,
vol. 89, no. 7, pp. €544-e549, 2011.

G. Cull, C. F. Burgoyne, B. Fortune, and L. Wang, “Longitudi-
nal hemodynamic changes within the optic nerve head in
experimental glaucoma,” Investigative Ophthalmology &
Visual Science, vol. 54, no. 6, pp. 4271-4277, 2013.

K. Yanagida, T. Iwase, K. Yamamoto et al, “Sex-related
differences in ocular blood flow of healthy subjects using laser
speckle flowgraphy,” Investigative Ophthalmology ¢ Visual
Science, vol. 56, no. 8, pp. 4880-4890, 2015.



MEDIATORS
INFLAMMATION

The Scientific Gastroenterology Fi o Journal of
World Journal Research and Practice Diabetes Research

Journal of International Journal of

Immunology Research Endocrinology

Hindawi

Submit your manuscripts at
https://www.hindawi.com

BioMed
Research International

PPAR Research

Journal of
Obesity

AL
@

Evidence-Based b ‘
Stem Ce' |S Complementary and - 4 < 3 = Journal of
International Alternative Medicine & Oncology

oot oume 014

Journal of

Ophthalmology

Parkinson’s
Disease

. <
l-r/

e .

: o .
Ly,

| i

Behavioural Oxidative Medicine and

Neu I’O|Ogy Research and Treatment Cellular Longevity

Computational and
Mathematical Methods
in Medicine




