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It is obvious that once blood supply to the retina, choroids,
or optic nerve head is completely obstructed, severe visual
functional damages occur. Even without such significant
ocular blood flow insufficiency, ocular blood flow seems to
influence developing or deteriorating glaucomatous damages
as well as other retinal diseases. Recent advances in image
analysis techniques have introduced new algorithms to study
the retinal circulatory disturbances and the mechanisms
underlying their pathology. Knowledge and understanding of
these conditionsmay lead to successful therapies and provide
better care to patients. For this purpose the continuing efforts
to understand the role of ocular blood flow for developing
retinal and optic nerve head pathology, the development of
strategies to treat these conditions, and the evaluation of
outcomes are important.

Last year, we invited investigators to contribute original
research as well as review articles that address this field.
We encourage manuscripts that will describe the new devel-
opments of technologies for evaluating ocular blood flow,
new insights into relationship between ocular circulatory
disturbances and visual function, blood flow and structure
relationship, effects of intervention for ocular blood flow on
disease progression, and current concepts in ocular blood
flow and its relationship to extraocular determinants influ-
encing blood vessel itself or those of systemic factors such
as aging, nocturnal hypopressure, or cardiovascular disease.
Today, we are very happy to publish this special issue of this
journal.

In this issue, original research and review articles are
accepted.The research papers focused onusing colorDoppler

imaging techniques to understand relationship between
retrobulbar hemodynamics and visual field progression in
normal tension glaucoma, evaluating differences in the vas-
cular response to a hypercapnic stimulus between normal
tension glaucoma patients and normal subjects, investigating
the role of systemic arterial stiffness evaluated using brachial-
ankle pulse wave velocity in glaucoma patients with diabetes
mellitus, and comparing the ocular pulse amplitude lower-
ing effects of preservative-free tafluprost and dorzolamide-
timolol fixed combination using dynamic contour tonometry.
Besides those of analyzing glaucoma and blood flow rela-
tionship, the research papers dealing with detecting evidence
for retinal damage evolving from reduced retinal blood flow
in carotid artery disease, evaluating the effects of long-term
tamponade with silicone oil on retinal saturation, and eval-
uating reproducibility of ocular circulation measurements
using laser speckle flowgraphy in neonates are involved.

The review described the present status of understand-
ing relationship between ocular blood flow and glaucoma,
including advancements in noninvasive imaging technolo-
gies; those have led to the characterization of magnitude
and time course in retinal blood flow response to stimuli,
describing systemic and ocular hemodynamic risk factors in
glaucoma, and role of ocular blood flow in developing normal
tension glaucoma. The papers sample the extraordinary
progress that has been made in the field.

Current research suggests that new developments will
continue to follow. Particular importance will be given to
manuscripts that address the development of techniques for
evaluating systemic and ocular blood flow as well as those
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adopting such techniques for understanding blood flow and
disease relationships. Our aim is to shed light on important
knowledge gaps and to provoke thoughts for further research
and the development of therapeutic strategies.
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Introduction. Carotid artery disease (CAD) comprising high-grade internal carotid artery stenosis (CAS) or carotid artery occlusion
(CAO)may lead to ipsilateral impaired cerebral blood flow and reduced retinal blood supply.Objective. To examine the influence of
chronic CAD on retinal blood flow, retinal morphology, and visual function.Methods. Patients with unilateral CAS ≥ 50% (ECST
criteria) or CAO were grouped according to the grade of the stenosis and to the flow direction of the ophthalmic artery (OA).
Retinal perfusion was measured by transorbital duplex ultrasound, assessing central retinal artery (CRA) blood flow velocities.
In addition, optic nerve and optic nerve sheath diameter were measured. Optical coherence tomography (OCT) was performed
to study retinal morphology. Visual function was assessed using high- and low-contrast visual paradigms. Results. Twenty-seven
patients were enrolled. Eyes with CAS ≥ 80%/CAO and retrograde OA blood flow showed a significant reduction in CRA peak
systolic velocity (no-CAD side: 0.130 ± 0.035m/s, CAS/CAO side: 0.098 ± 0.028; 𝑝 = 0.005; 𝑛 = 12). OCT, optic nerve thicknesses,
and visual functional parameters did not show a significant difference.Conclusion. Despite assessable hemodynamic effects, chronic
high-grade CAD does not lead to gaugeable morphological or functional changes of the retina.

1. Introduction

Carotid artery disease (CAD) comprising high-grade carotid
artery stenosis (CAS) or carotid artery occlusion (CAO) of
the internal carotid artery (ICA) was shown to be associated
with restricted ocular blood flow as measured by Doppler
sonography [1–5]. The higher the grade of CAS, the more
relevant the impairment of the retinal blood flow, especially
if the ophthalmic artery (OA) shows a retrograde blood flow
[6]. A common carotid artery occlusion (CCA-O) impedes
the blood flow of the ipsilateral internal and external carotid
artery (ECA) and is another risk factor for limited orbital
perfusion [7, 8].Ocularmanifestations ofCADare a common
finding, for instance, occurring as amaurosis fugax caused by
acute embolic central retinal artery occlusion or as a chronic
retinal ischemia in the form of ocular ischemic syndrome
(OIS). Retinal examination in CAD patients is generally

performed in direct time relation to the occurrence of clinical
symptoms like sudden or progressive visual loss. However,
it remains unclear whether subclinical retinal abnormalities
or visual impairment occurs. Ultrasound allows reliable
dynamic assessment of orbital blood flow, measured as
central retinal artery (CRA) flow velocity. It can also be used
for structural analysis of optic nerve sheath diameter (ONSD)
and is a proven diagnostic tool to evaluate papilledema in
intracranial pressure with comparable results to MRI exam-
inations [9]. Optical coherence tomography (OCT) allows
reliable quantification of retinal layers and is able to detect
retinal axonal andneuronal loss even in the absence of clinical
visual symptoms inmultiple sclerosis and other CNS diseases
[10–12]. In this pilot study, we analyze the effects of CAD-
induced chronic reduced retinal blood flow on optic nerve
thickness and retinal morphology and function.
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2. Methods

2.1. Patients. Patients were recruited from two hospital ultra-
sound laboratories (Departments ofNeurology: Charité-Uni-
versitätsmedizin Berlin and Königin-Elisabeth-Herzberge
Hospital, Berlin) and an outpatient practice in Berlin between
August 2011 and May 2012. After database screening for
chronic high-grade ICA stenosis and ICA occlusion, patients
were selectively invited for an additional study appointment.
Inclusion criteria were unilateral high-grade CAS ≥ 50%
(ECST criteria) [13], CAO or CCA-O, and age > 18. Exclusion
criteria were contralateral CAS ≥ 50% (ECST criteria), con-
tralateral CAO or CCA-O, ICA stent or carotid endarterec-
tomy (CEA), and any ophthalmological diseases potentially
affecting the retina (i.e., glaucoma, advanced diabetes, and
retinopathies). Patients with diabetes were included if they
had not suffered from any ophthalmological symptoms in
their medical history.

2.2. Patient Grouping. The cohort was classified into groups
according to the following hemodynamic criteria:

Group 1: patients with CAS 50% to 79%.
Group 2: patients with CAS ≥ 80% or CAO with a
nonretrograde OA.
Group 3: patients with CAS ≥ 80% or CAO with a
retrograde OA.
Group 4: patients with CCA-O.

A missing blood flow in the OA was defined as nonretro-
grade blood flow.

2.3. Ethics Statement. The study was approved by the Insti-
tutional Review Board (IRB) of the Charité-Universitäts-
medizin Berlin and was conducted in accordance with the
Declaration of Helsinki in its current version and applicable
German laws. All participants gave informedwritten consent.

2.4. Ultrasound. All patients underwent a complete ultra-
sound examination of the extra- and intracranial brain
supplying arteries using a Toshiba PowerVision ultrasound
system (SSA-370A, Toshiba, Japan). Extracranial flow veloci-
tiesweremeasuredwith a linear probe (7.0MHz), intracranial
vessels, and the flow direction of the OA with a sector probe
(1-2MHz). Degree of ICA stenosis was determined according
to the multiparametric DEGUM ultrasound criteria [14].

Transorbital ultrasound was performed with the Siemens
ACUSON (Sequoia 512, Siemens, Germany) and a linear
probe (15.0MHz). The mechanical index (MI) was reduced
(MI < 0.24) according to current standards. As measures of
retinal blood supply, the CRA peak systolic velocity (PSV),
end diastolic velocity (EDV), and the resistive index (RI)
were determined without use of angle correction (see, e.g.,
Figures 1(a)–1(c)). Measurements of the optic nerve sheath
diameter (ONSD) and optic nerve diameter (OND) were
performed according to the method of Helmke and Hansen
[15, 16]. According to the examination conditions, single or
multiple measurements were performed. In case of multiple
measurements, the mean value was used for further analysis.

2.5. Optical Coherence Tomography. Retinal nerve fiber layer
(RNFL) thickness, total macular volume (TMV), combined
ganglion cell and inner plexiform layer (GCIPL) volume, and
optic nerve head volume (ONHV)were obtained from retinal
OCT scans (Heidelberg Spectralis, Heidelberg Engineering,
Germany; Spectralis software version 5.3.3.0; Eye Explorer
Software 1.6.4.0). RNFL thickness was measured with a 12∘
ring scan (3.4mm diameter) around the optic nerve head
using the device’s standard protocol and segmentation algo-
rithm with high resolution mode (1536 A-scans per B-scan)
and activated true track (Figure 1(d)). Whenever possible,
the maximum number of averaging frames in the automatic-
real-time mode (ART) was used. Beside the global RNFL
thickness, the superior, temporal, inferior, and nasal RNFL
quadrant thicknesses were analyzed.

The macular volume was measured using a custom
protocol which generates 61 B-scans focusing the fovea, at a
scanning angle of 30∘ × 25∘ and a resolution of 768 A-scans
per B-scan (ART= 13).TheTMVwas calculated by estimating
the distance between the inner limiting membrane and
Bruch’s membrane in a 6mm diameter cylinder using the
Spectralis software segmentation algorithm.

The GCIPL was segmented from the macular scan with
semiautomatic beta-software provided by the manufacturer
(Eye Explorer Viewing Module Version 5.7). All scans were
checked for algorithm errors and inaccurate segmentation
lines were corrected manually (Figure 1(e)).

TheONHVwas determined from a custom protocol scan
which generates 145 B-scans focusing the optic nerve head
at an angle of 15∘ × 15∘ and a resolution of 384 A-scans per
B-scan (ART = 10). A custom Matlab algorithm was used to
quantify ONHV [17, 18].

All scans were acquired by one experienced operator and
were checked for pathologies and sufficient quality according
to the OSCAR-IB criteria before undergoing quantitative
analysis [19, 20].

2.6. Visual Function. Visual function was testedmonocularly
under best-corrected conditions by one trained examiner
with the Functional Vision Analyzer (Stereo Optical Co.,
Chicago, Illinois) with a simulated distance of 20 ft. High-
contrast visual acuity (HCVA) was tested with Early Treat-
ment Diabetic Retinopathy Study (ETDRS) charts under
photopic conditions (85 cd/m2). Low-contrast visual acuity
(LCVA) was tested with the Functional Acuity Contrast Test
(FACT) under photopic (85 cd/m2) and mesopic (3 cd/m2)
conditionswithout glare [21]. LCVAwas calculated as the area
under the curve (AUC) as previously described [22–24].

3. Results

3.1. Patients. In total, 30 patients could be recruited. Out of
these, 27 had unilateral CAS or a CAO occlusion, while three
patients had a CCA occlusion. Because of the small sample
size, results of the latter group were analyzed separately. A
flow chart of the different patient cohorts in this study is
shown in Supplementary Figure 1 in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2015/604028.
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Figure 1: (a)–(c) Transorbital ultrasound measurement of flow velocities in the central retinal artery (CRA) in a patient with carotid artery
occlusion (CAO) and retrograde OA blood flow. (a) Transorbital B-mode scan of the optic nerve and color-mode imaging of the CRA. (b)
Flow velocities ipsilateral to the CAO. Besides the reduced absolute flow velocity, there is a markedly delayed systolic flow rise. (c) Flow
velocity of the no-CAD side. Note the normal steep systolic flow rise. (d) Exemplary peripapillary OCT ring scan with sectors: temporal (T),
superior (S), inferior (I), and nasal (N). (e) Exemplary presentation of an OCT macular volume scan with segmentation of the retinal nerve
fiber layer (RNFL) and combined ganglion cell and inner plexiform layer (GCIPL).

Among the remaining 27 patients with CAD, eight patients
had a CAS between 50 and 79%, seven a CAS ≥ 80% or CAO
with a nonretrograde OA, and 12 a CAS ≥ 80% or CAO with
a retrograde OA. Demographic details of the total cohort and
the stenosis groups are shown in Table 1. All patients were
clinically asymptomatic with no CAD-related symptoms in
the last two months.

3.2. Flow Velocities in the Central Retinal Artery. Three
patients had to be excluded because the CRA was not
detectable on both sides. In the remaining cases, PSV was
significantly reduced on the CAS/CAO side compared to
the no-CAD side in the total cohort (𝑝 = 0.007) and in
Group 3 (CAS ≥ 80%/CAO and retrograde OA, 𝑝 = 0.005)
(see Table 2). Side-to-side comparisons of the individual
measures and intrapatient, intereye differences are shown in
Figure 2. EDV and the RI showed no significant side-to-side
differences in the total cohort or the subgroups (see Table 2).
The level of PSV reduction in the CRA correlates significantly
with the degree of CAS (𝑝 = 0.002, rho = −0.599,𝑁 = 24).

3.3. Subgroup CCA-Occlusion (CCA-O). The three CCA-O
patients showed the following results: PSV CCA-O side:
0.079 ± 0.022m/s, no-CAD side: 0.147 ± 0.046m/s, EDV
CCA-O side: 0.030 ± 0.009m/s, no-CAD side: 0.043 ±
0.015m/s, and RI CCA-O side: 0.62±0.07m/s, no-CAD side:
0.71 ± 0.02m/s. Due to the small group size (𝑁 = 3), no
statistical tests were performed. All three patients had to be
excluded from furthermorphological and functional analysis
(one ocular bulb deformation, one study drop-out, and one
pronounced epiretinal gliosis in a measurement-changing
level).

3.4. Optic Nerve Thickness. There were no significant dif-
ferences of the ON thickness parameters (OND, ONSD) in
the total cohort between the CAS/CAO side and the no-
CAD side. Detailed results of ON thickness measurements
are given in Table 2. Group analyses showed a significant
difference in Group 2 (CAS ≥ 80%/CAO, nonretrograde OA)
between CAS/CAO side and no-CAD side of the OND (𝑝 =
0.027) and the ONSD (𝑝 = 0.028), while there were no



4 BioMed Research International

Table 1: Demographic details of the total cohort and stenosis subgroups. SD: standard deviation; min: minimal; max: maximal; CAD: carotid
artery disease comprising carotid artery stenosis (CAS) and carotid artery occlusion (CAO); HLP: hyperlipoproteinemia; PAD: peripheral
artery disease; TIA: transient ischemic attack; Group 1: CAS 50–79%; Group 2: CAS ≥ 80% or CAO with nonretrograde OA; Group 3: CAS ≥
80% or CAO with retrograde OA.

Total cohort Stenosis subgroups
Group 1 Group 2 Group 3

Patients𝑁 27 8 7 12
Sex

Male 17 (63%) 7 (87.5%) 2 (28.6%) 8 (66.7%)
Female 10 (37%) 1 (12.5%) 5 (71.4%) 4 (33.3%)

Age (years)
Mean ± SD 61 ± 10 66 ± 4 62 ± 7 58 ± 12
(min–max) (35–76) (61–72) (50–71) (35–76)

Disease duration CAD (months)
Mean ± SD 46 ± 50 21 ± 20 74 ± 55 46 ± 56
(min–max) (1–177) (2–58) (6–177) (1–169)

Unilateral CAD
50–79% 8 (29.6%) 8 (100%) 0 0
80–99% 9 (33.3%) 0 5 (71.4%) 4 (33.3%)
Occlusion 10 (37.0%) 0 2 (28.6%) 8 (66.7%)

Comorbidity
Art. hypertension 18 (66.7%) 7 (87.5%) 5 (71.4%) 6 (50.0%)
HLP 14 (51.9%) 4 (50.0%) 3 (42.9%) 7 (58.3%)
Coronary artery disease 8 (29.6%) 4 (50.0%) 1 (14.3%) 3 (25.0%)
Diabetes mellitus 4 (14.8%) 2 (25.0%) 1 (14.3%) 1 (8.3%)
PAD 3 (11.1%) 1 (12.5%) 1 (14.3%) 1 (8.3%)
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Figure 2: Results of peak systolic velocity (PSV) in the central retinal artery (CRA). (a) shows the individual measurements in stenosis
subgroups. (b) shows PSV differences (PSV intereye difference = PSV CAS/CAO side − PSV no-CAD side) of stenosis subgroups. CAD:
carotid artery disease; CAS: carotid artery stenosis; CAO: carotid artery occlusion, Group 1: CAS 50–79%; Group 2: CAS ≥ 80%/CAO with
nonretrograde OA; Group 3: CAS ≥ 80%/CAO with retrograde OA.
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Table 2: Side-to-side differences (no-CAD versus CAS/CAO) of sonographic results in the CRA peak systolic velocity (PSV), end diastolic
velocity (EDV), and resistive index (RI) and the optic nerve thicknesses optic nerve sheath diameter (ONSD) and optic nerve diameter
(OND). Significant findings in PSV for the total cohort (𝑝 = 0.007) and Group 3 (𝑝 = 0.005) and ONSD (𝑝 = 0.028) and OND (0.027) in
Group 2. CAD: carotid artery disease; CAS: carotid stenosis; CAO: carotid artery occlusion, Group 1: CAS 50–79%; Group 2: CAS ≥ 80% or
CAOwith nonretrograde OA; Group 3: CAS ≥ 80% or CAOwith retrograde OA; SD: standard deviation; CoV: coefficient of variation. Paired
sample Wilcoxon sign rank test was used for intereye comparisons (no-CAD versus CAS/CAO).

Total cohort Stenosis groups
Group 1 Group 2 Group 3

PSV
m/s ± SD (CoV)

𝑁 24 6 6 12
No-CAD 0.125 ± 0.030 (0.238) 0.120 ± 0.029 (0.239) 0.119 ± 0.018 (0.152) 0.130 ± 0.035 (0.272)
CAS/CAO 0.105 ± 0.025 (0.241) 0.116 ± 0.023 (0.195) 0.109 ± 0.021 (0.191) 0.098 ± 0.028 (0.287)
𝑝 value 0.007 0.893 0.463 0.005

EDV
m/s ± SD (CoV)

𝑁 24 6 6 12
No-CAD 0.037 ± 0.017 (0.460) 0.034 ± 0.010 (0.308) 0.032 ± 0.009 (0.273) 0.040 ± 0.022 (0.544)
CAS/CAO 0.034 ± 0.014 (0.413) 0.038 ± 0.016 (0.434) 0.033 ± 0.008 (0.225) 0.032 ± 0.016 (0.491)
𝑝 value 0.493 0.463 0.917 0.147

RI
±SD (CoV)

𝑁 24 6 6 12
No-CAD 0.72 ± 0.08 (0.109) 0.71 ± 0.06 (0.089) 0.73 ± 0.04 (0.054) 0.71 ± 0.10 (0.141)
CAS/CAO 0.69 ± 0.10 (0.145) 0.68 ± 0.12 (0.176) 0.70 ± 0.04 (0.052) 0.68 ± 0.12 (0.170)
𝑝 value 0.063 0.416 0.093 0.307

ONSD
cm ± SD (CoV)

𝑁 27 8 7 12
No-CAD 0.477 ± 0.060 (0.125) 0.473 ± 0.066 (0.140) 0.468 ± 0.045 (0.095) 0.484 ± 0.066 (0.113)
CAS/CAO 0.480 ± 0.066 (0.138) 0.465 ± 0.096 (0.207) 0.500 ± 0.047 (0.093) 0.478 ± 0.054 (0.113)
𝑝 value 0.471 1.000 0.028 0.937

OND
cm ± SD (CoV)

𝑁 27 8 7 12
No-CAD 0.291 ± 0.045 (0.156) 0.287 ± 0.059 (0.207) 0.270 ± 0.037 (0.137) 0.306 ± 0.037 (0.119)
CAS/CAO 0.300 ± 0.042 (0.141) 0.295 ± 0.059 (0.199) 0.304 ± 0.027 (0.089) 0.300 ± 0.040 (0.134)
𝑝 value 0.275 0.726 0.027 0.929

significant side-to-side differences in Group 1 (CAS 50–79%)
or Group 3 (CAS ≥ 80%/CAO, retrograde OA).

