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Purpose. The present study aimed to examine changes in optic nerve head (ONH) blood flow autoregulation in 4 quadrants
(superior, nasal, inferior, and temporal) with decreased ocular perfusion pressure (OPP) during vitrectomy in order to determine
whether there is a significant difference of autoregulatory capacity in response to OPP decrease at each ONH quadrant. Methods.
This study included 24 eyes with an epiretinal membrane or macular hole that underwent vitrectomy at Toho University Sakura
Medical Center. Following vitrectomy, the tissue mean blur rate (MBR), which reflects ONH blood flow, was measured. Mean
tissue MBRs in the four quadrants were generated automatically in the software analysis report. Measurements were conducted
before and 5 and 10min after intraocular pressure (IOP) elevation of approximately 15mmHg in the subjects without systemic
disorders. Results. The baseline tissue MBR of the temporal quadrant was significantly lower than that of the other 3 quadrants (all
𝑃 < 0.05). However, the time courses of tissue MBR in response to OPP decrease were not significantly different among the four
quadrants during vitrectomy (𝑃 = 0.23). Conclusions. There is no significant difference in the autoregulatory capacity of the four
ONH quadrants in patients without systemic disorders during vitrectomy.

1. Introduction

Autoregulatory mechanisms play very important roles in the
control of blood flow in organ tissues tomaintain oxygen and
nutrition supply through vascular constriction or dilatation
[1, 2]. Many studies have reported that autoregulation of
optic nerve head (ONH) and choroidal blood flow occurs in
response to a change in ocular perfusion pressure (OPP) [3–
10].

In general, a role of vascular dysregulation and interac-
tion of OPP and blood flowmight be important factors in the
eyes with glaucoma [2, 11]. It has been reported that there are
circadian intraocular pressure (IOP) variations in healthy or
glaucomatous eyes [12]. OPP is the difference between mean
blood pressure (MBP) and IOP [2] and several investigators
have demonstrated that the progression of glaucoma might

be related to fluctuations in OPP [13, 14]. Sung et al. [15]
reported that OPP fluctuations during 24 h might be signifi-
cant predictors for the progression of the central visual field
in eyes with normal tension glaucoma. Furthermore, Schmidl
et al. [6] reported that impaired autoregulatory capacity
was associated with both higher intraocular pressure (IOP)
and higher mean blood pressure. However, the mechanism
of autoregulation in the ONH blood flow has not been
clarified in detail. Considering the above clinical findings, it
is important to evaluate this mechanism.

Cull et al. [16] provided evidence for the association
between ONH blood flow autoregulation and retinal nerve
fiber layer thickness (RNFLT) loss. Another report demon-
strated that the number of capillaries was lower in the
temporal ONHquadrant than in the otherONHquadrants in
monkey eyes with experimental glaucoma [17]. However, no
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study has elucidated whether there is a significant difference
of autoregulatory capacity in the ONH quadrants in response
to OPP decrease during vitreous surgery.

The present study aimed to investigate ONH blood flow
autoregulation in four quadrants (superior, nasal, inferior,
and temporal) in the supine position using laser speckle
flowgraphy (LSFG) (LSFG-NAVI-OPE, Softcare Co., Ltd.,
Fukuoka, Japan) [18–21], during vitrectomy in order to
determinewhether there is a significant difference of autoreg-
ulatory capacity in response to OPP decrease in each ONH
quadrant.

2. Patients and Methods

2.1. Subjects. The present study was approved by the Institu-
tional Review Board/Ethics Committee of Toho University
Sakura Medical Center (#2015056). All procedures in this
study were in full compliance with the guidelines of the
Declaration of Helsinki. All patients were native Japanese,
who provided informed consent to participate following
a thorough explanation of the nature and possible conse-
quences of this study.

A total of 24 eyes of 24 patients (10 male and 14 female
patients) with a mean age of 69.4 ± 6.9 years were enrolled
between March 2014 and December 2016.