3.5. Optic Coherence Tomography. Eleven patients had to be
excluded fromOCT analysis due to potentially measurement
influencing pathologies of the retina, among those five
patients with maculopathies, two with local retina atrophies,
and one with macular edema due to traction, or diseases
which could affect the retinal morphology (two patients with
amblyopia, one with optic neuritis in medical history). One
patient did not complete the examinations due to an acute
infection. Exemplary presentation of retinal pathologies with
measurement-changing extent is shown in Supplementary
Figure 2.

Fifteen patients were included into morphological and
functional analysis of the retina. Due to the small sample size,
no subgroup analyses were performed. Instead, correlation
of OCT measures with the degree of CAS and the CRA-
PSV was analyzed to evaluate the relationship between OCT
parameters and the orbital hemodynamic situation. CRA-
PSV was only available for 13 patients because the CRA could
not be detected on both sides in two patients.

Analysis of global and quadrant RNFL thickness, TMV,
GCIPL, and ONHV showed no significant differences
between CAS/CAO side and no-CAD side (Table 3).

Furthermore, no significant correlation with the degree
of CAS or the CRA-PSVwas found (Spearman-Rho test, data
not shown).

3.6. Visual Function. Fifteen patients were included into
functional analysis of the retina. Analysis of HCVA, photopic
LCVA, and mesopic LCVA showed no significant differences
between CAS/CAO side and no-CAD side (Table 3). Further-
more, no significant correlationwith the degree of CAS or the
CRA-PSV was found (Spearman-Rho test, data not shown).

3.7. Correlation between Morphological and Clinical Parame-
ters. All OCT parameters (RNFL thicknesses, TMV, GCIPL,
and ONHV) were tested for correlations with ON thickness
(OND, ONSD), patient age, disease duration of CAS, and
functional visual parameters (HCVA, LCVA). There was a
negative correlation between TMV difference (TMV differ-
ence = TMV CAS/CAO side − TMV no-CAD side) and
disease duration (𝑝 = 0.005). The scatterplot indicates that
there is a cluster of patients with a disease duration of <15
months, which has higher TMV (see Figure 3). All other cor-
relation analyses showed no significant results. Furthermore,
we grouped patients with CAD-associated symptoms (amau-
rosis fugax (AF), transient ischemic attack (TIA), or stroke)
and analyzed OCT parameters. Seven patients of the OCT
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Table 3: Side-to-side differences (no-CAD versus CAS/CAO) of OCT and functional measurements with no significant findings. RNFL:
peripapillary retinal nerve fiber layer; G: global; S: superior; N: nasal; I: inferior; T: temporal; TMV: total macula volume; GCIPL: ganglion
cell/inner plexiform layer; ONHV: optic nerve head volume;HCVA: high-contrast visual acuity; LCVA: low-contrast visual acuity (photopic =
85 cd/m2, mesopic = 3 cd/m2); CAD: carotid artery disease; CAS: carotid artery stenosis; CAO: carotid artery occlusion, ± standard deviation.
Paired sample Wilcoxon sign rank test was used for intereye comparisons (no-CAD versus CAS/CAO).

𝑁 No-CAD CAS/CAO 𝑝 value
RNFL-G thickness (𝜇m) 15 101 ± 8 99 ± 9 0.363
RNFL-S thickness (𝜇m) 15 126 ± 11 126 ± 14 0.363
RNFL-N thickness (𝜇m) 15 76 ± 10 73 ± 14 0.100
RNFL-I thickness (𝜇m) 15 128 ± 15 129 ± 21 0.977
RNFL-T thickness (𝜇m) 15 70 ± 11 69 ± 11 0.637
TMV (mm3) 15 8.62 ± 0.41 8.68 ± 0.41 0.083
GCIPL volume (mm3) 15 1.96 ± 0.12 1.97 ± 0.13 0.344
ONHV (mm3) 13 1.253 ± 0.158 1.275 ± 0.288 0.972
HCVA (decimal) 15 1.11 ± 0.45 1.01 ± 0.31 0.206
LCVA photopic (AUC) 14 1.925 ± 0.198 1.997 ± 0.097 0.158
LCVA mesopic (AUC) 12 1.676 ± 0.333 1.698 ± 0.186 0.937

cohort (𝑁 = 15) had CAD-associated symptoms in their
medical history (2 AF, 1 TIA, and 4 strokes). OCT parameters
on CAS/CAO side with CAD-associated symptoms were
compared with OCT parameters on CAS/CAO side without
CAD-associated symptoms. No significant differences were
found (nonparametric Mann-Whitney 𝑈 test was used).

4. Discussion

This study confirms that chronic high-grade CAS/CAO in
combination with a retrograde OA blood flow leads to
a significant blood flow reduction in the ipsilateral CRA.
Furthermore, our data suggest that these hemodynamic
changes without a clinically manifest pathology do not result
in changes in ON thickness (ONSD and OND), the retinal
morphology (RNFL thickness, TMV, GCIPL volume, and
ONHV), or functionality (HCVA, photopic and mesopic
LCVA).

Kang et al. (2014) showed a subfoveal thinning of the
choroid in three patients with high-grade CAS and OIS by
enhanced depth imaging (EDI) OCT (Heidelberg Spectralis)
[25]. In this study, we did not investigate the choroid
thickness because our images were recorded without EDI
mode. Furthermore, there are currently no reliable automatic
segmentation methods available for the choroid. Instead,
we analyzed state-of-the-art retinal OCT parameters, which
were successfully applied to detect retinal neurodegeneration
in MS and other neurodegenerative diseases, and established
optic nerve ultrasound measures.

The significant side-to-side differences of ONSD (𝑝 =
0.028) and OND (𝑝 = 0.027) in Group 2 (CAS ≥ 80%/CAO,
nonretrograde OA) seem not to be related to the reduced
blood flow in the CRA. If this was the case, there should be a
significant side-to-side difference ofON thicknesses aswell in
Group 3 (CAS ≥ 80%/CAO, retrograde OA), since we found
significant PSV reduction in this group in contrast to PSV in
Group 2 (see Table 2).
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Figure 3: Scatterplot describing the significant correlation (𝑝 =
0.005) between the disease duration of the CAS/CAO and the
intereye difference of the totalmacular volume (TMV). Patients with
initial CAS/CAO diagnosis in the last 15 months show thickening
of the TMV. TMV intereye difference = TMV CAS/CAO side −
TMVno-CADside. CAD: carotid artery disease; CAS: carotid artery
stenosis; CAO: carotid artery occlusion. Spearman-Rho test was
used.

However, patients with initial CAS/CAO diagnosis in the
last 15 months seem to show a thickening of the TMV on the
CAS/CAO side compared to no-CAD side (Figure 3). That
might be explained by an initial retinal edema, an excessive
vascularization, or venous dilatation (overall diameter of
retinal vessels is included in TMV) due to ischemia, which
were regressive during time. Vascular changes and retinal
edema are possible manifestations of an early stage of OIS
[26, 27]. In contrast, RNFL thickness in the nasal quadrant
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tended to show a thinning on CAS/CAO side compared to
no-CAD side; however, this difference was not significant.

This study shows that PSV reduction in the CRA cor-
relates significantly with the degree of CAS (𝑝 = 0.002).
Blood flow velocities in the downstream CRA in CAS ≥ 80%
or CAO are lower if the OA flow is retrograde compared
to those with a nonretrograde OA. To assess whether this
was an effect relevant to the perfusion of the eye, additional
parameters like pulse pressure or ocular perfusion pressure,
assessed by, for example, oculoplethysmography, would have
been desirable but were not assessed in our patient group.
However, data from the literature in fact suggest that PSV
in the CRA significantly correlates with the systolic pressure
in the CRA and OA, supporting our hypothesis of impaired
ocular circulation [3]. Results of the small CCA-O cohort
support the hemodynamic findings and extent of blood
flow reduction, which might occur in such a “worst case
scenario.” In this constellation the ocular blood supply is
severely impaired and collateral compensation can only be
provided via anastomoses from the contralateral external
carotid artery. Unfortunately, our cohort size was small and
the drop-out rate did not allow analyzing retinal structure and
visual function. Patients with such a specific condition tend
to be clinically less stable which might have been the reason
for the low recruitment numbers.

In our study we were not able to perform a full oph-
thalmologic examination including measurement of intraoc-
ular pressure. It is therefore possible that we missed mild
glaucomatous changes that would have not been apparent
in OCT. Spherical refraction was compensated by manually
focusing on the fundus but spherical refraction was not
assessed independently. Consequently we did not employ
exclusion criteria, that is, in regard to high myopia. These
are two clear limitations of our study. However, given the
negative results (also in comparison to normative data in the
device which makes clinical diagnosis of major confounding
conditions improbable), we do not believe that influence on
our results is relevant.Thenegative findings inmorphological
and functional analyses may also be explained with the small
cohort size. To detect small changes, bigger cohort sizes
might be necessary. The decision to choose the intrasubject
comparisons (no-CAD side versus CAS/CAO side) instead of
intersubject comparisons (CAS/CAO eyes versus eyes from
healthy control subjects), which could have gained a larger
cohort size, was made with respect to the comparability
due to the comorbidities. Individual systemic factors have
a greater comparability in intrasubject than in intersubject
comparisons. Still, the lack of a healthy control cohort might
be considered a weakness, because some patients might have
had CAD < 50% on the no-CAD side.

The cohort in this study matches the expected demo-
graphic frame for CAD patients very well and is comparable
to other CAD studies [1–5].

In total, twelve patients had to be excluded from the OCT
analyses,mainly due to retinal pathologies in ameasurement-
changing extent. This finding exemplifies, on the one hand,
that the applicability of quantitativeOCTanalysis is limited in
elderly multimorbid patients. On the other hand, there might
be more appropriate parameters as the ones chosen in this

study. Concerning the brain, CADmore often causes embolic
infarctions while hemodynamic patterns with only 5–8% of
cases are relatively rare [28]. Xu et al. introduced the so-called
RNFL defect, a localized sector in which the RNFL contour
line touched or dipped into the <1% reference zone for a
length of less than 180∘, due to microinfarctions of the retina
of which appearance correlates with arterial hypertension
[29]. Wang et al. found RNFL defects in 48.1% (±4.0 SD,
𝑁 = 154) of patients with acute and in 40.7% (±2.8 SD,𝑁 =
206) of patients with previous stroke [30]. In a retrospective
analysis of our data no such RNFL defects according to
definition of Xu et al. could be found, even though our
cohort includes patients with arterial hypertension (66.7%)
and previous stroke (33.3%). A reason for this finding could
be an improper definition of RNFL defects, our small sample
size, or different ethnic groups (Asian versus Caucasian).

5. Conclusion

High-grade CAS or CAO in combinationwith retrogradeOA
flow leads to a significant blood flow reduction in the CRA
but not to morphological or functional changes of the retina.
Our findings indicate that some patients with a recent CAD
diagnosis can show a significant thickening of the ipsilateral
TMV.We recommend further studieswith a larger cohort size
to evaluate the retinal changes in patients with recent CAD
diagnosis or with acute embolic stroke and to develop and use
adapted OCT parameters for the detection of retinal embolic
defects.
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Normal tension glaucoma (NTG) is known as a multifactorial optic neuropathy characterized by progressive retinal ganglion
cell death and glaucomatous visual field loss, even though the intraocular pressure (IOP) does not exceed the normal range. The
pathophysiology of NTG remains largely undetermined. It is hypothesized that the abnormal ocular blood flow is involved in the
pathogenesis of this disease. A number of evidences suggested that the vascular factors played a significant role in the development
of NTG. In recent years, the new imaging techniques, fluorescein angiography, color Doppler imaging (CDI), magnetic resonance
imaging (MRI), and laser speckle flowgraphy (LSFG), have been used to evaluate the ocular blood flow and blood vessels, and the
impaired vascular autoregulation was found in patients with NTG. Previous studies showed that NTGwas associated with a variety
of systemic diseases, includingmigraine, Alzheimer’s disease, primary vascular dysregulation, and Flammer syndrome.Thevascular
factors were involved in these diseases. The mechanisms underlying the abnormal ocular blood flow in NTG are still not clear, but
the risk factors for glaucomatous optic neuropathy likely included oxidative stress, vasospasm, and endothelial dysfunction.

1. Introduction

Normal tension glaucoma (NTG) is known as a multifac-
torial optic neuropathy characterized by progressive retinal
ganglion cell (RGC) death and glaucomatous visual field loss.
Despite the fact that the IOP in NTG patients is within the
normal range, the glaucomatous optic neuropathy may keep
getting worse progressively and irreversibly. The disturbed
ocular blood flow is a significant factor in pathogenesis of
NTG.The vascular failure including vasospasms, small vessel
disease, or autoregulatory dysfunction will lead to perfusion
deficits of the optic nerve head, retina, and choroid and
furthermore develop to the glaucomatous optic neuropathy
[1]. Previous studies showed that the impaired vascular
autoregulation was more pronounced in NTG than in high
tension glaucoma (HTG), especially in NTG patients with
progressive optic neuropathy than those with relatively stable
status [2, 3].Therefore, the ocular blood flow deficit may play
a significant role in the glaucomatous optic neuropathy in
NTG.

2. The Anatomy of Blood Supply of
Optic Nerve

The blood supply of the eye is mainly from the ophthalmic
artery (OA), a branch of the internal carotid artery (ICA).
The OA enters the orbit and gives rise to ciliary arteries,
which supply the choroid and optic nerve head, and the
central retinal artery which supplies the retina. The OA and
its tributaries, the posterior ciliary arteries and the central
retinal artery, provide arterial blood flow to the posterior
segment of the globe.The short posterior ciliary arteries from
the choroidmainly supply the prelaminar portion of the optic
nerve, with a minor contribution to the surface of the disc
from fine branches of the central retinal artery. In general,
there was a perineural, circular arterial anastomosis (circle
of Zinn-Haller) at the scleral level via the short posterior
ciliary arteries. Branches from this circle penetrated the optic
nerve to supply the prelaminar and laminar regions and the
peripapillary choroid [4, 5].
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The blood supply to the globe is dependent on these
branches of the OA, including the short posterior ciliary
and central retinal artery. It is important to realize that
the short posterior ciliary arteries in particular supply the
choroid and optic nerve head and are vulnerable to changes
in systemic blood pressure, perfusion pressure, and vascular
dysregulation [6].

3. Imaging Analysis of Ocular Blood
Flow in NTG

A variety of imaging techniques, as described below, have
been used to measure the ocular blood flow. With these
technologies, the abnormal ocular blood flow was noticed
in NTG patients [7], suggesting that the glaucomatous optic
neuropathy might be, at least in part, a result of the impaired
autoregulation of ocular vessels.

3.1. Fluorescein Angiography. The retinal arteriovenous pas-
sage times (AVP) and the perfusion of retinal and choroidal
microvascular beds can be qualitatively evaluated by fluores-
cein angiography. Previous studies found that the AVP was
prolonged in NTG patients, indicating that there is a defect in
retinal haemodynamics [8, 9]. Furthermore, retinal AVP was
correlated with ocular perfusion pressure and systemic blood
pressure in NTG patients [8]. Video fluorescein angiograms
showed choroidal filling times were also prolonged in NTG
patients [10].

3.2. Color Doppler Imaging. Color Doppler imaging (CDI)
can be used to evaluate erythrocyte velocity of theOA, central
retinal artery, and posterior ciliary arteries. CDI provides
the end diastolic velocity, the peak systolic velocity, and the
mean velocity. A number of studies with CDI demonstrated
that the blood flow resistance was increased and blood
flow velocities were decreased in the OA and PCAs of
patients with HTG, pseudoexfoliation syndrome, and NTG
[11, 12], suggesting an important role of ocular blood flow
in pathogenesis of glaucomatous optic neuropathy. Reduced
blood flow velocities and increased resistive indices in most
retrobulbar vessels were found in patients with NTG, which
may explain the reason for the optic nerve head fluorescein
filling defects and capillary loss of the optic nerve head of
these patients [1, 2, 13–15].

3.3. Magnetic Resonance Imaging (MRI). MRI was used to
detect the brain ischemic changes in NTG patients, including
cerebral white matter lesions and small vessel ischemic
damage [16, 17], corpus callosum atrophy in conjunctionwith
cerebral infarcts [18], indicating that the ischemia contributed
to glaucomatous neuropathy progression. Deeper depression
in the inferior pericentral visual field was found in NTG
patients with characteristic ischemic changes on brain MRIs,
when compared with those NTG patients of nonischemic
change on brain MRIs [19].

3.4. Laser Speckle Flowgraphy. As a new noninvasive tech-
nology based on the laser speckle phenomenon, laser speckle

flowgraphy (LSFG) offers the assessment of microcirculation
of the optic nerve head (ONH) and choroid and retinal vessels
at the fovea simultaneously [20]. The parameters used in
ONH blood flow analysis by LSFG include the waveform
variables (like the skew, the acceleration time index, and the
blowout time) [21]. LSFGmeasurement of the ONH revealed
the decreased skew and the increased acceleration time index
in eyes of patients with mild NTG, when compared with
that of normal control and advanced NTG patients. These
results support the hypotheses that endothelial dysfunction
and/or increased vascular resistance play an important role
in pathogenesis of NTG [21].

4. NTG and Systemic Disorders

Systemic vascular diseases, including migraine, systemic low
blood pressure, Alzheimer’s disease, primary vascular dysreg-
ulation (PVD), and Flammer syndrome, are associated with
the progression of NTG. It is generally accepted that the risk
factors of NTG include gender [22, 23], race (more frequently
seen in Japan than in European or American countries) [24],
PVD [25], and low blood pressure [26, 27]. It is noteworthy
that female appeared to be more susceptive to vasospasm
and progression of visual field loss in NTG [28]. Similarly,
vasospasm was more commonly observed in Japanese than
in European and American patients, and, correspondingly,
NTG was more commonly seen in Japan than most other
countries [29, 30]. Migraine, a disorder associated with NTG,
was characterized as a vasospastic disorder and commonly
seen in women [31].

4.1. Migraine. A number of investigations reported that the
migraine was associated with NTG [32, 33]. In the Collab-
orative Normal Tension Glaucoma Study, migraine was a
risk factor for development and progression of NTG [28].
Furlanetto et al. demonstrated that migraine was a predictor
for the occurrence of disc hemorrhage of NTG patients in
Low-Pressure Glaucoma Treatment Study [33]. In addition,
Corbett and his colleagues examined the NTG patients using
neurobehavioral testing, neurological history, computerized
tomographic scan, and electroencephalography and found
that migraine-related ischemia might be the pathogenic
mechanism in some cases of NTG, and 44% of these NTG
patients had a history of migraine [32]. In another study,
migraine was significantly more commonly seen in patients
with NTG than control subjects and patients with HTG
[31]. These results suggested a potential, common vascular
etiology of both NTG and migraine.

Migraine was associated with transient cerebral vasospas-
tic episodes, which in turn resulted in impairment in the
mechanisms of autoregulation of blood flow in the central
nervous system [34, 35]. Furthermore, NTG patients with
silent cerebral infarct had faster rates of visual field deteriora-
tion than those with NTG only, suggesting a role of cerebral
ischemic injury in glaucomaprogression [35]. Autoregulation
might be inefficient in patients with glaucomatous optic neu-
ropathy and result in varying degrees of ischemia at the optic
nerve [36]. This could predispose one to microinfarction at
the optic nerve head and disc hemorrhage [37, 38]. Migraine
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seems to be a clinical marker of an impaired microvascular
autoregulation [33].

4.2. Systemic Hypotension. Both systemic hypotension and
vasospasm were known as risk factors for glaucomatous
damage. A relationship between the incidence of vasospastic
disorders and hypotension has been reported [39]. Furlanetto
found that low systolic blood pressure was a risk factor for the
pathogenesis of disc hemorrhage in NTG [33]. Kaiser et al.
showed that the patients with NTG with rapid progression
of VF damage and excavation of the optic nerve head had
the low systemic blood pressure as a risk factor in com-
mon, with 65% of them suffering from vasospasm [27, 39].
Furthermore, a sustained blood pressure drop during sleep
was always observed in these patients [27]. It was reported
that hypotension, especially nocturnal arterial hypotension,
might contribute to progression of NTG because of the
optic nerve hypoperfusion [40]. However, Kim et al. showed
that systemic blood pressure played a role in the onset
of disc hemorrhage in NTG, and the only significant risk
factor for disc hemorrhage occurrence in NTG was systemic
hypertension [27].Therefore, systemic hypotension might be
a significant risk factor for glaucomatous optic neuropathy.

4.3. Alzheimer’s Disease. Alzheimer’s disease (AD) is a com-
mon type of dementia, which is characterized by progres-
sive memory deterioration, cognitive dysfunction, abnormal
behavior, and other disorders resulting from central ner-
vous system degeneration. Retinal vessel abnormalities were
detected in NTG and early stage of AD [41]. Retinal vessel
signs may reflect the vascular dysregulation in retinal and
cerebral microvasculature, leading to low perfusion pressure
in patients with glaucoma and AD [42, 43]. Sugiyama et al.
presented that some of AD patients and NTG patients might
share with a common pathologic mechanism [44]. By using
single photon emission computed tomography, they com-
pared regional cerebral blood flow (rCBF) in NTG patients
with normal individuals and found that 22.6% of NTG
patients exhibited an AD-like perfusion pattern although
none of them was clinically diagnosed as AD. This incidence
rate seemed significantly higher than that rate (1%) of AD
reported in a normal population cohort aged 75 and over
[44]. Furthermore, the rCBF in the regions ofmiddle cerebral
artery perfusion decreased in early stages of AD; meanwhile
the levels of rCBF of these NTG patients were lower in these
regions than those of controls [44]. Taking into consideration
the aforementioned data, a common pathologic mechanism
between NTG and AD seems possible.

It was hypothesized that retinal vessel diameters and
Helicobacter pylori (Hp) and excessive Valsalva might be
common risk factors in NTG and AD [41, 45, 46]. Hp, known
to be involved in the pathophysiology of glaucoma and AD,
may influence the pathophysiology of glaucoma and AD by
promoting platelet and leucocyte aggregation [46].Moreover,
Hp eradication appeared to slow down the progression of AD
and glaucoma including NTG [47].

4.4. Primary Vascular Dysregulation (PVD). A main cause
for the disturbed autoregulation of ocular blood flow was the

PVD syndrome that was frequently observed inNTGpatients
[23]. Female was more likely to be disposed to PVD [48],
and, interestingly, patients with PVD were more susceptive
to migraines [49, 50], whichmay explain, at least in part, why
female is more susceptive to migraines.

The retinal vessels of PVD subjects usually showed a
higher spatial irregularity and higher stiffness [51, 52]. PVD
was known to be amain cause for splinter hemorrhages at the
border of the ONH, which may explain why in NTG patients
ONH hemorrhages often occurred [53, 54]. In terms of
circulation, PVD patients had an inborn tendency to respond
differently to various stimuli such as cold [29]. Vasoconstric-
tion was the most apparent pathological reaction [23]. In
addition, ocular blood flow was correlated with peripheral
circulation in PVD patients, as an example, in their fingers
[55]. A repeated, but very mild ocular blood flow decrease,
mainly due to disturbed autoregulation and ocular perfusion
pressure fluctuation, would lead to an unstable oxygen
supply and an increased local mitochondrial oxidative stress
[56–59]. This process was a recognized pathophysiological
mechanism of glaucomatous optic neuropathy.

4.5. Flammer Syndrome. Flammer syndrome describes a
phenotype characterized by the presence of primary vascular
dysregulation together with a cluster of symptoms and signs
that may occur in healthy individuals as well as the patients
with the diseases [25].Most subjects with Flammer syndrome
were healthy people, which typically showed a number of
ocular signs [60]. The retinal vessels were found to be stiffer,
with larger spatial variability [60]. The vessel autoregulatory
responses to blood pressure and IOP were less sensitive or
even absent [25].

Although Flammer syndrome is quite prevalent and
mostly benign, it may contribute to the occurrence and
progression of potentially serious diseases such as NTG [25].
Generally, patients with progressing glaucomatous damage
despite a normal or well-controlled IOP often suffered from
Flammer syndrome [25]. Flammer syndrome with NTG
hold more signs, including optic disc splinter hemorrhages
and diffuse visual field defect, the increased retinal venous
pressure and blood flow resistance in retroocular vessels, and
increased oxidative stress and activation of retinal astrocytes
[25, 60]. In addition, the retinal vessels of the optic nerve head
were observed to be less shifted to the nasal side in a number
of patients with either Flammer syndrome or NTG [61].

5. The Mechanism of Abnormal Ocular
Blood Flow in NTG

Themechanisms underlying the abnormal ocular blood flow
inNTG remains unclear, but the risk factors for glaucomatous
optic neuropathy likely included oxidative stress, vasospasm,
and endothelial dysfunction.

5.1. The Instability of Blood Flow and Oxidative Stress. Accu-
mulated evidences showed the blood flow instability in NTG
patients.The unstable blood flow and unstable oxygen supply
resulted in recurrent mild reperfusion injury, which might
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cause a chronic oxidative stress [62, 63], and particularly
affected the mitochondria function of the optic nerve head
[23].

Oxidative stress is known to cause an increase in
endothelin-1 (ET-1). Various studies demonstrated an
increased level of ET-1 in glaucoma patients, particularly
in those with progressive neuropathy even though the IOP
was well controlled [64, 65]. Metalloproteinases (MMP-2
and MMP-9) were upregulated in the ONH of glaucoma
patients. An upregulated MMP-9 was found in circulating
lymphocytes [66].

There was a high density of mitochondria in the ONH
due to high energy demands [23]. The mitochondria damage
causes less efficient energy supply to the ONH. The mild
reperfusionwill lead to chronic oxidative stress, which in turn
specifically affects the structure and function of mitochon-
dria. Other cellular components were affected by oxidative
stress. As an example, activated astrocytes responded sensi-
tively to changes in the microenvironment [23].

5.2. Vasospasm. Vasospasm may play a key role in ONH
damage and lead to systemic autoregulatory dysfunction
in NTG patients. Previous studies showed that vasospasm
created an environment dysregulation of blood flow, which
increased the vulnerability of theONHto vascular challenges,
and this caused perfusion instability, ischemic changes, reper-
fusion injury, and axonal loss of theONH[67, 68]. Vasospasm
was common and associatedwithmultiple diseases. However,
it appeared to be a transient phenomenon that could be
reversible by improving retrobulbar hemodynamics in NTG
patients using calcium channel blockers [23].

5.3. Endothelial Dysfunction. Previous studies showed that
the vascular endothelium regulated the microcirculation
through release of vasoactive factors, including the vasodila-
tor nitric oxide (NO) and the vasoconstrictor endothelin-1
(ET-1) [69]. NO released from endothelial cells directly stim-
ulated the surrounding vascular smooth muscle to promote
vasodilation [70]. Systemic factors such as hyperlipidemia,
atherosclerosis, and hyperglycemia impaired endothelial NO
signaling through oxidative stress damage [71]. It was known
that NO activity contributed to ocular autoregulation and
could protect the endothelium and nerve fiber layer against
pathologic stresses implicated in glaucoma [70]. Oppos-
ing the vasodilation properties of NO was ET-1, the most
important and potent vascular constricting factor [72]. A
number of studies demonstrated the increased plasma ET-1
levels in NTG patients [73, 74]. In vitro and animal studies
showed that ET-1 exerted its vasoconstrictor effects mainly
on the microvessels in the retina [75], which could reduce
the blood supply to the optic nerve [76]. Buckley et al. iden-
tified that dysfunction of systemic vascular endothelial cell
caused decreased responsiveness to ET-1 stimulation in NTG
patients [67, 77]. Endothelial dysfunction is likely related
to NTG, and the endothelial dysfunction may be primary
or secondary to vascular diseases including vasospasm and
atherosclerosis in its contribution to NTG pathology.

6. The Effects of Improving OBF in
Glaucoma Patients

Although the elevated IOP is definitely an important risk
factor for damage to the optic nerve head (ONH), there is
evidence suggesting that compromised tissue blood flow in
the ONH is also actively involved in glaucomatous optic neu-
ropathy. Therefore, antiglaucoma drugs that have additional
effects on ONH blood flow should have important clinical
implications and significance. Previous studies evaluating
the effects of the nonselective 𝛽-adrenergic antagonists,
including timolol, carteolol, and betaxolol, on human ONH
circulation suggested beneficial influence of long-term car-
teolol or betaxolol therapy on the ONH circulation [78, 79].
Recent studies indicated that the topical FP-receptor agonists,
tafluprost or latanoprost, might significantly increase the
blood velocity and blood flow in the ipsilateral ONH both
in glaucoma patients and normal volunteers, which cannot
be attributed to its IOP reducing effect [80–82]. No doubt
these ocular hypotensive eye drops may be worthy of further
investigation as neuroprotective medication other than their
hypotensive effects on glaucoma patients.

7. Conclusion

In summary, the vascular factors are actively involved in
pathogenesis of NTG and its related diseases, and OBF plays
an important role in the progression of NTG optic neuropa-
thy. The mechanisms underlying the abnormal ocular blood
flow in NTG remain unclear, but, likely, oxidative stress,
vasospasm, and endothelial dysfunction appear to be the risk
factors for glaucomatous optic neuropathy.

Therefore, lowering IOP only for the treatment of glau-
coma is not enough; the therapeutic strategy should also
include the optic neuroprotection, in which improving OBF
should be critical.
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Purpose. Vascular risk factors are important factors in the pathogenesis of glaucoma.The purpose of this research was to investigate
retrobulbar hemodynamics and visual field progression in patients with normal tension glaucoma (NTG). Patients andMethods. 31
eyes of 16 patients with NTG were included in a retrospective long-term follow-up study. Colour Doppler imaging was performed
at baseline to determine various CDI parameters in the different retrobulbar vessels. The rate of visual field progression was
determined using the Visual Field Index (VFI) progression rate per year (in %). To be included in the analysis, patients had at
least 4 visual field examinations with a follow-up of at least 2 years. Results. Mean follow-up was 7.6 ± 4.1 years with an average of
10 ± 5 visual field tests. The mean MD (mean defect) at baseline was −7.61 ± 7.49 dB.The overall VFI progression was −1.14 ± 1.40%
per year. A statistical significant correlation between VFI progression and the RI of the NPCA and PSV of the CRA was found.
Conclusion. Long-term visual field progression may be linked to impaired retrobulbar hemodynamics in patients with NTG only
to a limited degree. Interpretation of the data for an individual patient seems to be limited due to the variability of parameters.

1. Introduction

Glaucoma, defined as a progressive optic neuropathy, char-
acterized by optic disc excavation and typical visual field loss,
encloses variousmechanical and vasogenicmechanisms in its
pathogenetic concepts [1–4]. According to theWHO, it is the
most frequent cause of preventable irreversible blindness [5,
6]. Colour Doppler imaging (CDI), a noninvasive ultrasound
technique, allows easily assessing retrobulbar blood flow
parameters, although a marked user dependency is apparent
[7, 8]. Various studies showed that CDI parameters differ
in patients suffering from primary open-angle glaucoma
(POAG) and normal tension glaucoma (NTG) [9–12] com-
pared to controls.The diagnostic precision however is limited
due to a large overlap between groups. Previous studies using
CDI showed that decreased flow velocities especially in the
central retinal artery and the short posterior ciliary arteries
and higher resistive indices are a reproducible finding in glau-
coma suggesting decreased blood flow to the optic nerve. A
vicious circle of decreased flow velocities, increased periphe-
ral vascular resistance, and capillary dropout as seen in angio-
graphic studies was suggested [13]. In addition, alteration in

flow velocities of retrobulbar vessels is linked to functional
defects in glaucoma [14–16]. Interocular asymmetric visual
field defects were found to show interocular differences in
CDI measurements [14].

Only few studies with limited follow-up were performed
to investigate the relation of CDI parameters with future
progression in glaucoma.

Studies with varying participant numbers have found that
varying CDI parameters are correlated with visual field defect
progression in POAG and NTG. Nevertheless, the data is still
inconclusive.

Therefore, we decided to monitor the visual field defect
progression of patients with NTG in a retrospective long-
term follow-up study.

2. Patients and Methods

Thirty-one eyes of 16 patients (8 females and 8 males, mean
age 60.6 ± 12 years) with NTG were included in this retro-
spective study that fulfilled the inclusion criteria.

Patients with NTG had glaucomatous excavation of the
optic disc and a glaucomatous visual field defect as defined
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by the European Glaucoma Society. The diagnostic criteria
for glaucomatous visual field loss are as follows. Field loss was
considered significant when (a) glaucoma hemifield test was
abnormal, (b) 3 points are confirmed with 𝑝 < 0.05 proba-
bility of being normal (one of which should have 𝑝 < 0.01),
not contiguous with the blind spot, or (c) corrected pattern
standard deviation (CPSD) was abnormal with 𝑝 < 0.05.
All parameters were confirmed on two consecutive visual
fields performed with Humphrey Field Analyzer. All patients
with glaucomatous visual field loss underwent diurnal curves
of IOP measurements (Goldmann applanation tonometry)
at 8.00 h, 12.00 h, 16.00 h, 20.00 h, and 24.00 h without any
topical or systemic IOP-loweringmedication. In patients with
NTG diagnosis was confirmed by readings of IOP never
above 21mmHg.

All patients had no other serious eye diseases (e.g., age-
related macular degeneration, diabetic retinopathy, and vas-
cular occlusive diseases) and no intraocular surgeries (i.e.,
cataract surgery and glaucoma surgery) were performed dur-
ing the observation period.

All CDI measurements were acquired in the context of
other prospective clinical trials [12–14, 25–27] performed
during 2001 and 2002. The inclusion criteria for this study
were as follows: no intraocular surgery (e.g., cataract or
glaucoma surgery) during the follow-up period.The antiglau-
comatous medication was documented at the beginning and
the end of the follow-up period. The average used number of
different topical medications at baseline was 0.6 with a max-
imum of 2 different drugs (dorzolamide, timolol, brimoni-
dine, latanoprost, and combinations). No systemic antiglau-
comatousmedicationwas taken over the course of the follow-
up period. However, in all patients, antiglaucomatous therapy
was altered during the follow-up period at least once.

All patients had aminimal follow-up period of 2 years and
a total of at least 4 visual field examinations.

Retrobulbar blood flow velocities were acquired bymeans
of CDI (Siemens Sonoline Sienna, http://www.healthcare
.siemens.de/ultrasound, Germany) using a 7.5MHz linear
phased-array transducer. The measurements have been con-
ducted by the same experienced investigator (NP) and the
method was previously described in detail [28, 29]. CDI
enables a noninvasive measurement of the blood velocity in
the ophthalmic artery (OA), the central retinal artery (CRA),
and nasal and temporal posterior ciliary arteries (PCAs).The
peak systolic velocity (PSV) and end-diastolic velocity (EDV)
were recorded for each artery. All measurements were acqui-
red in the supine position. The resistive index was calcu-
lated (RI: PSV − EDV/PSV).

Systemic systolic blood pressure (SBP) and diastolic
blood pressure (DBP) and heart rate were recorded in the
supine position before CDI measurements after a rest of 10
minutes. Mean arterial pressure (MAP) was calculated and
used for analysis (MAP = DBP + 1/3 SBP).

Over the follow-up period of at least 2 years at least 4
visual field examinations (24/2 SITA) (Humphrey Field Ana-
lyzer, Carl Zeiss Meditec, Germany) were performed by each
subject. To be included in the analysis, the rate of false nega-
tive answers had to be <30% and that of false positive answers
<20%.

Table 1: CDI measurements in patients with NTG (𝑛 = 31) of the
ophthalmic artery (OA), central retinal artery (CRA), and nasal and
temporal posterior ciliary arteries (PCAs). The peak systolic veloci-
ties (PSV), end-diastolic velocities (EDV), and resistive indices (RI)
are displayed (mean and SD).

OA CRA Nasal PCA Temporal PCA
PSV 34.9 ± 8.25 7.64 ± 1.69 7.77 ± 1.85 7.79 ± 1.82
EDV 8.6 ± 3.1 2.57 ± 0.67 2.94 ± 0.71 2.9 ± 0.69
RI 0.75 ± 0.06 0.65 ± 0.08 0.62 ± 0.06 0.62 ± 0.06
PSV: peak systolic velocity.
EDV: end-diastolic velocity.
RI: resistive index.
OA: ophthalmic artery.
CRA: central retinal artery.
NPCA: nasal posterior ciliary artery.
TPCA: temporal posterior ciliary artery.

The rate of visual field progression was determined using
the Visual Field Index (VFI) progression rate per year (in %,
ForumGlaucomaWorkplace,Humphrey FieldAnalyzer, Carl
Zeiss Meditec, Germany).

The Visual Field Index was first introduced by Bengtsson
and Heijl [30] to facilitate progression analysis in glaucoma
and lessen the influence of cataract and cataract surgery on
the visual field analysis via MD. For each location the mea-
sured sensitivity was expressed as a percentage of the sensi-
tivity expected in a healthy observer matched in age.The VFI
is then calculated as the weighted mean of all locations with
pattern deviation probability outside normal limits (<5%).

Casas-Llera et al. [31] reported that the VFI progression
rate is a reliable tool to detect progression in patients with
a greater number of visual field tests and a longer follow-up
time and appears to be more accurate than MD analysis for
determining the rate of visual field defect progression.

Age, baseline mean deviation (MD) of the Humphrey
perimeter, follow-up period, number of field examinations,
intraocular pressure (IOP) at baseline, MAP, and the CDI
parameters of the OA, CRA, and nasal and temporal PCAs
were included in a multiple regression model to the visual
field progression rate.

3. Statistical Analysis

A simple multiple regression analysis was used in this pilot
study. Fisher’s transformation was used to find statistically
significant correlations between the individual parameters. 𝑝
values were set at 0.05 to be considered statistically signifi-
cant.

4. Results

Mean follow-up was 7.6 ± 4.1 years (range 2–14 years) with an
average of 10 ± 5 visual field tests (range 4–21).Themean IOP
at baselinewas 15.4± 2.0mmHg.ThebaselineMDwas−7.61±
7.49 dB.Mean age at baseline was 60.6± 11.9 years.The overall
VFI progressionwas−1.14± 1.40% per year (range−6.1± 0.7).

The baseline CDI parameters of all vessels are shown in
Table 1.
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Figure 1: Scatterplot with regression. 𝑥-axis: VFI progression, 𝑦-
axis: RI of the NPCA.
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Figure 2: Scatterplot with regression. 𝑥-axis: VFI progression, 𝑦-
axis: PSV of the CRA.

A statistical significant correlation between VFI progres-
sion and the RI of the NPCA (𝑟 = −0.43, 𝑝 = 0.01) and PSV
of the CRA (𝑟 = 0.37, 𝑝 = 0.043) was found.

Refer to Figures 1 and 2 for regression analysis.
No significant correlation was found for the blood flow

parameters of theOAand theTPCA.A significant correlation
was found with baseline MD (𝑟 = 0.44, 𝑝 = 0.01).

No statistical significant correlation was found for VFI
progression and age, baseline IOP, number of visual field exa-
minations, mean arterial pressure, and follow-up period, res-
pectively. See Table 2 for details.

When removing one outlier (visual field progression
index −6.1 dB per year) the correlation of both parameters
was no longer significant (CRA PSV 𝑟 = 0.31, 𝑝 = 0.11; RI of
the NPCA 𝑟 = −0.36, 𝑝 = 0.056).

5. Discussion

Ocular blood flow is an important factor in glaucomatous
pathogenesis. It has been postulated that retrobulbar perfu-
sion changes could be noted prior to glaucomatous damage
[32]. Further studies found that patients with progressive

Table 2: Correlation betweenVFI progression and other parameters
including CDI parameters using Fisher’s transformation (𝑝 < 0.05
was perceived as a statistical significant correlation). When remov-
ing one outlier (visual field progression index −6.1 dB per year) the
correlation of the PSV of the CRA (𝑟 = 0.31, 𝑝 = 0.11) and of RI of
the NPCA (𝑟 = −0.36, 𝑝 = 0.056) was no longer significant.