The subjects in the present study comprised a subset of
18 eyes of 18 patients of a previously published manuscript
[19]. Seventeen eyes had an idiopathic epiretinal membrane
and seven eyes had a macular hole. All subjects underwent
vitrectomy for an idiopathic epiretinal membrane or macular
hole at TohoUniversity SakuraMedical Center.The following
parameters were within normal limits in all patients (data not
shown): systolic/diastolic blood pressure (SBP/DBP), triglyc-
eride level, high/low density lipoprotein cholesterol levels,
fasting plasma glucose level, hemoglobin A1c, estimated
glomerular filtration rate, and hemoglobin level. Subjects
were excluded from participation if they had glaucoma, optic
neuropathy, uveitis, or high myopia (refractive error worse
than −6 D) and systemic disorders.

2.2. Study Protocol. The experimental protocol has been
described in detail in previous studies [19–21]. We induced
mydriasis by administering 1-2 drops of 0.5% tropicamide and
0.5% phenylephrine hydrochloride (Mydrin-P ophthalmic
solution; Santen Pharmaceutical Co., Ltd., Osaka, Japan).
One hour before the measurement of ONH blood flow,
we also administered pentazocine hydrochloride (Sosegon,
15mg; Maruishi Pharmaceutical Co., Ltd., Osaka, Japan)
and hydroxyzine pamoate (Atarax-P, 25mg; Pfizer Co., Ltd,
Tokyo, Japan) via intramuscular injection.

In all patients, we performed microincision vitrectomy
using a 25-gauge instrument with a Constellation vented gas-
forced infusion and IOP control system (Alcon, Fort Worth,
TX) under local anesthesia, after retrobulbar injection of
2% lidocaine hydrochloride (Xylocaine, 2.5mL; AstraZeneca
K.K., Osaka, Japan) and 0.75% ropivacaine hydrochloride
(Anapeine, 2.5mL; AstraZeneca K.K.).

We first performed cataract surgery and created three
infusion ports with a closed valve cannula. Following core

vitrectomy, we set two steps of different pressures, that is,
lower pressure (0mmHg) and higher pressure (25mmHg),
using the Constellation vented gas-forced infusion and IOP
control system. We measured IOP using Tonopen-AVIA
(Reichert, Inc., Buffalo, NY), because this approach yields
IOP values that are different from those obtained with the in-
fusion and IOP control system.We used these measurements
for the calculation of mean IOP values. SBP and DBP were
measured in the same way as reported previously [19–21].

ONHbloodflowwasmeasured thrice consecutively using
LSFG-NAVI-OPE at lower pressure at baseline and 5 and
10min after IOP elevation. The 5- and 10-min time points
for measurement of ONH blood flow were determined using
preliminary results obtained from 13 of the 24 studied eyes.
In these preliminary experiments, ONH blood flow was
measured 2, 5, and 10min after raising IOP. Because ONH
blood flow was lowest at 5min, we decided to only measure
ONH blood flow at 5 and 10min after IOP elevation.

2.3. Measurement and Analysis of ONH Blood Flow. LSFG
was developed to facilitate the noncontact analysis of ocular
blood flow using the laser speckle phenomenon [22]. The
mean blur rate (MBR), which indicates ONH blood flow
[23, 24], was obtained using LSFG-NAVI-OPE in the supine
position. Recent studies have shown that the MBR in the
ONHmeasured using LSFG was significantly correlated with
actual ONH blood flow measured using the microsphere
method in monkey eyes [25] and using the hydrogen gas
clearance method in rabbits [26, 27]. Furthermore, LSFG is
a useful devise to examine the blood flow in the ONH [19–
27], retinal vessels [28–30], and choroid [31–34].

First, we identified the margin of the ONH using a
circular or elliptical boundary (Figure 1(a)). ONH circulation
can be automatically divided into vessels and tissues using
the automated definitive threshold via the LSFG Analyzer
software (Ver. 3.1.79.0, Softcare, Ltd.) (Figure 1(b)). The MBR
of theONH tissue (tissueMBR) has been shown to be linearly
correlated with capillary blood flow, regardless of fundus pig-
mentation [27]. The MBR was calculated for each quadrant
by dividing the tissue MBR in each quadrant (i.e., superior,
nasal, inferior, and temporal) by the entire tissue MBR in the
ONH (Figure 1(c)). The measurement was performed thrice
consecutively at each time point using LSFG-NAVI-OPE, and
the mean values of tissue MBR were calculated from these
measurements using the LSFG Analyzer software.