Correlation between VFI progression
and other parameters

Correlation
coefficient 𝑝 value

MD 0.44 0.01
Age −0.09 0.63
IOP −0.18 0.33
MAP −0.19 0.31
Number of visual field tests −0.14 0.47
Follow-up period −0.24 0.20
PSV of the OA −0.33 0.06
EDV of the OA −0.26 0.16
RI of the OA 0.004 0.98
PSV of the CRA 0.37 0.04
EDV of the CRA 0.14 0.46
RI of the CRA 0.27 0.15
PSV of the NPCA −0.20 0.29
EDV of the NPCA 0.13 0.51
RI of the NPCA −0.43 0.01
PSV of the TPCA −0.14 0.47
EDV of the TPCA −0.14 0.48
RI of the TPCA 0.07 0.72
VFI: Visual Field Index.
MD: medial deviation.
IOP: intraocular pressure.
MAP: medial arterial pressure.
PSV: peak systolic velocity.
EDV: end-diastolic velocity.
RI: resistive index.
OA: ophthalmic artery.
CRA: central retinal artery.
NPCA: nasal posterior ciliary artery.
TPCA: temporal posterior ciliary artery.

glaucomatous damage and patients suffering fromNTG show
altered retrobulbar hemodynamics [33]. Interestingly, CDI
measurements showed no significant differences in patients
suffering from NTG in comparison to POAG [11] suggesting
that the decreased ocular blood flow may be an important
factor in all patients with open-angle glaucoma.

CDI measurements have provided an important insight
into the pathogenesis of glaucoma [12–14, 27]. However, the
CDImeasurement’s accuracy and reproducibility are variable
[29]; particularly, measurements of the SPCAs show a great
variability [29, 34, 35]. Ehrlich et al. [36] reported rather poor
intra- and interobserver ICCs especially for the SPCAs, high-
lighting themethods’ user dependency and overall variability
as a flaw.

Overall progression of visual field defects in glaucoma is
still not completely understood today. Various studies have
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shown that deterioration of visual field occurred despite a
therapeutic IOP reduction [37, 38].We were capable of show-
ing that retrobulbar perfusion parameters were improved
in the long term after trabeculectomy [25]. The visual field
defects did not progress in these patients although a signifi-
cant increase in the IOPwas recorded after surgery.These and
other results highlight the very likely critical involvement of
ocular blood flow amongst other factors in the progression of
glaucomatous visual field defects.

We were able to show a statistically significant correlation
between the RI inNPCAandVFI progression, whereas the RI
values in the other retrobulbar vessels showed no statistically
significant correlation to VFI progression. Furthermore, a
significant correlation between VFI progression and PSV in
the CRA was recorded. These significant correlations did
not reach statistical significance after removing one outlier
(patient with visual field progression of 6.1 dB per year). In
addition, the correlation between PSV in the OA and VFI
progression slightly failed to reach statistical significance (𝑝 =
0.06) in our patients suffering from NTG after removing the
outlier. However, these findings might be restricted by the
small sample size and heterogeneity in the manifestation of
the disease in the study population. In addition, the variability
of the follow-up period, as well as of the number of visual field
tests, might confound the results, although the visual field
progression index (in dB per year) aims to be comparable bet-
ween patients. Furthermore, the baseline MD showed a sta-
tistically significant correlation with VFI progression. Like in
previous published work [19], we did not find any significant
correlations between age, systemic blood pressure, and num-
ber of visual field examinationswith visual field deterioration.

Please refer to Table 3 for an overlook on the existing
literature on CDI measurements and visual field progression
in glaucoma.

Asmeasuring the resistive index of the retrobulbar vessels
bymeans of CDI tends to provide themost important param-
eter in the assessment of disturbed retrobulbar blood flow in
glaucoma [39], it is not that surprising that higher RI values
are often recorded in patients suffering from glaucoma and
RI values can often be attributed to the diseases’ progression.

Some authors tried to determine a RI threshold of the OA
in patients suffering from POAG [21, 22]. A RI value > 0.75
appears to be associated with a higher risk of visual field dete-
rioration. Furthermore, decreased blood flow velocities (PSV
and EDV), especially of the central retinal artery, were often
found in patients showing a progressive disease; however, the
vessels with statistically significant correlations to visual field
defect progression vary amongst the studies.This can possibly
be attributed to the variability in the measurement technique
as mentioned above and the often rather small samples sizes
in the different studies.

The cause for these discrepancies in the literature is not
yet clearly identified. It is questionable whether the technique
of CDI with its flaws is the sole cause for these varying results.
Maybe further factors are influencing the different results. For
example, the studies are not standardized in the application of
topical medication, which is known to influence retrobulbar
perfusion [40]. A potential bias in our study among other
studies is the application of topical antiglaucoma treatment

over the course of the observation period, as well as any sys-
temic medication affecting blood flow. Furthermore, we are
still unable to providemeans to ensure and safelymonitor the
patients’ compliance to a proposed therapy. Therefore, IOP
changes and IOP peaks can possibly be a confounding factor
and were not yet included in any of these studies. These fac-
tors, together with the variability of ocular blood flow itself,
are important limitations to the application of ocular blood
flow determination in clinical practice via CDI.

Furthermore, the observation period in many studies
appears to be insufficient to safely identify all patients with
progressive visual field defects.

Overall our tools to identify progression of the disease are
somewhat rough and limited and therefore the beginning of
progression can easily be missed especially if the observation
period only spans up to two years. As shown in Table 3 there
is no general consensus about the best diagnostic tool to
identify progression in glaucoma; most authors prefer visual
field changes; others prefer optic disc changes via morpho-
metric techniques. Nevertheless, these changes require time
and are irreversible; therefore, further factors have to be
investigated to identify vulnerable patients and prevent dis-
ease progression.

In conclusion, CDI measurements seem not to be able to
provide a safe evaluation for an individual patient regarding
the risk of progression. It is not possible to determine the
obvious best parameter that is correlated with glaucoma pro-
gression due to the high variability of results found in pre-
viously published studies and in our studies. Nevertheless,
retrobulbar hemodynamics and ocular perfusion appear to
play a major role among other factors, some of which are
not clearly defined today, in glaucoma progression.Therefore,
blood flow measurements should not be overlooked in the
search for better means to identify patients at risk.
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Montiel, M. Pérez-López, and R. Fernández-Buenaga, “Visual
field index rate and event-based glaucoma progression analysis:
comparison in a glaucoma population,” British Journal of
Ophthalmology, vol. 93, no. 12, pp. 1576–1579, 2009.

[32] V. P. Costa, R. C. Sergott, M. Smith et al., “Color Doppler
imaging in glaucoma patients with asymmetric optic cups,”
Journal of Glaucoma, vol. 3, supplement 1, pp. S91–S97, 1994.

[33] Y. Yamazaki and S. M. Drance, “The relationship between
progression of visual field defects and retrobulbar circulation in
patients with glaucoma,” American Journal of Ophthalmology,
vol. 124, no. 3, pp. 287–295, 1997.

[34] J. Nemeth, R. Kovacs, Z. Harkanyi, K. Knezy, K. Senyi, and I.
Marsovszky, “Observer experience improves reproducibility of
color Doppler sonography of orbital blood vessels,” Journal of
Clinical Ultrasound, vol. 30, no. 6, pp. 332–335, 2002.

[35] G. K. Kouvidis, A. Benos, G. Kyriakopoulou, G. Anastopoulos,
and D. Triantafyllou, “Colour Doppler ultrasonography of the
ophthalmic artery: flow parameters in normal subjects. The
significance of the resistance index,” International Angiology,
vol. 19, no. 4, pp. 319–325, 2000.

[36] R. Ehrlich, A. Harris, B. A. Siesky et al., “Repeatability of retrob-
ulbar blood flow velocitymeasured using color doppler imaging
in the indianapolis glaucoma progression study,” Journal of
Glaucoma, vol. 20, no. 9, pp. 540–547, 2011.



BioMed Research International 7

[37] A. Heijl, M. C. Leske, B. Bengtsson, L. Hyman, andM. Hussein,
“Reduction of intraocular pressure and glaucoma progression:
results from the early manifest glaucoma trial,” Archives of
Ophthalmology, vol. 120, no. 10, pp. 1268–1279, 2002.

[38] M. C. Leske, A. Heijl, L. Hyman, B. Bengtsson, L. Dong, and Z.
Yang, “Predictors of long-term progression in the earlymanifest
glaucoma trial,” Ophthalmology, vol. 114, no. 11, pp. 1965–1972,
2007.

[39] Z. Bohdanecka, S. Orgül, A. B. Meyer, C. Prünte, and J.
Flammer, “Relationship between blood flowvelocities in retrob-
ulbar vessels and laser Doppler flowmetry at the optic disk in
glaucoma patients,” Ophthalmologica, vol. 213, no. 3, pp. 145–
149, 1999.

[40] O. Zeitz, S. E. Vilchez, E. T. Matthiessen, G. Richard, and M.
Klemm, “Volumetric colour Doppler imaging: a useful tool for
the determination of ocular blood flow in glaucoma patients?”
Eye, vol. 20, no. 6, pp. 668–673, 2006.



Review Article
Systemic and Ocular Hemodynamic Risk Factors in Glaucoma

Jaewan Choi1 and Michael S. Kook2

1Central Seoul Eye Center, 224 Ichon-ro, Yongsan-gu, Seoul 04427, Republic of Korea
2Department of Ophthalmology, University of Ulsan, Asan Medical Center, Seoul 05505, Republic of Korea

Correspondence should be addressed to Jaewan Choi; cseyecenter@gmail.com and Michael S. Kook; mskook@amc.seoul.kr

Received 28 May 2015; Accepted 3 August 2015

Academic Editor: Toshiaki Kubota

Copyright © 2015 J. Choi and M. S. Kook. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Primary open angle glaucoma (POAG) is a multifactorial disease characterized by progressive retinal ganglion cell death and visual
field loss. It is known that alterations in intraocular pressure (IOP), blood pressure (BP), and ocular perfusion pressure (OPP)
can play a significant role in the pathogenesis of the disease. Impaired autoregulatory capacity of ocular blood vessels may render
tissues vulnerable to OPP changes and potentially harmful tissue ischemia-reperfusion damage. Vascular risk factors should be
considered more important in a subgroup of patients with POAG, and especially in patients with normal tension glaucoma (NTG)
with evidence of unphysiological BP response. For example, reduction of BP during the nighttime has an influence on OPP, and
increased circadian OPP fluctuation, which might stand for unstable ocular blood flow, has been found to be the consistent risk
factor for NTG development and progression. Central visual fieldmay be affectedmore severely than peripheral visual field in NTG
patients with higher 24-hour fluctuation of OPP.This review will discuss the current understanding of allegedly major systemic and
ocular hemodynamic risk factors for glaucoma including systemic hypertension, arterial stiffness, antihypertensive medication,
exaggerated nocturnal hypotension, OPP, and autonomic dysregulation.

1. Introduction

Glaucoma is the leading cause of irreversible blindnessworld-
wide, affecting more than 60 million people worldwide [1].
The disease is characterized by progressive loss of retinal gan-
glion cells and their axons associated with tissue remodeling
in the optic nerve head (ONH). Corresponding visual field
(VF) deterioration may progress in the area of anatomical
ONH and retinal nerve fiber layer (RNFL) damage if the
disease is not controlled. Glaucoma is amultifactorial disease,
but its precise pathogenesis remains still unclear. Although
intraocular pressure (IOP) is the most important risk factor
in the development and progression of glaucoma, reducing
the IOP does not guarantee the cessation of the disease
progression [2–6]. Some patients show glaucoma progression
despite the low IOP maintenance [6].

Primary open angle glaucoma (POAG) and normal ten-
sion glaucoma (NTG) share similar risk factors for the patho-
genesis, which can be largely classified under mechanical and
vascular categories.Mechanical risk factors include increased

IOP, thinner lamina cribrosa (LC), larger LC displacement,
anatomical variations of LC, or translaminar pressure dynam-
ics [7–10].

However, alteration of systemic blood pressure (BP)
or ocular blood flow (OBF) also seems to be involved in
the disease process [11]. Several studies have shown that
alterations in systemic and ocular hemodynamics play a sig-
nificant role in the development and progression of glaucoma
[12–15]. These vascular risk factors can be largely classified
under some categorizations such as BP-related components,
OPP-related components, autonomic dysregulation, or other
pathologic vascular conditions like arteriosclerosis that may
compromise OBF.

The understanding of the relationship between these risk
factors and glaucoma has not been established well. For
example, systemic high BP may increase OPP theoretically,
as BP is a major mathematical contributor in calculating
OPP. However, it is inappropriate to regard high OPP which
resulted from systemic hypertension as decreasing the risk
of POAG and NTG for all age groups. Based on the current
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studies, systemic hypertension has different effect on the
development of POAG in different age groups.

This review article will summarize the present knowledge
on several systemic and ocular hemodynamic risk factors
in the pathogenesis of POAG and NTG and try to discuss
the relationship among risk factors. The detailed topics
will include systemic hypertension, arterial stiffness, antihy-
pertensive medication, exaggerated nocturnal hypotension,
mean ocular perfusion pressure (MOPP), and autonomic
dysregulation. In the latter part of the paper, vascular
pathogenesis theory based on the role of unstable OPP and
autonomic dysregulation of the vessels will be highlighted.

2. Systemic Hypertension

Systemic hypertension causes target organ damage (TOD)
that involves vasculature, heart, brain, and kidneys. Complex
biochemical, hormonal and hemodynamic mechanisms are
involved in the pathogenesis of TOD. Common to all these
processes is an increased bioavailability of reactive oxygen
species (ROS) [16].

It is well known that systemic hypertension accelerates
atherosclerotic change that induces structural modifications
of the arterial wall and reduction of vessel wall compliance.
At its initial stage of hypertension, the blood flow may
increase as BP increases. However, as irreversible vessel wall
damage and endothelial hypertrophy progress, blood flow
finally decreases. Hypertension more significantly compro-
mises the vessel function in older people. For example, older
subjects with hypertension are at much higher the risk of
cardiovascular complications [17] and have narrow range of
autoregulation [18].

However, the role of systemic hypertension in the change
of the optic nerve system related to glaucoma has not been
elucidated very clearly. In meta-analyses, systemic hyperten-
sion increases the risk of developing POAG [19, 20]. The
association between systemic hypertension and POAG was
stronger in cross-sectional compared with case-control and
longitudinal studies, supporting a role of increased BP in
the elevation of IOP, and possibly in the development of
glaucoma [19]. Systolic and diastolic BP showed modest,
positive association with POAG. The effect of BP on POAG
wasmodified by age, with a stronger association among older
subjects. Nearly 8% of the adults with systemic hypertension
had glaucoma with the highest prevalence of NTG [21].
Systemic hypertension may contribute to increased IOP via
overproduction or impaired outflow of aqueous humor [22,
23]. Some population-based studies have found statistically
significant positive associations of systolic and diastolic BP
with IOP [24–28], whereas others did not [29–31]. The
Baltimore Eye Survey showed that systemic hypertension
had protective effect on POAG in subjects with age less
than 60 years, and adverse effect on those with age more
than 70 years [32]. This finding may be explained by the
assumption that younger people with no vessel damage yet
may take advantage of high BP for increasing OPP, while the
older people with narrowed vessel lumenmay have decreased
OPP and subsequent glaucomatous damage to the ocular
structures.

3. Arterial Stiffness

Arterial stiffness, a loss of arterial elasticity, is one of the
major signs of vascular aging [33]. Increased arterial stiffness
has been recognized as an independent risk factor for car-
diovascular diseases [34]. Some researchers have investigated
the association between arterial stiffness and glaucoma.
However, the role of arterial stiffness in the pathogenesis of
glaucoma is still controversial. The parameters that may have
association with arterial stiffness include central BP, arterial
waveform analysis derived frompulse tonometry, or dynamic
retinal vessel reactivity analysis to flicker light [35–38].

Brachial BP or derived central aortic BP parameters
generally showed no significant differences between glau-
coma patients and normal individuals.The POAG group had
a lower pulse pressure, which was also significant in the
regression analysis (𝑃 < 0.002). In the arterial waveform
analysis, POAG was associated with a lower brachial form
factor than NTG (𝑃 < 0.001) and higher subendocardial
viability ratio (𝑃 < 0.008) [35]. Another cross-sectional study
in which POAG and age- and sex-matched controls were
compared showed that there was no difference in heart rate
and pulse pressure between patients with glaucoma and the
control subjects [36]. However, both distensibility coefficient
of common carotid artery and baroreflex sensitivity were
reduced in POAG patients, and stiffness (characterizing the
rigidity of vessel walls) was higher in the POAG patients than
in the controls using the ultrasound wall tracking system.

Similar relationships suggesting a pathological large
artery function including decreased baroreflex sensitivity
were found in pseudoexfoliation glaucoma with the same
method [37]. Another study also showed that there is a pos-
itive correlation between the presence of pseudoexfoliation
glaucoma and carotid-femoral pulse wave velocity [39].

In a study in which dynamic retinal vessel reactivity
analysis to flicker light was performed, both POAG and NTG
groups exhibited steeper retina arterial constriction slopes
after cessation of flicker (𝑃 = 0.007), and a similarly increased
fluctuation in arterial and venous baseline diameter (𝑃 =
0.008 and 𝑃 = 0.009, resp.) compared with controls [38].

According to the Rotterdam Eye Study, participants with
an increased pulse wave velocity and especially those with a
low carotid distensibility coefficient, both indicative of high
arterial stiffness, had a higher prevalence of POAG, although
results were not statistically significant. No associations were
found between parameters of arterial stiffness and NTG [40].
Another report also showed that there was no difference in
brachial-ankle pulse wave velocity among POAG patients,
NTG patients, and controls, when arterial stiffness was
interpreted by the parameter of brachial-ankle pulse wave
velocity [41].

The inconsistent results between studies may be due to
the unstandardized research modalities to assess the arterial
stiffness and the different chronic open-glaucoma subgroups
including POAG, NTG, and PXFG. For example, PXFG
is a subgroup of chronic open-angle glaucoma but has a
different aspect with the deposition of extracellular fibrillar
material on the anterior segment of eyeball including the
trabecular meshwork from POAG and NTG [39, 42, 43].
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The pseudoexfoliation fibers are consistently associated with
connective-tissue components throughout the body, partic-
ularly fibroblasts and collagen and elastic fibers, myocardial
tissue specimens, and heart-muscle cells, thus possibly being
associated with arterial stiffness [36, 39]. From the previous
studies, we think that arterial stiffness may be associated with
the pathogenesis of open-angle glaucoma, but not with all
subgroups.

4. Antihypertensive Treatment

There have been ongoing debates concerning the effect of
systemic antihypertensive treatment on the incidence of
POAG. Because systemic hypertension generally is treated
with oral antihypertensive medication, it is needed to dis-
tinguish the effect of systemic antihypertensive medication
from systemic hypertension itself. Systemically, the use of
antihypertensive drugs is considered to be one of the major
factors contributing to the prevalence of postural hypoten-
sion [44, 45], although other studies have failed to find
a significant causal association [46, 47]. The relationships
between orthostatic hypotension and circadian BP variability
have been investigated by many researchers [48–50].

There are some evidences showing that the structural
changes may be induced from taking systemic antihyper-
tensive medication. Thessaloniki Eye Study revealed that
diastolic BP less than 90mmHg that resulted from antihy-
pertensive treatment was associated with increased cupping
and decreased rim area of the optic disk measured by the
Heidelberg Retinal Tomography parameters in nonglauco-
matous subjects [51, 52]. This association was not found in
the untreated group with diastolic BP <90mmHg, nor in the
group with diastolic BP >90mmHg using antihypertensive
treatment. Similar association between optic disc image
analysis and low PP was also found in subjects treated for
systemic hypertension by subgroup analysis [51].

A subsequent study found out that angiotensin-convert-
ing enzyme inhibitors/angiotensin receptor blockers, diuret-
ics alone or combined with other medications, and other
combinations of antihypertensive treatment were signifi-
cantly associated with larger cup size and higher C/D ratio
compared with the untreated group [53]. However, this
association was not found for subjects receiving beta-blocker
and/or calcium channel blocker. When the analysis was
repeated following stratification by BP level, all classes of
antihypertensive medications were significantly associated
with larger cup size andhigherC/D ratio in subjectswithDBP
<90mmHg treated for systemic hypertension, compared
with untreated subjects with the same BP level. This suggests
that the associations are mediated through the lowered BP
per se and not the specific mechanism of action of the
antihypertensive medications.

Rotterdam Eye Study also revealed that lower diastolic
perfusion pressure in persons taking antihypertensive med-
ication was associated with the higher prevalence of high
tension OAG. The odds ratio for high tension OAG was
4.68 for subjects with diastolic PP <50mmHg when com-
pared with those with DPP >65mmHg in persons taking
antihypertensive medication [40].

In cardiology, it has been known that antihypertensive
treatment may cause coronary artery perfusion pressure to
fall below the low threshold in patients with coronary stenosis
and to aggregate myocardial ischemia [54]. This speculation
may be extended to the pathogenesis of glaucoma in certain
types. Antihypertensive medication may cause nonphysio-
logic hypotension, rendering systemic pulse pressure and
OPP fluctuation wider in subjects with autonomic dysfunc-
tion, and finally causing ischemia-reperfusion damage to the
optic disc in glaucoma pathogenesis.

5. Exaggerated Nocturnal BP Reduction

Normal healthy people have physiological nocturnal BP
reduction of about 5 to 10% at nighttime when compared
with that of daytime.The remaining individuals are classified
as either nondippers or overdippers [55, 56]. Physiologic
BP reduction at nighttime is caused by a reduction in
sympathetic activity during the night with a reduced amount
of circulating catecholamine hormones, which can in turn
lead to a decrease in heart rate, cardiac input, and peripheral
resistance. This response may be augmented or blunted in
certain subsets of population with vasospastic disorders,
orthostatic hypotension, atherosclerosis, or obstructive sleep
apnea syndrome. The use of corticosteroid or systemic
antihypertensive medication may be associated with this
phenomenon [50, 57–63].

24-hour ambulatory BP monitoring can be performed
to reveal the characteristics of circadian BP variability in
subjects with glaucoma [64]. Many studies have found out
that exaggerated nocturnal BP fall is a risk factor for pro-
gressive VF loss in glaucoma [65–70]. The odds ratio for
deteriorating VFs over 2 years with nocturnal dips >10%
in systolic or diastolic BP was 3.32 (1.84–6.00) and 2.09
(1.20–3.64), respectively [65]. In patients with glaucoma and
well-controlled hypertension, a nocturnal BP fall of more
than 10% is associated with both advanced functional VF
deficits and greater structural damages of ONH [66]. NTG
eyes with VF deterioration had significantly (𝑃 = 0.05)
lower minimum nighttime diastolic BP, and the use of oral
hypotensive therapy on systemic hypertensionwas associated
with a significantly lower mean nighttime systolic BP (𝑃 =
0.006) [67]. In this study, larger mean percentage drop in
systolic (𝑃 < 0.0001), diastolic (𝑃 = 0.0009), and mean (𝑃 <
0.0001) BPs were associated with VF progression in NTG
eyes. Patients with progressive glaucoma tend to have lower
BP at nighttime than stable glaucoma patients. Patients who
had VF progression showed significantly lower nocturnal
BP variables, with the dips of the systolic, diastolic, and
mean arterial pressure (MAP) significantly larger [69]. In a
prospective longitudinal cohort study, cumulative nocturnal
hypotension predicted VF loss. They showed that the total
time thatMAP during sleep was 10mmHg below the daytime
MAP was a significant predictor of global VF progression by
multivariate analysis (𝑃 < 0.02) [70].

There are some studies showing an increased tendency of
VFprogression in both the nondipper and the extreme dipper
group than in the physiologic dipper group [68]. Systemically,
nondippers have a high incidence of cardiac and vascular
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Figure 1: Circadian mean ocular perfusion pressure (MOPP) fluc-
tuation (CMF) in patients with normal tension glaucoma (NTG),
classified by different blood pressure pattern (nondippers, dippers,
and overdippers). Overdippers had a significantly larger CMF than
did the other groups on post hoc comparison test (Dunnett’s test;
𝑃 = 0.007 between nondippers and overdippers, and 𝑃 = 0.035
between dippers and overdippers). Error bars, 95% confidence
interval (adapted from [72]).

diseases, whereas extreme dippers show greater progression
of asymptomatic cerebrovascular disease than physiologic
dippers.

The mechanism of how exaggerated nocturnal BP reduc-
tion affects the development and progression of glaucoma is
not clearly known yet. Yazici et al. found that excessive and
repetitive nocturnal BP decreases occur more frequently in
some patients with NTG, compared with those with POAG
or ocular hypertension [71]. Choi et al. suggested a hypothesis
that nocturnal BP reduction affects the circadian variability
of ocular blood flow expressed in the term of MOPP. They
showed that fifty-five (41.7%) of 132 patients with NTGs were
classified into the overdipper group, and marked circadian
MOPP fluctuation was noted in this group when compared
with the nondippers and physiologic dippers (Figure 1) [72].
Interestingly, circadian MOPP fluctuation showed positive
associations with VF indices at initial diagnosis of NTG,
suggesting that daily repetitive ischemic insults to ocular
structuresmay be an underlyingmechanismof glaucomatous
optic neuropathy.

6. Mean Ocular Perfusion Pressure

There have been numerous efforts to elucidate the relation-
ship between OBF and the pathogenesis of POAG and NTG.
The modalities for OBF measurement include color Doppler
imaging of ophthalmic artery and short posterior ciliary
artery [74], laser Doppler flowmetry [75, 76], laser speckle
flowmetry [77, 78], pulsatile ocular blood flow analyzer [79],
and laser interferometric measurement of fundus pulsation
[80]. Lower perfusion pressure (PP, BP-IOP) was strongly
associated with an increased prevalence of POAG, with a
sixfold excess for those in the lowest category of PP [32],
suggesting that POAG is associated with an alteration in

factors related to OBF and a breakdown of autoregulation.
These findings were echoed in the Rotterdam Eye Study [40],
the Barbados Eye Study [81], and the Egna-Neumarkt Study
[23].

The amount of blood influx to the ocular structures may
be also estimated through the parameter of MOPP. MOPP is
the parameter derived from the difference of mean arterial
pressure (MAP) and IOP. MAP and MOPP are calculated
from systolic blood pressure (SBP), diastolic blood pressure
(DBP), and IOP as follows: (1) MAP = DBP + [1/3 × (SBP
− DBP)], (2) MOPP = 2/3 × MAP – IOP, and (3) circadian
MOPP fluctuation = peak MOPP − trough MOPP. Unstable
OBF may be a risk factor for open-angle glaucoma. BP, IOP,
or vascular dysregulation may render the ocular perfusion
pressure unstable and cause ischemia-reperfusion damage to
the ganglion cells by oxygen free radicals and nitric oxide
species. Diurnal variability of MOPP was associated with the
development of POAG. Sehi et al. demonstrated that relative
diurnal change in IOP did not differ between patients with
untreated POAGand age-matched normal subjects.They also
found that the percentage decrease in diurnal MOPP was
significantly larger in patients with untreated POAG than in
normal subjects, suggesting that relative diurnal change in
MOPP may be a risk factor for POAG [82].

Choi et al. found that marked circadian MOPP fluctu-
ation was associated with nocturnal BP reduction. In the
series of 132 NTG patients who had 24-hour ambulatory BP
and IOPmonitoring, they found out that MOPP significantly
decreases at night and circadian MOPP fluctuation increases
in BP over-dipper group. Increased circadian MOPP fluctua-
tion was proportional to advanced structural and functional
damage measured by Humphrey VF perimetry and scanning
laser polarimetry inNTGpatients at initial evaluation, imply-
ing the parameter as a possible risk factor for the development
of NTG [72]. Their subsequent study evaluated the strength
of the circadian MOPP fluctuation as a risk factor for NTG
development. Using multivariate regression analysis, the
circadian MOPP fluctuation was the most frequent predictor
for advanced structural and functional glaucomatous damage
[83].

Circadian MOPP fluctuation seems to be related with VF
progression in NTG eyes. In cohort studies using Kaplan-
Meyer survival analysis, the group with highest circadian
MOPP fluctuation showed a greater cumulative probability
of central VF progression within 10 degrees than the group
with lowest circadian MOPP fluctuation, by both linear
regression analysis and modified Anderson criteria [84, 85].
In multivariate analysis, only circadian MOPP fluctuation
was significantly associated with central VF progression [84].
Peripheral VF progression was not different among groups
classified by the degree of circadian MOPP fluctuation. The
risk factors for central VF defect progression were increased
circadian MOPP fluctuation and worse baseline mean devia-
tion value at initial visual field test [85].

The possible reason why central macular area seems
more vulnerable to circadian MOPP fluctuation may be
the different vascular support system between macular and
peripapillary area. Macula is supplied only by the single-
layered perifoveal capillary arcade. In contrast, peripapillary
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“Why is central macular area more vulnerable to 24-H MOPP change?” 

Peripapillary area has double-layered vascular 
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area has double-layered capillary system which consists of
radial peripapillary capillaries in retinal nerve fiber layer and
capillaries in ganglion cell layer [73]. Thus, we can speculate
that if ischemia-reperfusion damage happens repeatedly,
the macular area may be more easily damaged than the
peripapillary area (Figure 2).

7. Primary Vascular Dysregulation

Vascular dysregulation refers to the regulation of blood flow
that is not adapted to the needs of the respective tissue. In
normal healthy eyes, the retinal blood flow is autoregulated
and is independent of OPP within a certain range [86].
However, the autoregulation of OBF may be disturbed in
glaucomatous eyes, and the physiologic response may be
different from that in normal healthy eyes. When scanning
laser Doppler flowmetry was performed to measure blood
flow in the temporal neuroretinal rim and the cup of the
optic nerve head (ONH) and pulsatile choroidal blood
flow was assessed by laser interferometric measurement of
fundus pulsation amplitude, a significant positive correlation
between laser Doppler flowmetry readings and MAP was
observed in patients with glaucoma but not in healthy control
subjects. Likewise, the correlation coefficient between fundus
pulsation amplitude and MAP was higher in patients with
glaucoma than in healthy control subjects [87]. This study

implies that proper autonomic regulatory response may be
missing in glaucoma.Harris et al. also demonstrated the pres-
ence of a reversible vasospasm specifically within the ocular
vasculature of patients with NTG compared with the normal
control, using color Doppler imaging and hypercapnia [88].

Insufficient or improper adaption of BF, despite anatomi-
cally healthy vessels and the absence of a causative disease, is
termed primary vascular dysregulation. In subjects with PVD,
retinal vessels are stiffer and more irregular, and both neu-
rovascular coupling and autoregulation capacity are reduced
while retinal venous pressure is often increased [89]. The
combination of PVDwith a cluster of additional vascular and
nonvascular signs and symptoms is called PVD syndrome or
Flammer syndrome [90]. Despite many symptoms and signs,
most subjects with Flammer syndrome are healthy subjects.
However, subjects with Flammer syndrome are at high risk
of developing NTG [91].The OBF instability in these subjects
with limited range of autoregulation seems to predispose the
optic disc structures at risk of ischemia-reperfusion damage,
finally leading to the development and progression of open-
angle glaucoma [92].

8. Concluding Remarks

Various risk factors have been investigated in systemic and
ocular hemodynamic risk factors for glaucoma. Every risk
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factor is complexly linked to each other. IOP-relatedmechan-
ical stress, BP-related vascular stress, and disturbed autoregu-
lation are complexly linked to each other in the development
and progression of open-angle glaucoma (Figure 3). Daily
repetitive ischemia-reperfusion insults to ocular structures
may play a role in the vascular pathogenesis of NTG. Vascular
etiology should be considered as more important, especially
in the NTG eyes with systemic and ocular hemodynamic
risk factors, and in the eyes showing central VF defect pro-
gression. Although the underlying relationship between risk
factors seems unclear yet and the evidence-based treatment
is still lacking based on vascular etiology, the clinicians and
researchers always should be aware of the vascular origin of
glaucoma pathogenesis.
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Purpose. To evaluate the effects of long-term tamponade with silicone oil on retinal saturation. Methods. A total of 49 eyes that
received tamponade with silicone oil were included. The patients were divided into 3 groups (3–6 months, 6–9 months, and >9
months) according to the duration of silicone oil tamponade. Retinal oximetry was performed using the Oxymap system before
and 2 months after silicone oil removal. Results.Themean retinal oxygen saturation before silicone oil removal was 107% ± 12% in
the arterioles and 60% ± 10% in the venules, with an overall arteriovenous difference (AVD) of 47% ± 14%. The AVD in the >9-
month group was significantly higher than that in the 3–6-month group (54% ± 16% versus 44% ± 11%, 𝑃 = 0.042). After silicone
oil removal, the AVD in the >9-month group was significantly decreased (45% ± 9% versus 54% ± 16%, 𝑃 = 0.009); additionally,
the arterioles were significantly wider than before surgery (10.8 ± 0.7 pixels versus 10.4 ± 0.9 pixels, 𝑃 = 0.015). Conclusions. The
tamponade with silicone oil for more than 9 months will cause the alterations of retinal saturation and the narrowing of retinal
arterioles, which may further interfere with the oxygen metabolism in the retina.

1. Introduction

For more than three decades, the implantation of silicone
oil (polydimethylsiloxane, PDMS) into the vitreous cavity
following vitrectomy has been demonstrated to be effective in
complicated cases of retinal detachment [1–3]. It is reported
that the rate of anatomic reattachment of the retina after
silicone oil tamponade is approximately 80–90% [4]. Silicone
oil currently appears to be the first-choice treatment for long-
term vitreous replacement [5]. However, silicone oil is still
not the ideal vitreous replacement for permanent tamponade.
In clinical practice, silicone oil is usually removed after 3-
4 months in uncomplicated cases; however, many surgeons
leave it for as long as possible in the eye, especially in com-
plicated cases, such as severe ocular trauma and proliferative
diabetic retinopathy [2, 4].

The problems of silicone oil are mainly due to the
high incidence of complications of long-term tamponade,
such as keratopathy, glaucoma, cataracts, and silicone oil
emulsification [3]. In addition, silicone oil has the potential to
cause retinal toxicity. It has been revealed that the histological

and ultrastructural changes after silicone oil tamponade are
primarily located in the outer plexiform layer and include
the disappearance of the processes of horizontal and bipolar
cells and of the synaptic terminals of the photoreceptors
in enucleated human eyes [6, 7] and in experimental sili-
cone oil-filled eyes [8]. As previously reported, the retinal
histological changes mostly appeared from 6 months to 1
year after silicone oil injection [6–8]. It has been thought
that impurities in silicone oil, such as low-molecular-weight
components (LMWC), ionic compounds, compounds with
cleavable fluoride, and residual catalysts, are responsible for
the ocular toxicity [9, 10].

Apart from its potential retinal toxicity, the gravity and
mechanical pressure of the silicone oil on the retina may
influence retinal blood flow and, in part, may result in
secondary changes in the retina [9, 11, 12]. Effert et al.
found that the arteriovenous passage time was prolonged
in the silicone oil-filled eyes 3–5 days after surgery by
using a scanning laser ophthalmoscope after the intravenous
injection of sodium fluorescein [13]. Kubicka-Trzaska et al.
also found that the macular microcirculation blood flow was
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significantly reduced in silicone oil-filled eyes one month
after surgery by using Doppler laser scanning [11]. Moreover,
the presence of silicone oil in the vitreous cavity may block
the oxygen exchange between the retinal surface and the
vitreous humor, resulting in the metabolic disturbance of the
retina [9, 12]. Because of the high oxygen consumption of the
outer retina (photoreceptor), the hypoxemia of retina may be
easier to cause pathological change. To date, due to the lack of
availablemeasurements to detect retinal oxygenation directly,
there are little definitive data to support the effect of silicone
oil tamponade on the oxygen metabolism in the retina. In
2006, Hardarson et al. introduced a noninvasive technique of
retinal saturation by automatic retinal oximetry, which was
considered as a highly accurate and repeatable method of
assessing retinal saturation [14, 15]. In the current study, we
utilized this noninvasive measurement to evaluate the effect
of silicone oil tamponade on oxygen saturation and diameter
in retinal vessels in traumatic retinal detachment cases.

2. Methods

This was a prospective pilot study designed to investigate the
effect of silicone oil tamponade on retinal vessel oxygen satu-
ration.The study protocol was approved by themedical ethics
committee of the Zhongshan Ophthalmic Center at Sun Yat-
Sen University in China (number 2013MEKY028), and the
study was performed in accordance with the principles of
the World Medical Association Declaration of Helsinki. All
patients signed informed consent forms prior to enrolment.

2.1. Patients. The patients with silicone oil tamponade who
encountered traumatic retinal detachment were recruited
before silicone oil removal. According to themedical records,
all subjects received tamponadewith the same type of silicone
oil (highly purified silicone oil, 5000 cps, RT SIL-OL 5000,
Carl Zeiss Meditec AG, Jena, Germany), combined with the
primary 20G pars plana vitrectomy and laser photocoagu-
lation. The inclusion criteria were as follows: initial silicone
oil tamponade duration of more than 3 months, transparent
reflecting media, intraocular pressure (IOP) between 11 and
21mmHg, complete retinal reattachment, and healthy con-
tralateral eye.The exclusion criteria included severe refractive
media opacity (serious keratoleukoma and cataracts), silicone
oil emulsification, ocular hypertension, retinal detachment,
retinal scar within the main vascular arch, any ocular disease
and any history of surgery in the contralateral eye, any type
of systemic disease, and pregnancy. The past medical history
and medications were obtained from the subjects after they
had consented to participate in the study. Any recognizable
silicone oil droplet in aqueous humor or on the retinal
surface under slit-lamp biomicroscopy and thorough three-
mirror lens fundus examination was identified as silicone oil
emulsification in this study. The patients were divided into 3
groups based on the duration of silicone oil tamponade: the
3–6-month group, the 6–9-month group, and the >9-month
group.

2.2. Surgical Procedures. All subjects underwent silicone oil
removal surgery, and regional anesthesia with a peribulbar

block was employed in all cases. The surgical incisions were
performed by using the classic 20G pars plana vitrectomy
(PPV). Silicone oil was removed via a 20G syringe needle
with themanual vacuum. After silicone oil removal, the vitre-
ous cavity was lavaged three times with balanced salt solution
(BSS) to remove the droplets of silicone oil.The subjects were
excluded from the study if they had laser photocoagulation,
perfluorocarbon tamponade, buckling sclera, or epiretinal
membrane peeling combined with the silicone oil removal.
The surgical procedures were performed by skilled surgeons
who were unaware of the duration of silicone oil tamponade
and the retinal saturation of the subjects.

2.3. Clinical Examinations and Follow-Up. All patients
underwent comprehensive clinical examinations. The exam-
inations performed on both eyes included the following: slit-
lamp microscopy, thorough three-mirror lens fundus exam-
ination, best corrected visual acuity (BCVA) measurement,
noncontact tonometry, and noninvasive spectrophotometric
retinal oximetry. The systemic examinations included blood
pressure, heart ratemeasurements, and finger pulse oximetry.
The baseline clinical examinations were performed 24 hours
before the time of surgery. All subjects were followed up at 2
weeks, 1 month, and 2 months from previous examinations.
The second retinal oximetry was repeated approximately 2
months after silicone oil removal. Subjects were excluded
from the study if postoperative ocular hypertension, retinal
detachment, vitreous hemorrhage, or choroidal detachment
occurred.

2.4. Retinal Oximetry. The automated oximeter (Oxymap,
Inc., Reykjavik, Iceland) was used for retinal oximetry mea-
surement. The Oxymap system is installed on a fundus cam-
era (Topcon TRC-50DX; Topcon Co., Tokyo, Japan). Details
regarding the device characteristics have been described
previously [16]. The pupils of the subjects were dilated with
0.5% tropicamide (Shenyang Xingji Co., Shenyang, China)
before retinal oximetry. All fundus images were obtained in
a dark room by the same skilled technician using standard
procedures and parameters as follows: (1) the lowest illumina-
tion intensity; (2) a flash intensity of 75Ws; (3) small aperture
and small pupil; (4) a consistent angle of gaze; (5) the same
order of photographs (right first; two images for each eye: one
image centered on the macula and one image centered on the
optic disc; the highest quality image with the optic disc in the
center was selected for analysis); and (6) the reflex of silicone
oil on the retinal surface was prevented from appearing in
the measurement zone by adjusting the angle of the camera
(see Figure 1). Oxymap analysis software (Oxymap version
2.4, Oxymap, Inc.) was used to analyze the oxygen saturation
(SaO
2
). Measurements from the images were analyzed by the

same examiner following the standardized protocol described
previously [17]. In each image, SaO

2
was measured in all

first and second branches of the retinal arterioles and venules
measuring above 6 pixels in vessel diameter in the mea-
surement zone, which extended from 20 pixels to 220 pixels
from the optic disc margin (Figure 1). The arteriovenous dif-
ference was calculated by subtracting the oxygen saturation
in the venules from the oxygen saturation in the arterioles.
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Table 1: Clinical and demographic distribution of the patients (before silicone oil removal).