2.4.Measurement of Intraoperative Intraocular Pressure, Blood
Pressure, Pulse Rate, and Oxygen Saturation. The intraoper-
ative IOP, blood pressure, pulse rate, and oxygen saturation
(SpO2) were measured simultaneously with ONH blood flow
using a method reported previously [19–21]. The mean blood
pressure (MBP) was calculated from SBP/DBP according to
the following formula [12]: MBP = 1/3 × (SBP −DBP) + DBP.
OPP was calculated using the following formula [12]: OPP
(supine position) = 115/130 ×MBP − IOP.

2.5. Statistical Analysis. All data are presented as mean ±
standard deviation. One-way repeated-measures analysis of
variance (ANOVA) was used to analyze the changes in tissue
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Figure 1: Analysis of circulation in the optic nerve head by laser speckle flowgraphy analyzer software. (a) The margin of the optic nerve head
(ONH) is identified using a circular or elliptical boundary. (b) LSFGAnalyzer software (Ver. 3.1.79.0, Softcare, Ltd.) can distinguish the vessels
and tissues using the automated definitive threshold. The white area indicates the vessel area while the black area indicates the tissue area.
(c) Blood flow in the ONH quadrants (S: superior, I: inferior, N: nasal, and T: temporal) is calculated by using LSFG Analyzer software. MT
means the tissue mean blur rate in the ONH.

MBR from the baseline for each ONH quadrant. Differences
in OPP were tested for statistical significance using one-way
measures ANOVA. Two-way repeatedmeasures ANOVAwas
used to analyze the time course of tissue MBR for each ONH
quadrant. All statistical analyses were performed using the
SPSS statistical software (Ver. 23, IBM Corp., Armonk, NY).
A 𝑃 value < 0.05 was considered to be statistically signifi-
cant.

3. Results

3.1. Time Course of Intraoperative Intraocular Pressure, Ocu-
lar Perfusion Pressure, Pulse Rate, and Oxygen Saturation.
Table 1 shows the time course of intraoperative IOP, OPP,

pulse rate, and SpO2. The IOP significantly increased from
baseline to 5 and 10min as the infusion pressure increased.
Accordingly, OPP was significantly lower at 5min (50.4 ±
11.0mmHg) and 10min (49.1 ± 9.8mmHg) than at baseline
(67.0 ± 10.2mmHg). There were no significant differences in
the MBP, pulse rate, and SpO2.

3.2. Comparison of Baseline ONH Blood Flow in the Tissue
Area. We compared the baseline tissue MBR among each
ONH quadrant because tissue MBRs were measured in the
same individual and section. The baseline tissue MBR of
the temporal quadrant was significantly lower than that of
the other three quadrants (all 𝑃 < 0.05, one-way repeated
measures ANOVA with Bonferroni correction) (Figure 2).
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Figure 2: Time course of tissue MBR changes in the four quadrants.
Data are expressed as mean ± standard deviation for 24 subjects.
Results of statistical analysis are described in the text. S: superior,
I: inferior, N: nasal, and T: temporal.

Table 1: Intraoperative intraocular pressure, intraocular pressure,
mean blood pressure, ocular perfusion pressure, pulse rate, and
oxygen saturation.

Baseline 5min 10min
IOP (mmHg) 14.8 ± 2.5 29.4 ± 3.8

∗
29.1 ± 2.8

∗

MBP (mmHg) 92.4 ± 10.5 90.3 ± 10.8 88.4 ± 10.0

OPP (mmHg) 67.0 ± 10.2 50.4 ± 11.0
∗
49.1 ± 9.8

∗

Pulse rate (beats/min) 65.8 ± 10.3 66.2 ± 9.9 65.2 ± 10.1

SpO
2
(%) 94.9 ± 1.9 94.8 ± 2.3 94.7 ± 2.2

Data are expressed as mean ± standard deviation for the 24 subjects; IOP,
intraocular pressure; MBP, mean blood pressure; OPP, ocular perfusion
pressure; SpO2, oxygen saturation; ∗significant difference from the baseline
level (corrected 𝑃 < 0.05 following a Bonferroni test).

3.3. Time Course of ONH Blood Flow Change in Each Quad-
rant. Figure 2 shows the tissue MBRs in the four quadrants
at each measurement point.

Two-way repeated measures ANOVA showed that both
the time and quadrant effects were significant (both 𝑃 <
0.01). Regarding the time effect, pairwise comparison anal-
ysis showed that there were significant differences between
the baseline and the 5-min and 10-min time points after IOP
elevation (𝑃 < 0.01, 𝑃 = 0.01, respectively). Furthermore,
there was a significant difference between the 5-min and
the 10-min time points after IOP elevation (𝑃 < 0.01,
Bonferroni). Regarding the quadrant effect, pairwise com-
parison analysis showed that tissue MBR in the temporal

quadrant was significantly lower than that in the superior
and inferior quadrants (both 𝑃 < 0.01). In contrast, there
was no significant difference between the temporal and nasal
quadrant, the superior and inferior quadrants, the superior
and nasal quadrants, and the inferior and nasal quadrants
(𝑃 = 0.12, 1.00, 0.69, and 0.88, Bonferroni).

Finally, no significant interaction was detected between
the time courses of tissueMBR and each quadrant (𝑃 = 0.23).

4. Discussion

The current study showed that no significant interaction
was detected between the time courses of tissue MBR and
each quadrant. That finding indicated that there was no
significant difference of the autoregulatory capacity in each
ONH quadrant in response to OPP decrease during vitreous
surgery in patients without systemic disorders.

Regarding ONH tissue blood flow in healthy subjects,
there have been several investigations concerning autoreg-
ulation in response to OPP fluctuations using LSFG [10,
35, 36]. Witkowska et al. [10] recently reported ONH tissue
blood flow regulation in response to OPP elevation during
isometric exercise using LSFG. In view of that autoregulatory
mechanism operated in response to OPP fluctuations, our
result is almost consistent with previous studies. However, the
blood flow autoregulation in each ONH quadrant tissue area
in response to OPP decrease during vitrectomy had not been
previously investigated. In general, the short posterior ciliary
arteries and the circle of Zinn-Haller, partly via the peri-
papillary choroid, supply the lamina cribrosa with nutrients
[37]. It is considered that tissue MBR obtained by the LSFG
analysis software might present the blood flow of microves-
sels or branches of these arteries in the lamina cribrosa [24].
Although the reason has yet to be clarified, there was no
significant difference of autoregulatory capacity of eachONH
quadrant tissue blood flow in patients without systemic disor-
ders. Further study with more cases in patients with diseases
such as glaucoma will be needed to evaluate the mechanism.

On the other hand, Chan et al. [38] recently reported that
systemic disorders, such as cardiovascular diseases, might be
a strong risk factor for rapid glaucoma progression. Dysfunc-
tion of ONH blood flow autoregulation was thought to be
one of the risk factors for the progression of primary open-
angle glaucoma as well as elevation of IOP [39]. Furthermore,
it is known that glaucomatous damage occurs preferentially
in the temporal ONH quadrant [40] and tissue MBR of
the temporal, superior, and inferior quadrants has been
reported to be strongly associated with the RNFLT in patients
with glaucoma [41]. Considering these clinical findings, the
autoregulatorymechanism in eachONHquadrant in patients
without glaucoma or systemic diseases might be different
from that in patients with these diseases.

Our results also demonstrated that the baseline tissue
MBR in the temporal quadrant was lower than that of the
other quadrants. Furthermore, pairwise comparison analysis
showed that the tissue MBR in the temporal quadrant was
lower than that in the superior or inferior quadrants. A pre-
vious study using a laser Doppler flowmeter reported that
ONH blood flow of the temporal quadrant in eyes without
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glaucoma was significantly lower than that of the nasal quad-
rant [42]. In another study on animal eyes with experimental
glaucoma, it was reported that there was a reduction in the
number of capillaries in the temporal ONH quadrants [17].
Our result is consistent with the finding of these previous
reports. On the other hand, the RNFLT of the temporal
quadrant has been reported to be thinner than that of the
other quadrants in normal subjects [43, 44]. Lower ONH
blood flow in the temporal quadrant might be related with
a thinner RNFLT in the same quadrant.