Group Value
Total number of patients with silicone oil tamponade 49
Number of patients with aphakia 36
Number of patients with a mild cataract 8
Number of patients with a transparent lens 5
Age (mean ± SD, years) 38 ± 13
Gender 47 males, 2 females
Laterality of eye 21 right eyes, 28 left eyes
Intraocular pressure (mean ± SD, mmHg) 14.6 ± 4.2
Systolic blood pressure (mean ± SD, mmHg) 130 ± 12
Diastolic blood pressure (mean ± SD, mmHg) 79 ± 8
Duration of silicone oil tamponade (mean ± SD, months) 8.1 ± 5.4
3–6-month group 4.1 ± 0.9
6–9-month group 7.1 ± 0.7
>9-month group 14.5 ± 5.6
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Figure 1: Sample images obtained from the same eye before (a) and after (b) silicone oil removal. The red arrow in the left image indicates
the reflected light of the interface of the silicone oil bubble on the retinal surface. The reflected light should be prevented from appearing in
the measurement zone if possible by adjusting the angle of the camera.

The examiner was unaware of all the clinical details of the
subjects before and after surgery.

2.5. Statistical Analysis. All data were analyzed using SPSS
version 19.0 (SPSS Inc., Chicago, IL, USA). Data are expressed
as the means ± standard deviations (SD), and a 𝑃 value
<0.05 was considered statistically significant. The normality
of distribution was tested by the Shapiro-Wilk test, and
two data sets (silicone oil eye and contralateral eye, before
surgery and after surgery) were compared by paired 𝑡-tests.
The subgroup analysis (subgroups divided by duration of
silicone oil tamponade) was performed by one-way analysis
of variance (ANOVA).

3. Results

The total number of recruited patients who completed the 2-
month follow-up after silicone oil removal was 49. The mean
age of the subjects was 38 ± 13 years, and all the subjects
were of Chinese ethnicity. After silicone oil removal, there
was one case of ocular hypertension and one case of retinal
detachment, and these patients were excluded from the study.
The baseline characteristics are summarized in Table 1.

3.1. Oxygen Saturation. Mean retinal oxygen saturation for
all patients before silicone oil removal (𝑛 = 49) was 107%
± 12% in the arterioles and 60% ± 10% in the venules, with
an arteriovenous difference (AVD) of 47% ± 14%. The total
oxygen saturation of the arterioles and the AVD in the sili-
cone oil-filled eyes were higher than those in the contralateral
healthy eyes (the contralateral arterial saturation was 92% ±
5%, 𝑃 < 0.001, and the contralateral AVD was 32% ± 7%,
𝑃 < 0.001, paired 𝑡-test). However, there was no significant
difference in the total venous saturation between silicone oil-
filled eyes and contralateral healthy eyes (the contralateral
venous saturation was 61% ± 6%, 𝑃 = 0.779, paired 𝑡-test)
(see Table 2). After silicone oil removal, the overall AVD was
significantly lower than that before surgery (the postsurgery
AVD was 43% ± 8%, 𝑃 = 0.014, paired 𝑡-test). However,
there were no significant changes in the arterial and venous
saturations before and after surgery (the postsurgery arterial
saturation was 105% ± 9%, 𝑃 = 0.061, and the postsurgery
venous saturation was 62% ± 8%, 𝑃 = 0.275, paired 𝑡-test)
(see Table 3). Representative images from a patient taken
before and after silicone oil removal are shown in Figure 1.

Analysis of the subgroups was performed according to
the duration of the silicone oil tamponade, and there were no
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Table 2: Retinal saturation in silicone oil-filled eyes and contralateral eyes before silicone oil removal.

Duration
Arterioles Venules AV difference
Sat O2 (%) Sat O2 (%) Sat O2 (%)

SiO† Contralateral P value∗ SiO Contralateral P value∗ SiO Contralateral P value∗

3–6months (𝑛 = 18) 106 ± 9 93 ± 6 <0.001 62 ± 9 60 ± 6 0.548 44 ± 11∗∗ 33 ± 6 0.001
6–9 months (𝑛 = 16) 105 ± 12 92 ± 5 0.002 60 ± 11 60 ± 7 0.930 44 ± 13 32 ± 7 0.006
>9months (𝑛 = 15) 111 ± 14 91 ± 5 <0.001 58 ± 9 62 ± 6 0.157 54 ± 16∗∗ 30 ± 6 <0.001
Total (𝑛 = 49) 107 ± 12 92 ± 5 <0.001 60 ± 10 61 ± 6 0.779 47 ± 14 32 ± 7 <0.001
†SiO = silicone oil-filled eyes.
∗Compared by paired 𝑡-test.
∗∗The AVD between the 3–6-month and >9-month groups compared by one-way ANOVA, 𝑃 = 0.042.

Table 3: Differences in the retinal saturations before and 2 months after silicone oil removal.

Duration
Arterioles Venules AV difference
Sat O2 (%) Sat O2 (%) Sat O2 (%)

Before surgery After surgery P value∗ Before surgery After surgery P value∗ Before surgery After surgery P value∗

3–6 months (𝑛 = 18) 106 ± 9 105 ± 8 0.425 62 ± 9 62 ± 6 0.934 44 ± 11 43 ± 7 0.515
6–9 months (𝑛 = 16) 105 ± 12 103 ± 9 0.294 60 ± 11 60 ± 11 0.883 44 ± 13 43 ± 9 0.506
>9 months (𝑛 = 15) 111 ± 14 107 ± 10 0.200 58 ± 9 62 ± 7 0.114 54 ± 16 45 ± 9 0.009
Total (𝑛 = 49) 107 ± 12 105 ± 9 0.061 60 ± 10 62 ± 8 0.275 47 ± 14 43 ± 8 0.014
∗Compared by paired 𝑡-test.

Table 4: The diameter of the retinal vessels in silicone oil-filled eyes and contralateral eyes before silicone oil removal.

Duration
Arterioles Venules

Width (pixels) Width (pixels)
SiO† Contralateral P value∗ SiO Contralateral P value∗

3–6 months (𝑛 = 18) 11.3 ± 1.1 11.7 ± 0.7 0.102 14.3 ± 1.6 14.3 ± 0.7 0.975
6–9 months (𝑛 = 16) 11.3 ± 0.8 11.7 ± 0.6 0.067 14.1 ± 1.4 14.2 ± 0.7 0.767
>9months (𝑛 = 15) 10.4 ± 0.9 11.8 ± 0.6 <0.001 14.1 ± 1.1 14.4 ± 0.8 0.390
Total (𝑛 = 49) 11.0 ± 1.0 11.7 ± 0.6 <0.001 14.2 ± 1.4 14.3 ± 0.7 0.516
†SiO = silicone oil-filled eyes.
∗Compared by paired 𝑡-test.

significant differences in the arterial oxygen saturations and
venous oxygen saturations between the groups (see Table 2).
However, we did find a statistically significant difference
in the AVD between the 3–6-month and >9-month groups
(44% ± 11% versus 54% ± 16%, resp., 𝑃 = 0.042, one-
way ANOVA) (see Table 2). We further compared the retinal
oxygen saturation before and after silicone oil removal in
each group. Interestingly, only in the>9-month group, we did
find a significant difference in the retinal oxygen saturation
before surgery and after surgery (a decreased AVD: 54% ±
16% before surgery versus 45% ± 9% after surgery, resp., 𝑃 =
0.009, paired 𝑡-test). However, in the 3–6-month and 6–9-
month groups, there were no statistical changes in the retinal
oxygen saturation after silicone oil removal (see Table 3).

3.2. Width of Retinal Vessel. Themean diameter of the retinal
vessels in all patients before silicone oil removal was 11.0±1.0
pixels in the arterioles and 14.2 ± 1.4 pixels in the venules. In
the >9-month group, the arterioles were significantly thinner
than those in the contralateral eye (10.4 ± 0.9 pixels versus
11.8 ± 0.6 pixels, resp., 𝑃 < 0.001, paired 𝑡-test) (Table 4).

There was no significant difference in the venules in the
silicone oil-filled eye compared with the contralateral eye.
Additionally, we compared the width of the retinal vessels
before and after silicone oil removal. In the >9-month group,
the arterioles were significantly wider than before surgery
(10.8 ± 0.7 pixels versus 10.4 ± 0.9 pixels, 𝑃 = 0.015, paired
𝑡-test). However, there were no significant differences in the
arteriole widths in the other groups before and after silicone
oil removal (Table 5).

4. Discussion

In this prospective pilot study, we evaluated the effect
of silicone oil tamponade on retinal oxygen saturation in
subjects treated for traumatic retinal detachment. Our data
demonstrated that the total mean retinal arterial oxygen sat-
uration andAVDwere increased after silicone oil tamponade,
compared with the contralateral healthy eye. To minimize
the effects of initial traumatic retinopathies on retinal satu-
ration, further alterations of retinal saturation after silicone
oil removal were observed. Our results showed slightly
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Table 5: Differences in retinal vessel diameter before and 2 months after silicone oil removal.

Duration
Arterioles Venules

Width (pixels) Width (pixels)
Before surgery After surgery P value∗ Before surgery After surgery P value∗

3–6months (𝑛 = 18) 11.3 ± 1.1 11.2 ± 0.7 0.893 14.3 ± 1.6 14.4 ± 1.8 0.928
6–9months (𝑛 = 16) 11.3 ± 0.8 11.2 ± 0.9 0.599 14.1 ± 1.4 13.9 ± 0.8 0.561
>9 months (𝑛 = 15) 10.4 ± 0.9 10.8 ± 0.7 0.015 14.1 ± 1.1 14.0 ± 1.1 0.770
Total (𝑛 = 49) 11.0 ± 1.0 11.1 ± 0.7 0.366 14.2 ± 1.4 14.1 ± 1.3 0.716
∗Compared by paired 𝑡-test.

decreased arterial saturation and AVD (but no statistically
significant difference) following silicone oil removal in the 3–
6-month and 6–9-month groups. It can be inferred that the
effects of silicone oil on retinal saturation are negligible when
silicone oil is performed for less than 9 months. Therefore,
the increased arterial saturation and AVD before silicone oil
removal are thought to be attributed to the initial damage due
to the ocular trauma and the effect of the pars plana vitrec-
tomy.How the ocular trauma influences retinal saturation has
not been well understood until now. Nevertheless, similarly
increased arterial saturation was found in branch retinal vein
occlusion [18] and in diabetic retinopathy [19, 20]. Increased
saturations in the arterioles and/or in the venules were also
found after vitrectomy in previous studies [21, 22].

However, the interpretation of the alteration of retinal
saturation in the >9-month group is more complicated. Our
data showed that the retinal AVD was significantly increased
in the >9-month group compared with that in the 3–6-
month group. As discussed above, there is no obvious direct
effect on retinal saturation after silicone oil tamponade lasting
3–6 months. Does this result indicate that the increased
AVD also resulted from the initial traumatic retinopathy?
It is reasonable that the patients with more severe trauma
usually underwent longer silicone oil tamponade. However,
the increased AVD was partly recovered after silicone oil
removal. Obviously, it is impossible that the effect of initial
traumatic retinopathy on retinal AVD would disappear after
silicone oil removal. Therefore, our results indicate that the
effect of the silicone oil tamponade when it is in place for
more than 9 months is partly responsible for the increased
AVD. Why did the silicone oil barely influence the change in
retinal saturation after tamponade of <9 months but cause
the significant alteration in AVD after tamponade for more
than 9 months? As described above, the retinal pathological
changes usually and mostly appeared from 6 months to 1
year after silicone oil injection [6–8]. Therefore, we speculate
that the effect of silicone oil tamponade for more than 9
months on retinal saturation resulted from the retinal injury
due to the toxicity of silicone oil. The slight alteration in
retinal saturation after silicone oil tamponade for less than 9
months can be attributed to the primary effects of the physical
characteristics of silicone oil, such as themechanical pressure
exerted by the oil on the retinal surface and its blockage
of metabolic exchange, but not to the retinal pathological
changes due to silicone oil tamponade. It is therefore clear that
the direct physical effect of silicone oil on retinal saturation
is negligible. This conclusion is coincident with that of

another study, which demonstrated that, after silicone oil
tamponade for 6 months, the retinal vascular morphology
did not display any distinct abnormalities and the hypoxia-
induced factor-1 alpha (HIF-1𝛼) and vascular endothelial
growth factor (VEGF) concentrations did not vary markedly
[23]. In addition, the partially recovered AVD after silicone
oil removal may indicate the partial reversibility of the retinal
pathological changes due to the silicone oil if the silicone oil
is removed in time. However, in the current study, the BCVA
was not significantly improved after silicone oil removal.

Moreover, the changes in retinal vessel diameters after
silicone oil tamponade further support our deduction above.
The diameter of retinal vessels after silicone oil tamponade
for <9 months was not changed markedly. However, the
diameter of the retinal arterioles was significantly narrowed
after tamponade for more than 9 months, compared with
the contralateral healthy eye. The diameter of the retinal
arterioles was partly widened again after silicone oil removal,
which was similar to the alteration seen in the AVD. This
result could indicate that the long-term silicone oil tam-
ponade is responsible for the narrowing of retinal arterioles.
Relevant clinical cases reporting fluorescent angiographic
findings in patients who underwent injection of silicone oil
for more than one year revealed that the arterioles appeared
to be narrow and occluded, with an extensive capillary
nonperfusion area [24]. In this paper, the authors explained
that the changes in the retinal arterioles could be due to the
toxicity of silicone oil to the retinal microvasculature itself,
could be secondary to the damage to the neuroretina, or
could be in response to high intraretinal partial pressures of
oxygen, which would be secondary to the blockage of oxygen
diffusion into the vitreous cavity by the silicone oil [24]. An
alternative assumption is that silicone droplets had filtered
into the retinal arterioles and mechanically obstructed them,
which is supported by the finding of silicone droplets lying
within a retinal arteriole in an experimental study [25].

The parallel alterations of retinal arteriole diameter and
AVD may help to explain how silicone oil causes changes
in retinal saturation. The arteriovenous difference in retinal
saturation indicates the total oxygen consumption of the
retinal tissue per unit time. The oxygen demand of the
tissue and the retinal blood flow per unit time may decide
the value of AVD. A decreased AVD should be related to
the decreased oxygen demand of the retinal tissue and/or
the increased retinal blood flow per unit time. However,
an increased AVD found in silicone oil-filled eye for more
than 9 months may be interpreted by the increased oxygen
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demand of the retinal tissue and the decreased retinal blood
flow per unit time. Because the traumatic retinal detachment
and surgery inevitably caused the loss of retinal cells and
the dysfunction of retina, the oxygen demand of reattached
retina should be decreased rather than increased. Therefore,
the increased AVD in this study is more likely to be resulting
from the decreased retinal blood flow per unit time. Usually,
the decreased retinal blood flow is combined with the
decreased retinal arterial diameter.Therefore, we assume that
the narrowed retinal arteriole might be responsible for the
increased AVD in silicone oil-filled eye for more than 9
months. The mechanism of narrowed retinal arteriole with
long-term silicone oil tamponade needs further study in the
future.

Our study had some limitations.The lack of uniformity in
the severity of initial traumatic retinopathies before silicone
oil injection increases the difficulty to interpret the effects
of silicone oil tamponade on retinal saturation. However,
we have mainly focused on comparing the retinal saturation
and the width of retinal vessels before and after silicone
oil removal to minimize the influence of initial traumatic
retinopathies on the retinal saturation. Secondly, theOxymap
systemhas limitation for retinal saturationmeasurement.The
value of retinal saturation measured by the Oxymap system
is only an estimate of the true oxygen saturation. Sometimes,
the values of arterial saturation in our study exceeded 100%.
As previously described, the calibration coefficients used in
the Oxymap system derived from predominantly Caucasian
subjects [26] and the difference of fundus pigmentation
between Chinese descent and Caucasian descent could have
contributed to the bias [21]. Since the relationship between
the optical density ratio and the actual calculated value of
oxygen saturation is linear [27, 28], this bias of the oxygen
saturation reading would not have affected the comparisons
made in our study. Additionally, the presence of severe refrac-
tive media opacity may affect the accuracy of the oxygen
saturation measurement. In this study, we have excluded the
cases with serious keratoleukoma, cataract, and silicone oil
emulsification to minimize the error of measurement.

5. Conclusions

Silicone oil application for retinal detachment is mainly
served by its surface tension effect and its flotation force
on the retinal surface. Our study may suggest that the
direct effect of the physical characteristics of silicone oil
on the retinal saturation is negligible. However, the long-
term tamponade with silicone oil for more than 9 months
causes the increasedAVDand the narrowed retinal arterioles.
We hypothesize that the toxicity of silicone oil and/or the
secondary changes due to the mechanical pressure of silicone
oil may be responsible for the alteration of retinal saturation.
Further studies are needed to elucidate themechanismof how
long-term silicone oil tamponade affects oxygen metabolism
in the retina.

Conflict of Interests

None of the authors have a conflict of interests.

Acknowledgments

The authors thank Professor Zhenfang Wang, Professor
Yiwen Luo, and Professor Chongde Long for providing the
study patients and thank Xia Huang for the technician sup-
port in retinal oximetry and data collection.

References

[1] P. A. Cibis, B. Becker, E. Okun, and S. Canaan, “The use of liquid
silicone in retinal detachment surgery,”Archives of Ophthalmol-
ogy, vol. 68, pp. 590–599, 1962.

[2] P.M. Sullivan, A. J. Luff, andG.W. Aylward, “Results of primary
retinal reattachment surgery: a prospective audit,” Eye, vol. 11,
no. 6, pp. 869–871, 1997.

[3] S. P. Azen, I. U. Scott, H. W. Flynn Jr. et al., “Silicone oil in
the repair of complex retinal detachments: a prospective obser-
vational multicenter study,” Ophthalmology, vol. 105, no. 9, pp.
1587–1597, 1998.

[4] P. K. Leaver, “Vitrectomy and fluid/silicone oil exchange for
giant retinal tears: 10-year follow-up,” German Journal of Oph-
thalmology, vol. 2, no. 1, pp. 20–23, 1993.

[5] P. Versura, M. Cellini, A. Torreggiani et al., “The biocompati-
bility of silicone, fluorosilicone and perfluorocarbon liquids as
vitreous tamponades. An ultrastructural and immunohisto-
chemical study,” Ophthalmologica, vol. 215, no. 4, pp. 276–283,
2001.

[6] B. Kirchhof, U. Tavakolian, H. Paulmann, and K. Heimann,
“Histopathological findings in eyes after silicone oil injection,”
Graefe’s Archive for Clinical and Experimental Ophthalmology,
vol. 224, no. 1, pp. 34–37, 1986.

[7] C. Ni, W. J. Wang, D. M. Albert, and C. L. Schepens, “Intrav-
itreous silicone injection. Histopathologic findings in a human
eye after 12 years,” Archives of Ophthalmology, vol. 101, no. 9, pp.
1399–1401, 1983.

[8] M. Gonvers, J.-P. Hornung, and C. de Courten, “The effect of
liquid silicone on the rabbit retina. Histologic and ultrastruc-
tural study,” Archives of Ophthalmology, vol. 104, no. 7, pp. 1057–
1062, 1986.

[9] F. Morescalchi, C. Costagliola, S. Duse et al., “Heavy silicone oil
and intraocular inflammation,” BioMed Research International,
vol. 2014, Article ID 574825, 16 pages, 2014.

[10] K. Nakamura, M. F. Refojo, D. V. Crabtree, J. Pastor, and F.-L.
Leong, “Ocular toxicity of low-molecular-weight components
of silicone and fluorosilicone oils,” Investigative Ophthalmology
and Visual Science, vol. 32, no. 12, pp. 3007–3020, 1991.

[11] A. Kubicka-Trzaska, J. Kobylarz, and B. Romanowska-Dixon,
“Macular microcirculation blood flow after pars plana vitrec-
tomy with silicone oil tamponade,” Klinika Oczna, vol. 113, no.
4–6, pp. 146–148, 2011.