The present study had some limitations. First, we did not
clarify whether a macular hole or epiretinal membrane influ-
enced the autoregulatory mechanism in the ONH because all
subjects had these conditions in the present study. Second, all
subjects were given sedatives an hour before measurement.
Further studies are needed to elucidate whether administra-
tion of sedatives can influence the autoregulatory capacity
in each ONH quadrant during vitrectomy. Third, further
investigations will be needed to evaluate whether we can use
the value of MBR as an absolute value, although tissue MBR
of the ONH has been shown to be highly correlated with
absolute blood flow values, measured with the microsphere
method or the hydrogen gas clearance method. Finally, our
results were obtained using a relatively small number of
subjects. Further studies with more subjects are required to
determine which ONH quadrant is more susceptible to a
decrease in OPP during vitrectomy.

5. Conclusions

In summary, there is no significant difference of autoregu-
latory capacity in the ONH quadrants in response to OPP
decrease during vitrectomy in subjects without systemic
disorders.

Disclosure

The authors alone are responsible for the content and writing
of the paper.

Conflicts of Interest

The authors report no conflicts of interest.

Acknowledgments

The authors would like to thank Chiaki Nishimura, Director
at CNMedical Research for statistical consulting.

References

[1] A. Harris, T. A. Ciulla, H. S. Chung, and B. Martin, “Regulation
of retinal and optic nerve blood flow,” JAMAOphtalmology, vol.
116, no. 11, pp. 1491–1495, 1998.

[2] S. S. Hayreh, “Blood flow in the optic nerve head and factors
that may influence it,” Progress in Retinal and Eye Research, vol.
20, no. 5, pp. 595–624, 2001.

[3] C. E. Riva and M. Loebl, “Autoregulation of blood flow in the
capillaries of the human macula,” Investigative Ophthalmology
& Visual Science, vol. 16, no. 6, pp. 568–571, 1977.

[4] L. E. Pillunat, R. Stodtmeister, I. Wilmanns, and T. Christ,
“Autoregulation of ocular blood flow during changes in intraoc-
ular pressure. Preliminary results,” Graefe’s Archive for Clinical
and Experimental Ophthalmology, vol. 223, no. 4, pp. 219–223,
1985.

[5] C. E. Riva, M. Hero, P. Titze, and B. Petrig, “Autoregulation of
humanoptic nerve head bloodflow in response to acute changes
in ocular perfusion pressure,” Graefe’s Archive for Clinical and
Experimental Ophthalmology, vol. 235, no. 10, pp. 618–626, 1997.

[6] D. Schmidl, A. Boltz, S. Kaya et al., “Comparison of choroidal
and optic nerve head blood flow regulation during changes
in ocular perfusion pressure,” Investigative Ophthalmology &
Visual Science, vol. 53, no. 8, pp. 4337–4346, 2012.

[7] D. Schmidl, A. Boltz, S. Kaya et al., “Role of nitric oxide in
optic nerve head blood flow regulation during an experimental
increase in intraocular pressure in healthy humans,”Experimen-
tal Eye Research, vol. 116, pp. 247–253, 2013.

[8] A. Boltz, R. Told, K. J. Napora et al., “Optic nerve head blood
flow autoregulation during changes in arterial blood pressure
in healthy young subjects,” PLoS ONE, vol. 8, no. 12, Article ID
e82351, 2013.

[9] L. Wang, G. A. Cull, and B. Fortune, “Optic nerve head blood
flow response to reduced ocular perfusion pressure by alteration
of either the bloodpressure or intraocular pressure,”Current Eye
Research, vol. 40, no. 4, pp. 359–367, 2015.

[10] K. J.Witkowska, A.M. Bata, G. Calzetti et al., “Optic nerve head
and retinal blood flow regulation during isometric exercise as
assessed with laser speckle flowgraphy,” PLoS ONE, vol. 12, no.
9, Article ID e0184772, 2017.

[11] J. Flammer, S. Orgül, V. P. Costa et al., “The impact of ocular
blood flow in glaucoma,” Progress in Retinal and Eye Research,
vol. 21, no. 4, pp. 359–393, 2002.