[12] J. Mackiewicz, B. Mühling,W. Hiebl et al., “In vivo retinal toler-
ance of various heavy silicone oils,” Investigative Ophthalmology
and Visual Science, vol. 48, no. 4, pp. 1873–1883, 2007.

[13] R. Effert, S. Wolf, O. Arend, K. Schulte, and M. Reim, “Retinal
hemodynamics after pars plana vitrectomy with silicone oil
tamponade,”German Journal of Ophthalmology, vol. 3, no. 2, pp.
65–67, 1994.

[14] R. A. O’Connell, A. J. Anderson, S. L. Hosking, A. H. Batcha,
and B. V. Bui, “Test-retest reliability of retinal oxygen saturation
measurement,” Optometry and Vision Science, vol. 91, no. 6, pp.
608–614, 2014.



BioMed Research International 7

[15] S. H. Hardarson, A. Harris, R. A. Karlsson et al., “Automatic
retinal oximetry,” Investigative Ophthalmology & Visual Science,
vol. 47, pp. 5011–5016, 2006.

[16] S. H. Hardarson, S. Basit, T. E. Jonsdottir et al., “Oxygen satu-
ration in human retinal vessels is higher in dark than in light,”
Investigative Ophthalmology and Visual Science, vol. 50, no. 5,
pp. 2308–2311, 2009.

[17] O. Palsson, A. Geirsdottir, S. H. Hardarson, O. B. Olafsdottir, J.
V. Kristjansdottir, and E. Stefánsson, “Retinal oximetry images
must be standardized: a methodological analysis,” Investigative
Ophthalmology and Visual Science, vol. 53, no. 4, pp. 1729–1733,
2012.

[18] S. H. Hardarson and E. Stefánsson, “Oxygen saturation in
branch retinal vein occlusion,” Acta Ophthalmologica, vol. 90,
no. 5, pp. 466–470, 2012.

[19] M. Hammer, W. Vilser, T. Riemer et al., “Diabetic patients with
retinopathy show increased retinal venous oxygen saturation,”
Graefe’s Archive for Clinical and Experimental Ophthalmology,
vol. 247, no. 8, pp. 1025–1030, 2009.

[20] S. H. Hardarson and E. Stefánsson, “Retinal oxygen saturation
is altered in diabetic retinopathy,”British Journal of Ophthalmol-
ogy, vol. 96, no. 4, pp. 560–563, 2012.

[21] L. S. Lim, L. Tan, and S. Perera, “Retinal vessel oxygen saturation
increases after vitrectomy,” Investigative Ophthalmology and
Visual Science, vol. 55, no. 6, pp. 3851–3856, 2014.
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Measuring the ocular bloodflow inneonatesmay clarify the relationships between eye diseases and ocular circulation abnormalities.
However, no method for noninvasively measuring ocular circulation in neonates is established. We used laser speckle flowgraphy
(LSFG) modified for neonates to measure their ocular circulation and investigated whether this method is reproducible. During
their normal sleep, we studied 16 subjects (adjusted age of 34–48 weeks) whose blood flow could be measured three consecutive
times. While the subjects slept in the supine position, three mean blur rate (MBR) values of the optic nerve head (ONH) were
obtained: the MBR-A (mean of all values), MBR-V (vessel mean), and MBR-T (tissue mean), and nine blood flow pulse waveform
parameters in the ONH were examined. We analyzed the coefficient of variation (COV) and the intraclass correlation coefficient
(ICC) for each parameter.The COVs of theMBR values were all ≤10%.The ICCs of theMBR values were all >0.8. Good COVs were
observed for the blowout score, blowout time, rising rate, falling rate, and acceleration time index. Although the measurement of
ocular circulation in the neonates was difficult, our results exhibited reproducibility, suggesting that this method could be used in
clinical research.

1. Introduction

Laser speckle flowgraphy (LSFG) can be used to noninva-
sively measure ocular blood flow [1–4]. One indicator of
ocular blood flow is the mean blur rate (MBR) [5]. LSFG is
used for research on various diseases in adult patients, such
as glaucoma [5, 6], retinal vein occlusion [7], and diabetic
retinopathy [8]. It is also used in research related to systemic
diseases such as diabetes and chronic kidney disease [9], as
well as studies on the link between aging and retinal blood
flow changes [10–12]. However, no noninvasive method to
measure ocular circulation has been established for neonates.

Other than LSFG, the currently available devices that
allow us to noninvasively measure ocular blood flow include
Doppler FD-optical coherence tomography (OCT) [13] and
scanning laser Doppler flowmetry (SLDF) [14]. Although
Doppler FD-OCT and SLDF can be used to measure the
absolute values of blood flow speed, in cases of structurally

poor fixation it is difficult not only to measure the values but
also to downsize the devices. Because LSFG does not offer
absolute values for the blood flow rate, it is challenging to
make comparisons between individuals. However, downsiz-
ing LSFG is possible due to the simplicity of the system, and
it also provides a wide image field of view.

Ocular diseases in neonates such as the retinopathy of
prematurity (ROP) changes in retinal circulation occur with
dilation and tortuosity of retinal blood vessels [15, 16]. We
believe that by noninvasively measuring and researching
retinal hemodynamics in neonates the relationships between
neonatal ocular diseases and ocular circulation abnormalities
could be clarified.

Here we measured the ocular blood flow in neonates
using a version of LSFGmodified for use in neonate patients,
and we assessed the reproducibility of this method to deter-
minewhether the results obtained by thismethod can be used
clinically.
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Figure 1: (a) LSFG-baby. Examination of neonates in the supine position. (b) Operability of the LSFG-baby system. The system’s camera is
set on a tilting stage with two axes (𝜑 and 𝜃) and 𝑥-𝑦 stages to adjust the field of view.

2. Subjects and Methods

2.1. Subjects. The subjects for our investigation of repro-
ducibility were nonincubator neonates who were not on res-
pirators. For each subject, an ophthalmologist had requested
an examination due to suspicion of ROP or other diseases,
between October 2014 and April 2015 at the Toho University
Omori Medical Center. Including the cases of the same
neonate undergoing testing at multiple weeks, we attempted
testing in 55 neonates during their normal sleep, and we
determined the test success rate. We studied 16 neonates (16
eyes) during sleep inwhom the circulation could bemeasured
three times consecutively at the initial test (male : female
ratio, 9 : 7; adjusted age, 34–48 weeks).

The presence/absence of ocular diseases and systemic
diseases was investigated. With regard to eye diseases, there
were 14 neonates with no ROP and two neonates with ROP.
No severe systemic diseases requiring treatment were noted
in the subjects.

This study was conducted in accord with the principles
laid out in the Declaration of Helsinki, and the data analysis
was approved by the ethical review committee of Toho
University (number 26-96).

2.2. LSFGMeasurement. Measurements were obtained using
the “LSFG-baby” system, which is a version of the com-
mercially available LSFG-NAVI (Softcare, Fukuoka, Japan)
modified in such a manner that the testing can be performed
with the neonate in the supine position (Figure 1).The camera
provided with the LSFG-baby system is set on a tilting stage
with two axes (𝜑 and 𝜃) and 𝑥-𝑦 stages to adjust the field of
view.

For the testing, pupillary dilation was achieved with
2.625% phenylephrine hydrochloride, 0.125% tropicamide,
and 0.25% cyclopentolate, after which the ONH was imaged
for 3 sec. Testing was performed while the infant was sleeping
to measure his or her circulation during rest. All measure-
ments were performed by the same tester. Testing was con-
cluded within 10min, and if it was difficult to measure both
eyes within this time, only the left eye was measured. After

testing, the images were confirmed, and results that were
significantly out of focus or for which only two heartbeats or
less were measured were excluded.

2.3. Analysis of Reproducibility. To evaluate the reproducibil-
ity of the measurement method, the three MBR parameters
of MBR-A (mean of all values), MBR-V (vessel mean), and
MBR-T (tissue mean) were measured in the ONH [17] using
the LSFG Analyzer software (Softcare).

We performed a pulse waveform analysis of the ONH
blood flow, and nine pulse waveform parameters [17] were
calculated: fluctuation, skew, blowout score (BOS), blowout
time (BOT), rising rate, falling rate, flow acceleration index
(FAI), acceleration time index (ATI), and resistivity index
(RI). The analysis was performed using the ONH MBR and
pulse waveform parameters from the LSFG-baby systemwith
which the coefficient of variation (COV) and intraclass cor-
relation coefficient (ICC) were measured three consecutive
times.

2.4. Statistical Analysis. Thedata were analyzed using the 11.2
version of the statistical software JMP (SAS, Cary, NC).

3. Results

We were able to measure neonate ONH blood flows by using
the LSFG-baby system (Figure 2). Three physicians oversaw
the infant’s fixation, opening of eyelids, and imaging.Wewere
also able to analyze pulse waveforms by setting a rubber band
on the ONH (Figure 3). In our testing of all 55 cases, we
defined “test success” as the case when the measurement was
successfully conducted with quality that was high enough for
at least one pulse waveform analysis to be performed.

Based on this definition, we determined the success rates.
The test success rate for LSFG-baby modified for neonate use
was 72.7% during normal sleep (40/55 cases).The reasons for
test failure were as follows: (1) awakening during sleep in 5
of 15 cases; (2) not being able to conduct the measurement
because of strong ocular movements during sleep in 9 cases;
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Figure 2: Three physicians oversaw the infant’s fixation, opening of
eyelids, and imaging.

and (3) the measurement being impossible because of the
eyeball being fixated upward. The subjects who were awake
from the beginning were not included in the number of cases.

We found that it was not possible to perform the test
on neonates who were awake from the start of testing. Even
among the sleeping neonates, it was difficult or impossible to
perform the test with an infant who exhibited strong ocular
movements or had off-center vision fixation.

Regarding the reproducibility of the testing, Table 1 shows
the results of the 16 subjects forwhichmeasurements could be
obtained three times. Because it was difficult to measure the
IOP in neonates, we did not measure the IOP in this study.

Table 2 shows the COVs and ICCs for the ONH MBR
values and pulse waveform parameters in the 16 subjects.The
COVs of the MBR values were all ≤10%, and the ICCs of the
MBR values were all>0.8. Good results were also achieved for
the pulse waveform parameter COVs at ≤10% for the BOS,
BOT, rising rate, falling rate, and ATI. The COV results for
fluctuation, skew, FAI, and RI exceeded 15%.

The pulse waveform parameter ICCs were >0.6 for fluc-
tuation and FAI. However, the ICCs for the skew, BOS, BOT,
rising rate, falling rate, ATI, and RI were all ≤0.4.

LSFG offers International Electrotechnical Commission
global standard class 1 safety and is believed to be safe for use
on neonates [1–3]. Indeed, no adverse events occurred during
our study.

4. Discussion

In this study, the test success rate was 72.7% during normal
sleep. The COVs of the MBR values were all ≤10%, and the
COVs were good for the BOS, BOT, rising rate, falling rate,
and ATI. In addition, the ICCs of the MBR values were
all>0.8.

Although contrast-enhanced tests such as fluorescein
angiography (FA) are useful for ocular circulation measure-
ment [18, 19], the use of a contrast medium makes it difficult
to call these tests noninvasive, and repeated testing is likely to
be difficult. Noninvasive circulation testing methods include
color Doppler imaging (CDI) with neonates.

Holland et al. [20] and Neely et al. [21] used CDI
to measure blood flow in the retinal central artery and

Table 1: The neonates’ demographic data.

Normal sleep
(𝑛 = 16)

Age (wks) 38.8 ± 3.6
Gestational age (wks) 33.0 ± 3.6
Weight (g) 2314.1 ± 398.2
Birth weight (g) 1867.5 ± 633.0
Heart rate/min 143.4 ± 10.1
Mean BP (mmHg) 48.2 ± 4.3
Gender (m : f) 9 : 7
ROP− : ROP+ 14 : 2
Trisomy 21 3 cases
Mild VSD or ASD 4 cases

Table 2: Coefficients of variation and intraclass correlation coeffi-
cient for ONH blood flow values and waveform parameters.

COVs
(𝑛 = 16)

ICCs
(𝑛 = 16) Mean ± SD

MBR-A 7.7 ± 3.9 0.88 12.1 ± 3.5
MBR-V 9.2 ± 5.2 0.83 22.6 ± 6.7
MBR-T 9.7 ± 4.9 0.85 8.7 ± 2.7
Fluctuation 17.0 ± 8.6 0.75 17.2 ± 3.7
Skew 215.7 ± 500.1 0.15 4.7 ± 2.7
BOS 6.1 ± 3.9 0.37 72.1 ± 5.5
BOT 9.0 ± 7.3 0.17 56.2 ± 4.8
Rising rate 6.3 ± 5.2 0.14 11.8 ± 0.7
Falling rate 8.8 ± 6.5 0.05 11.4 ± 0.9
FAI 16.3 ± 10.1 0.65 2.4 ± 0.8
ATI 10.0 ± 7.4 0.15 44.8 ± 5.3
RI 15.0 ± 7.9 0.38 0.39 ± 0.07
MBR-A (all the mean), MBR-V (vessel mean), and MBR-T (tissue mean).
BOS, blowout score; BOT, blowout time; FAI, flow acceleration index; ATI,
acceleration time index; RI, resistivity index.

ophthalmic artery in ROP patients and found that it was
difficult to accurately measure the retinal blood flow by this
method. Because LSFG can measure retinal hemodynamics
over an extensive range in real time [3], we felt that testing
would be possible even for neonates, who have poor fixation,
if there was only a certain amount of movement.

The clinical application of blood flow observations using
LSFG requires ease of operability and reproducibility of
results. Compared to adults, neonates exhibit a large amount
of body and ocularmovement and have poor fixation,making
testing difficult. Nevertheless, the one-time test success rate in
the present study was 72.7% during normal sleep. Although
this does not reach the 94% success rate for retinal central
artery blood flow measurement using CDI [20], we believe
that the method of testing that we used offers a certain level
of operability and an acceptable success rate.

A high proportion of neonate sleep is rapid eyemovement
(REM) sleep [22], and eye movement is often observed while
neonates are sleeping. Eye movement is still observed when
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Figure 3: (a) In the color-coded maps, red indicates high blood flow and blue indicates low blood flow.The image is observed indirectly. (b)
Blood flow. MBR of 3 s and 90 frames (30/s). (c) Heartbeat. Average MBR per heartbeat.

sedatives are used, unlike during general anesthesia. In the
present study, the causes of test failure were related to awak-
ening and ocular movement, but since general anesthesia is
invasive, we do not believe that it could be used for every test.

Our reproducibility evaluation revealed good COVs for
theONHMBR and pulse waveformparameters of BOS, BOT,
rising rate, falling rate, and ATI, but the COVs fluctuation,
skew, FAI, and RI were poor. As Tsuda et al. reported
[12], fluctuation, skew, and FAI respond sensitively to slight
changes in blood flow waveforms. For neonates, who exhibit
a heart rate nearly double that of adults, the number of frames
during one heartbeat is approximately one-half that of adults.
Therefore, changes in one frame more significantly affect
the fluctuation, skew, and FAI in neonates than in adults.
Moreover, RI may also have exhibited greater fluctuations
than in adults because neonates have lower minimum blood
flow values.

The ICCs of the BOS, BOT, rising rate, falling rate,
and ATI were poor, but the COVs were good. An ICC
becomes low when there is little individual difference, and
this may be related to the present ICC results. We think that
the reproducibility of waveform parameters requires further
investigation.

As there have been no reports of ocular circulation
measurements in neonates using LSFG, a simple comparison
cannot be made; however, studies using LSFG-NAVI for
adults have indicated COVs of 0.9%–3.8% and ICCs of 0.95
to 0.98 [5]. Studies using LSFG for patients in the supine
position during surgery have indicated COVs of 3.1% to
6.9% [23] and 6.7% for awake patients in the supine position
[24]. In the present study, the COVs ranged from 7.7% to
9.7%, suggesting that the reproducibility for neonates was
lower than for adults. Nevertheless, because the COV was
≤10% and ICC was >0.8 for the ONH MBR, we believe that
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the reproducibility of our method was of a level that would
allow for clinical application.

The properties of LSFG also mean that it is difficult to use
LSFG for neonates who are highly premature and have strong
clouding of the cornea, crystalline lens, and/or vitreous body.
In cases such as these, the MBR values results are likely to
be inaccurate, and it would be difficult to investigate the
extent of changes over time. Although it is thought that pulse
waveformswould not be as significantly affected as blood flow
values, in neonates, the small number of frames per heartbeat
couldmake awaveform analysis inferior to that of adult cases.

In the future, if LSFG camera improvements result in an
increase in the number of frames captured per heartbeat,
more noninvasive and precise testing could be performed.

In the present study, the ONH MBR obtained from the
neonates during normal sleep demonstrated good repro-
ducibility. Therefore, we believe that the data obtained in this
manner could be used as test data when performing clinical
research.

In conclusion, the results of our study indicate that the
measurement of ocular circulation in neonates using LSFG
could contribute to clarifying the relationships between the
ocular circulation and ocular diseases in neonates.
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Purpose.To investigate the role of systemic arterial stiffness in glaucomapatientswith diabetesmellitus (DM).Design.Retrospective,
cross-sectional study. Participants. DM subjects who underwent brachial-ankle pulse wave velocity (baPWV) were recruited.
Methods. Glaucoma patients (𝑛 = 75) and age-matched control subjects (𝑛 = 92) were enrolled. Systemic examination including
BaPWV and detailed eye examination were performed. The glaucoma group was divided into subgroups of normal tension
glaucoma (NTG, 𝑛 = 55) and primary open-angle glaucoma (POAG) based on an IOP of 21mmHg. BaPWV was used to stratify
the population into 4 groups based on the rate. Stepwise multiple logistic regression analysis by baPWV quartiles was used to
compare the glaucoma group with the control group. Main Outcome Measures. BaPWV in glaucoma with DM patients. Results.
Faster baPWV was positively associated with glaucoma (odds ratio: 3.74; 95% CI: 1.03–13.56, stepwise multiple logistic regression
analysis) in patients with DM. Increasing baPWV was also positively associated with glaucoma (𝑝 for trend = 0.036). The NTG
subgroup showed similar results to those of the glaucoma group. Conclusions. In this study, increased arterial stiffness was shown
to be associated with glaucoma and may contribute to the pathogenesis of glaucoma in DM patients.

1. Introduction

Glaucoma is defined as chronic progressive optic nerve dam-
age and regarded as amultifactorial disease caused by genetic,
local, systemic, and environmental factors [1].The traditional
theoretical mechanisms of the development of glaucoma
include the mechanical theory, which emphasizes the role of
high intraocular pressure (IOP) [2], and the ischemic theory,
which focuses on disturbance of blood flow [3]. Recently,
many studies have demonstrated systemic risk factors for
glaucoma, like metabolic syndrome [4], helicobacter pylori
[5], diabetes mellitus (DM) [6], and thyroid disease [7].

The Beaver Dam eye study [6], national health care study
[8], and meta-analysis study [9, 10] have suggested that DM
is significantly associated with increased IOP and glaucoma.
Thus, this is an area of ongoing investigation and debate.

Another possibility is that glaucoma may be associated not
just with DM but also with its secondary effect on systemic
or local factors. The hypothetical mechanisms of DM as a
risk factor for glaucoma include the alteration of biochemical
pathways, increased oxidative stress by lipid metabolism, and
blood flow alteration by the disturbance of autoregulation of
vascular endothelium [11].

Some studies about migraine [12], peripheral blood flow
[13], or systemic blood flow [14] have suggested that the
disturbance of systemic circulation is a possible risk factor
for glaucoma. Increased arterial stiffness, which can occur
as a consequence of arteriosclerosis, is associated with DM
and systemic hypertension, which may in part explain the
increased cardiovascular disease risk observed in these con-
ditions. However, there are few studies on the association
between glaucoma and arterial stiffness and its potential
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impact on retinal circulation. Furthermore, the relationship
between systemic circulation abnormalities such as DM,
systemic hypertension, and glaucoma remains unclear.

In this study, we evaluated the role of systemic arterial
stiffness in DM patients with glaucoma.

2. Materials and Methods

This study was a retrospective chart review. Subjects were
recruited from the glaucoma outpatient clinic at Kangbuk
Samsung Hospital, Seoul, Korea, from January to December
2013. All subjects were new patients who were referred from
or subjects who were followed in the DM clinic of the same
hospital. This study was performed in accordance with the
Declaration of Helsinki andwas approved by the Institutional
Review Board and ethics committee of Kangbuk Samsung
Hospital in Seoul, Korea.