[12] L. Quaranta, A. Katsanos, A. Russo, and I. Riva, “24-hour intra-
ocular pressure and ocular perfusion pressure in glaucoma,”
Survey of Ophthalmology, vol. 58, no. 1, pp. 26–41, 2013.

[13] K. R. Sung, S. Lee, S. B. Park et al., “Twenty-four hour ocular
perfusion pressure fluctuation and risk of normal-tension
glaucoma progression,” Investigative Ophthalmology & Visual
Science, vol. 50, no. 11, pp. 5266–5274, 2009.

[14] E. Renard, K. Palombi, C. Gronfier et al., “Twenty-four hour
(Nyctohemeral) rhythm of intraocular pressure and ocular
perfusion pressure in normal-tension glaucoma,” Investigative
Ophthalmology & Visual Science, vol. 51, no. 2, pp. 882–889,
2010.

[15] K. R. Sung, J. W. Cho, S. Lee et al., “Characteristics of visual
field progression inmedically treated normal-tension glaucoma
patients with unstable ocular perfusion pressure,” Investigative
Ophthalmology&Visual Science, vol. 52, no. 2, pp. 737–743, 2011.

[16] G. Cull, R. Told, C. F. Burgoyne, S. Thompson, B. Fortune, and
L. Wang, “Compromised optic nerve blood flow and autoregu-
lation secondary to neural degeneration,” Investigative Ophthal-
mology & Visual Science, vol. 56, no. 12, pp. 7286–7292, 2015.

[17] N. H. Kalvin, D. I. Hamasaki, and J. D. M. Gass, “Experimental
glaucoma in monkeys: II. Studies of intraocular vascularity
during glaucoma,” JAMA Ophtalmology, vol. 76, no. 1, pp. 94–
103, 1966.

[18] M. Ubuka, T. Sugiyama, Y. Onoda, T. Shiba, Y. Hori, and T.
Maeno, “Changes in the blood flow of the optic nerve head
induced by different concentrations of epinephrine in intra-
vitreal infusion during vitreous surgery,” Investigative Ophthal-
mology & Visual Science, vol. 55, no. 3, pp. 1625–1629, 2014.



6 BioMed Research International

[19] R.Hashimoto, T. Sugiyama,M.Ubuka, and T.Maeno, “Autoreg-
ulation of optic nerve head blood flow induced by elevated
intraocular pressure during vitreous surgery,” Current Eye
Research, vol. 42, no. 4, pp. 625–628, 2017.

[20] R. Hashimoto, T. Sugiyama, H. Masahara, M. Sakamoto, M.
Ubuka, and T. Maeno, “Impaired autoregulation of blood flow
at the optic nerve head during vitrectomy in patients with type 2
diabetes,” American Journal of Ophthalmology, vol. 181, pp. 125–
133, 2017.

[21] R. Hashimoto, T. Sugiyama, M. Ubuka, and T. Maeno, “Impair-
ment of autoregulation of optic nerve head blood flow during
vitreous surgery in patients with hypertension and hyperlipi-
demia,” Graefe’s Archive for Clinical and Experimental Ophthal-
mology, vol. 255, no. 11, pp. 2227–2235, 2017.

[22] 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.

[23] N. Aizawa, Y. Yokoyama, N. Chiba et al., “Reproducibility of
retinal circulation measurements obtained using laser speckle
flowgraphy-NAVI in patients with glaucoma,” Clinical Ophthal-
mology, vol. 5, no. 1, pp. 1171–1176, 2011.

[24] T. Sugiyama, “Basic technology and clinical applications of the
updated model of laser speckle flowgraphy to ocular diseases,”
Photonics, vol. 1, no. 3, pp. 220–234, 2014.

[25] 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.

[26] H. Takahashi, T. Sugiyama, H. Tokushige et al., “Comparison
of CCD-equipped laser speckle flowgraphy with hydrogen gas
clearance method in the measurement of optic nerve head
microcirculation in rabbits,” Experimental Eye Research, vol.
108, pp. 10–15, 2013.

[27] 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.

[28] Y. Shiga, T. Asano, H. Kunikata et al., “Relative flow volume,
a novel blood flow index in the human retina derived from
laser speckle Flowgraphy,” Investigative Ophthalmology&Visual
Science, vol. 55, no. 6, pp. 3899–3904, 2014.

[29] T. Iwase, E. Ra, K. Yamamoto,H. Kaneko, Y. Ito, andH. Terasaki,
“Differences of retinal blood flow between arteries and veins
determined by laser speckle flowgraphy in healthy subjects,”
Medicine, vol. 94, no. 33, Article ID e1256, 2015.

[30] D. Schmidl, K. Witkowska, N. Luft et al., “Assessment of retinal
blood flow using Laser Speckle Flowgraphy,” Acta Ophthalmo-
logica, vol. 95, no. S259, 2017.

[31] H. Isono, S. Kishi, Y. Kimura, N. Hagiwara, N. Konishi, and
H. Fujii, “Observation of choroidal circulation using index of
erythrocytic velocity,” JAMA Ophtalmology, vol. 121, no. 2, pp.
225–231, 2003.

[32] R. Hashimoto, A. Hirota, and T. Maeno, “Choroidal blood flow
impairment demonstrated using laser speckle flowgraphy in a
case of commotio retinae,” American Journal of Ophthalmology
Case Reports, vol. 4, pp. 30–34, 2016.

[33] T. Iwase, K. Yamamoto, M. Kobayashi, E. Ra, K. Murotani,
and H. Terasaki, “What ocular and systemic variables affect
choroidal circulation in healthy eyes,”Medicine, vol. 95, no. 43,
Article ID e5102, 2016.

[34] R. Hashimoto, J. Kawamura, A. Hirota, M. Oyamada, A. Sakai,
and T. Maeno, “Changes in choroidal blood flow and choroidal
thickness after treatment in two cases of pediatric anisohyper-
metropic amblyopia,” American Journal of Ophthalmology Case
Reports, vol. 8, pp. 39–43, 2017.

[35] T. Okuno, T. Sugiyama, M. Kohyama, S. Kojima, H. Oku, and
T. Ikeda, “Ocular blood flow changes after dynamic exercise in
humans,” Eye, vol. 20, no. 7, pp. 796–800, 2006.

[36] Y. Shiga, M. Shimura, T. Asano et al., “The influence of posture
change on ocular blood flow in normal subjects, measured by
laser speckle flowgraphy,” Current Eye Research, vol. 38, no. 6,
pp. 691–698, 2013.

[37] S. S. Hayreh, “Blood supply of the optic nerve head,” Ophthal-
mologica, vol. 210, no. 5, pp. 285–295, 1996.

[38] T. C. Chan, C. Bala, A. Siu, F. Wan, and A. White, “Risk factors
for rapid glaucoma disease progression,” American Journal of
Ophthalmology, vol. 180, pp. 151–157, 2017.

[39] D. Moore, A. Harris, D. Wudunn, N. Kheradiya, and B. Siesky,
“Dysfunctional regulation of ocular blood flow: a risk factor for
glaucoma?” Clinical Ophthalmology, vol. 2, no. 4, pp. 849–861,
2008.

[40] H. A. Quigley and E. M. Addicks, “Regional differences in
the structure of the lamina cribrosa and their relation to glau-
comatous optic nerve damage,” JAMA Ophtalmology, vol. 99,
no. 1, pp. 137–143, 1981.

[41] Y. Yokoyama, N. Aizawa, N. Chiba et al., “Significant corre-
lations 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, no.
1, pp. 1721–1727, 2011.

[42] A. G. Boehm, L. E. Pillunat, U. Koeller et al., “Regional dis-
tribution of optic nerve head blood flow,” Graefe’s Archive for
Clinical and Experimental Ophthalmology, vol. 237, no. 6, pp.
484–488, 1999.

[43] H. Hirasawa, A. Tomidokoro, M. Araie et al., “Peripapillary
retinal nerve fiber layer thickness determined by spectral-
domain optical coherence tomography in ophthalmologically
normal eyes,” JAMA Ophtalmology, vol. 128, no. 11, pp. 1420–
1426, 2010.

[44] Y. M. Tariq, H. Li, G. Burlutsky, and P. Mitchell, “Retinal nerve
fiber layer and optic disc measurements by spectral domain
OCT: normative values and associations in young adults,” Eye,
vol. 26, no. 12, pp. 1563–1570, 2012.



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

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