For inclusion in this study, all participants met the
following criteria: the logarithm of the minimal angle of
resolution best corrected visual acuity (logMAR BCVA) was
0.70 or better, a spherical equivalent within 6 diopters (D)
and a cylinder within 3D, the presence of an open-angle
on gonioscopic examination, and reliable VF test results.
Glaucoma was diagnosed by a glaucoma specialist using the
following criteria: presence of typical glaucomatous optic
disc neuropathy including rim thinning or notching in the
inferior or superior temporal area of the optic nerve head,
corresponding glaucomatous VF loss including paracentral,
arcuate scotomas, or a nasal step [15], and no apparent
secondary cause of glaucomatous optic neuropathy. Deter-
mination of the diurnal IOP consisted of measuring the IOP
every 150 minutes from 9 a.m. to 5 p.m. at the first visit in the
absence of glaucoma medications. Based on this diurnal IOP
profile, we divided the glaucoma group into normal tension
glaucoma (NTG, less than 21mmHg peak IOP) and primary
open-angle glaucoma (POAG).

Exclusion criteria were active ocular disease, proliferative
diabetic retinopathy (PDR) in any eye, use of other ocu-
lar medications or therapies that might have a substantial
effect on IOP, and history of ocular surgery. After detailed
ophthalmic evaluation including fundus exam after pupil
dilation, the right eye was chosen for inclusion in cases in
which both eyes of the patient were eligible for the study. For
the control group (patients without glaucoma), age-matched
subjects were selected.

All subjects underwent a detailed ophthalmic exam-
ination including medical and ophthalmic histories, best
corrected visual acuity (BCVA) testing, IOP measurements
by Goldmann applanation tonometry, VF testing (Zeiss-
Humphrey, San Leandro, CA), color disc photography (Visu-
cam Pro NM model; Carl Zeiss Meditec, Inc.), and optical
coherence tomography (Cirrus OCT, Carl Zeiss Meditec,
Inc., Dublin, CA). Systemic examinations were performed
including measurements of brachial-ankle pulse wave veloc-
ity (baPWV) (automatic waveform analyzer: VP-1000, Colin
Co., Komaki, Japan) for assessment of systemic arterial stiff-
ness. This instrument records baPWV (cm/sec), electrocar-
diogram, systemic blood pressure (BP), pulse pressure (PP),

and ankle-brachial index (ABI). The baPWV was measured
after the subject was allowed to rest for at least 5 minutes.
Carotid intima-media thickness (IMT) was also measured
at the common carotid artery, bulb, and internal carotid
artery with carotid sonography (Vivid E9, GE Healthcare,
WI, USA). Body mass index (BMI) was calculated as weight
in kilograms divided by the height in meters squared. Lab-
oratory blood tests including total cholesterol, triglyceride
(TG), and fasting blood glucose (FBS) were performed. And
hemoglobin A1c (HbA1C) were performed as index which
represent severity of DM.

2.1. Statistical Methods. Baseline demographic information
and clinical parameters were compared between groups using
independent sample 𝑡-tests or one-way analysis of variance
(ANOVA) with the Bonferroni post hoc test for continuous
variables and Chi-square tests or Fisher’s exact tests for
categorical variables.

Odds ratios (OR) with 95% confidence intervals (95%
CI) were estimated using logistic regression models. BaPWV
was stratified into 4 groups based on the rate. Following
univariate analyses, multivariate logistic regression analyses
were performed to identify independent risk factors for
glaucoma using backward selection based on the likelihood
ratio.

All data were analyzed using SPSS statistical software
system version 21.0 (IBM SPSS, Inc., Chicago, Illinois, USA).
A 𝑝 value < 0.05 was considered to be statistically significant.

3. Results

A total of 167 patients were enrolled in the study, 108 of whom
were men and 59 of whom were women. The mean age was
59.26 ± 9.86 years (range, 34–79 years). Sixty-nine patients
(41.3%) had hypertension.

Table 1 shows the demographics and clinical data of
subjects. All subjects were divided into the glaucoma group
(𝑛 = 75) or the control group (𝑛 = 92). There was no signif-
icant difference in demographics and clinical characteristics
between the glaucoma and control groups. Mean baPWV of
the glaucoma group was about 88.3 cm/sec (5.7%) faster than
that of the control group (1638.73 ± 276.04 versus 1550.43 ±
256.39, independent sample 𝑡-tests, 𝑝 = 0.035) Right baPWV
of the glaucoma group was about 83.9 cm/sec (5.4%) faster
than that of the control group (1633.16 ± 278.05 versus
1549.24 ± 260.54, independent sample 𝑡-tests, 𝑝 = 0.048).
Left baPWV of the glaucoma group was about 92.7 cm/sec
(6.0%) faster than that of the control group (1644.31±280.46
versus 1551.63 ± 258.36, independent sample 𝑡-tests, 𝑝 =
0.029). There were not any significant differences in mean
IOP, systolic and diastolic BP, PP, mean arterial pressure, ABI,
IMT, BMI, total cholesterol, TG or FBS, and HbA1C between
the glaucoma and control groups. Six patients (8.0%) have
mild nonproliferative diabetic retinopathy (NPDR) in OAG
group and 5 patients (5.4%) in control group. And moderate
NPDR showed in 4 patients (5.3%) in OAG and 2 patients
(2.2%) in control group. Severe NPDR showed in 2 patients
(2.7% in OAG, 2.2% control group) in each group. There was
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Table 1: Comparison of demographic and clinical data.

OAG (𝑛 = 75) Control (𝑛 = 92) 𝑝 value
Gender (male : female) 47 : 28 61 : 31 0.625
Mean age (years) 59.03 ± 10.15 59.46 ± 9.68 0.78
Hypertension 29 (38.7%) 40 (43.5%) 0.53
Mean IOP (mmHg) 14.55 ± 4.08 13.93 ± 2.85 0.26
Systolic blood pressure (mmHg) 126.80 ± 18.10 125.28 ± 13.77 0.54
Diastolic blood pressure (mmHg) 75.87 ± 9.98 74.87 ± 9.53 0.51
Pulse pressure (mmHg) 50.93 ± 12.63 50.41 ± 9.38 0.76
Mean arterial pressure (mmHg) 93.56 ± 11.83 91.67 ± 10.21 0.30
Mean baPWV (cm/s) 1638.73 ± 276.04 1550.43 ± 256.39 0.035

baPWV, Rt. (cm/s) 1633.16 ± 278.05 1549.24 ± 260.54 0.048
baPWV, Lt. (cm/s) 1644.31 ± 280.46 1551.63 ± 258.36 0.029

ABI, Rt. 1.14 ± 0.08 1.12 ± 0.11 0.26
ABI, Lt. 1.14 ± 0.09 1.12 ± 0.10 0.21
Intima-media thickness (IMT)

CCA, Rt. (mm) 0.71 ± 0.13 0.68 ± 0.14 0.28
CCA, Lt. (mm) 0.71 ± 0.16 0.73 ± 0.15 0.53
Bulb, Rt. (mm) 0.86 ± 0.23 0.83 ± 0.17 0.43
Bulb, Lt. (mm) 0.80 ± 0.18 0.86 ± 0.23 0.21
ICA, Rt. (mm) 0.56 ± 0.13 0.55 ± 0.08 0.58
ICA, Lt. (mm) 0.54 ± 0.07 0.57 ± 0.08 0.20

Body mass index (BMI) 25.80 ± 6.08 25.19 ± 3.46 0.44
Total cholesterol 169.04 ± 41.72 161.08 ± 39.14 0.21
Triglyceride 179.37 ± 2266.87 141.02 ± 167.58 0.28
Fast blood glucose 145.47 ± 55.84 133.59 ± 43.33 0.12
HbA1C (%) 6.97 ± 1.23 7.00 ± 1.32 0.87
Diabetic retinopathy 0.639

No diabetic retinopathy 63 (84.0%) 83 (90.2%)
Mild NPDR 6 (8.0%) 5 (5.4%)
Moderate NPDR 4 (5.3%) 2 (2.2%)
Severe NPDR 2 (2.7%) 2 (2.2%)

Data are expressed as the mean ± standard deviation (SD) or frequency (%).
baPWV: brachial-ankle pulse wave velocity; ABI: ankle-brachial index; CCA: common carotid artery; ICA: internal carotid artery; NPDR: nonproliferative
diabetic retinopathy.

no statistically significant difference of severity of diabetic
retinopathy between the glaucoma and control groups.

Comparing of demographic and clinical data in NTG,
POAG and control group showed in Table 2. There was no
significant difference in systolic and diastolic BP, PP, mean
arterial pressure, ABI, IMT, BMI, total cholesterol, TG or
FBS, andHbA1C between the NTG and POAG groups except
mean IOP. In comparison of baPWVamong the three groups,
mean baPWV of the NTG group was about 112.8 cm/sec
(7.3%) faster than that of the control group (1663.25 ± 287.35
versus 1550.43 ± 256.39, independent sample 𝑡-tests, 𝑝 =
0.02). However, mean baPWV of the POAG group was about
only 20.9 cm/sec (1.3%) faster than that of the control group
(1571.33 ± 235.76 versus 1550.43 ± 256.39, independent
sample 𝑡-tests, 𝑝 = 0.04).

Stepwisemultiple logistic regression analysiswas adjusted
for age, gender, mean arterial BP, BMI, TG, HbA1C, and

severity of diabetic retinopathy; it showed that a faster than
1740.5 cm/sec (fourth quartile) (OR adjusted for age, gender,
mean arterial BP, BMI, TG, HbA1C, and severity of diabetic
retinopathy: 3.74; 95% CI: 1.03–13.56, Table 3) was indepen-
dently associated with glaucoma. Furthermore, increasing
baPWV was an independent risk factor of glaucoma (𝑝 for
trend = 0.036).

In subgroup analyses, the NTG group comprised 55
patients. The results were similar to the total analysis
(Table 4). Stepwise multiple logistic regression model, the
fourth quartile (baPWV above 1718 cm/sec) (OR adjusted for
age, gender, mean arterial BP, BMI, TG, HbA1C, and sever-
ity of diabetic retinopathy: 4.26; 95% CI: 1.08–16.88) were
independently associated with NTG (Table 4). Furthermore,
increasing baPWV was an independent risk factor of NTG
(𝑝 for trend = 0.025). There was no independently associated
factor with POAG (Table 5).
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Table 2: Comparison of demographic and clinical data in NTG, POAG, and control group.

NTG (𝑛 = 55) POAG (𝑛 = 20) Control (𝑛 = 92) 𝑝 value
Gender (male : female) 35 : 20 12 : 8 61 : 31 0.85
Mean age (years) 60.02 ± 56.30 56.30 ± 10.91 59.46 ± 9.68 0.34
Hypertension 22 (40.0%) 7 (35.0%) 40 (43.5%) 0.76
Mean IOP (mmHg) 13.15 ± 2.64 18.38 ± 4.90 13.93 ± 2.85 <0.001
Systolic blood pressure (mmHg) 126.91 ± 18.50 126.50 ± 17.41 125.28 ± 13.77 0.83
Diastolic blood pressure (mmHg) 75.09 ± 9.56 78.00 ± 11.04 74.87 ± 9.53 0.42
Pulse pressure (mmHg) 51.82 ± 12.95 48.50 ± 11.68 50.41 ± 9.38 0.49
Mean arterial pressure (mmHg) 92.36 ± 11.73 99.03 ± 11.16 91.67 ± 10.21 0.09
Mean baPWV (cm/s)∗ 1663.25 ± 287.35 1571.33 ± 235.76 1550.43 ± 256.39 0.04

baPWV, Rt. (cm/s) 1659.27 ± 291.81 1561.35 ± 227.36 1549.24 ± 260.54 0.052
baPWV, Lt. (cm/s)∗ 1667.22 ± 288.66 1581.30 ± 252.65 1551.63 ± 258.36 0.042

ABI, Rt. 1.13 ± 0.08 1.16 ± 0.07 1.12 ± 0.11 0.23
ABI, Lt. 1.13 ± 0.09 1.16 ± 0.08 1.12 ± 0.10 0.17
Intima-media thickness (IMT)

CCA, Rt. (mm) 0.72 ± 0.13 0.65 ± 0.08 0.68 ± 0.14 0.27
CCA, Lt. (mm) 0.72 ± 0.17 0.65 ± 0.11 0.73 ± 0.15 0.49
Bulb, Rt. (mm) 0.88 ± 0.25 0.74 ± 0.06 0.83 ± 0.17 0.18
Bulb, Lt. (mm) 0.81 ± 0.19 0.74 ± 0.11 0.86 ± 0.23 0.37
ICA, Rt. (mm) 0.56 ± 0.13 0.57 ± 0.10 0.55 ± 0.08 0.84
ICA, Lt. (mm) 0.55 ± 0.07 0.52 ± 0.06 0.57 ± 0.08 0.33

Body mass index (BMI) 26.09 ± 6.90 25.02 ± 2.81 25.19 ± 3.46 0.50
Total cholesterol 164.80 ± 41.23 180.70 ± 41.88 161.08 ± 39.14 0.14
Triglyceride 174.93 ± 287.37 191.60 ± 206.09 141.02 ± 167.58 0.51
Fast blood glucose 148.02 ± 61.13 138.45 ± 38.10 133.59 ± 43.33 0.23
HbA1C (%) 7.08 ± 1.33 6.67 ± 0.86 7.00 ± 1.32 0.47
Diabetic retinopathy 0.39

No diabetic retinopathy 46 (83.6%) 17 (85.0%) 83 (90.2%)
Mild NPDR 3 (5.5%) 3 (15.0%) 5 (5.4%)
Moderate NPDR 4 (7.3%) 0 (0%) 2 (2.2%)
Severe NPDR 2 (3.6%) 0 (0%) 2 (2.2%)

Data are expressed as the mean ± standard deviation (SD) or frequency (%).
baPWV: brachial-ankle pulse wave velocity; ABI: ankle-brachial index; CCA: common carotid artery; ICA: internal carotid artery; NPDR: nonproliferative
diabetic retinopathy. ∗𝑝 < 0.05 between NTG and control.

4. Discussion

Our study showed that high baPWV was an independent
risk factor for glaucoma in DM patients. Moreover, faster
baPWV was positively associated with increasing OR of
glaucoma. These findings suggest that arterial stiffness may
be an independent risk factor for glaucoma. baPWV is a good
surrogate measure of the effect of systemic arterial stiffness
on ocular blood vessels, which may estimate ocular blood
flow. In subgroup analysis, the NTG group showed similar
results. Mrocxkowska et al. suggested that NTG and POAG
patients showed similarly increased nocturnal systemic blood
pressure variability (𝑝 = 0.01), peripheral arterial stiffness
(𝑝 = 0.02), carotid intima-media thickness (𝑝 = 0.04),
and reduced ocular perfusion pressure (𝑝 < 0.001). Their
study showed that POAG and NTG patients exhibit similar
alterations in ocular and systemic circulation in the early
stages of their disease process [16]. Arterial stiffness may lead

to the disruption of ocular autoregulation [17]. In this study,
there was no significantly different clinical data including
baPWV between the NTG and POAG groups except mean
IOP. Mean baPWV of the NTG group was about 7.3% faster
than that of the control group. However, mean baPWV of
the POAG group was about only 1.3% faster than that of the
control group.These results suggested that arterial stiffness is
more associated with NTG than with POAG.

PWV was known as a good marker of systemic arterial
stiffness as it reflects local as well as systemic circulation [18,
19]. Furthermore, the baPWV measurement unit was tech-
nically simple and could be used to check the status of both
the central arteries and peripheral arteries. A previous study
found that baPWV had good validity and reproducibility for
assessing vascular damage [20]. Although baPWVwas a good
marker of systemic arterial stiffness, the results can still be
affected by age [17], gender [17], BP [21], BMI [17], and plasma
triglycerides [17]. To rule out the effect of BP variation,
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Table 3: Multivariate logistic regression analysis by quartile baPWV.

Risk factor Odds ratio 95% confidence interval 𝑝 value
Age 0.98 0.94 1.02 0.30
Gender

Female 1
Male 1.03 0.48 2.20 0.94

Mean arterial pressure 0.99 0.96 1.03 0.62
Body mass index 1.03 0.96 1.12 0.40
Triglyceride 1.00 0.999 1.002 0.36
HbA1C 1.00 0.77 1.31 0.98
Diabetic retinopathy

No diabetic retinopathy (𝑛 = 63) 1
Mild NPDR (𝑛 = 6) 1.32 0.35 4.97 0.69
Moderate NPDR (𝑛 = 4) 2.55 0.43 15.24 0.31
Severe NPDR (𝑛 = 2) 1.28 0.17 9.88 0.81

baPWV (cm/s)∗

baPWV ≤ 1390 (𝑛 = 14) 1
1390 < baPWV ≤ 1549.5 (𝑛 = 17) 1.79 0.64 5.05 0.27
1549.5 < baPWV ≤ 1740.5 (𝑛 = 21) 3.07 0.98 9.63 0.054
1740.5 < baPWV (𝑛 = 23) 3.74 1.03 13.56 0.045

∗
𝑝 for trend = 0.036.

Table 4: Multivariate logistic regression analysis by quartile baPWV in NTG.

Risk factor Odds ratio 95% confidence interval 𝑝 value
Age 0.98 0.94 1.03 0.36
Gender

Female 1
Male 1.06 0.47 2.37 0.89

Mean arterial pressure 0.98 0.94 1.02 0.30
Body mass index 1.03 0.96 1.12 0.42
Triglyceride 1.00 0.999 1.002 0.47
HbA1C 1.02 0.78 1.34 0.90
Diabetic retinopathy

No diabetic retinopathy (𝑛 = 46) 1
Mild NPDR (𝑛 = 3) 1.01 0.22 4.61 1.00
Moderate NPDR (𝑛 = 4) 2.76 0.45 16.99 0.27
Severe NPDR (𝑛 = 2) 1.57 0.20 12.40 0.67

baPWV (cm/s)∗

baPWV ≤ 1389.5 (𝑛 = 10) 1
1389.5 < baPWV ≤ 1549.5 (𝑛 = 11) 1.56 0.51 4.79 0.44
1549.5 < baPWV ≤ 1718 (𝑛 = 16) 3.24 0.95 11.03 0.06
1718 < baPWV (𝑛 = 18) 4.26 1.08 16.88 0.039

∗
𝑝 for trend = 0.025.

baPWVwas checked routinely in the resting state after at least
10 minutes of break in all subjects. In addition, we adjusted
our results for age, gender, BP, BMI, and plasma triglycerides
to exclude confounding factors. In our study, there were no
significant associations between HTN, SBP, DBP, PP, ABI,
IMT, BMI, total cholesterol level, triglyceride level, FBS,

HbA1C, severity of diabetic retinopathy, and glaucoma. The
severity of DM complications of our subjects was no more
than severe NPDR, which suggests that lack of evident sys-
temic complications may be an important factor. Severity of
diabetic retinopathy was not different between glaucoma and
control group. Furthermore,HbA1Cdid not show statistically
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Table 5: Multivariate logistic regression analysis by quartile baPWV in POAG.

Risk factor Odds ratio 95% confidence interval 𝑝 value
Age 0.97 0.89 1.06 0.45
Gender

Female 1
Male 0.92 0.19 4.48 0.92

Mean arterial pressure 1.06 0.98 1.14 0.15
Body mass index 0.98 0.78 1.24 0.87
Triglyceride 1.001 0.998 1.003 0.57
HbA1C 0.78 0.39 1.54 0.47
Diabetic retinopathy

No diabetic retinopathy (𝑛 = 17) 1
Mild NPDR (𝑛 = 3) 3.03 0.43 21.45 0.27
Moderate NPDR (𝑛 = 0) — — — —
Severe NPDR (𝑛 = 0) — — — —

baPWV (cm/s)∗

baPWV ≤ 1378.9 (𝑛 = 4) 1
1378.9 < baPWV ≤ 1509 (𝑛 = 4) 0.69 0.07 6.75 0.75
1509 < baPWV ≤ 1706.3 (𝑛 = 5) 2.03 0.22 18.55 0.53
1706.3 < baPWV (𝑛 = 7) 1.99 0.17 22.83 0.58

∗
𝑝 for trend = 0.459.

significant difference between the two groups. After adjusting
for severity of diabetic retinopathy and HbA1C, baPWV was
independent risk factor of glaucoma. These results would
support the concept of arterial stiffness associated with glau-
coma independently from severity of diabetic retinopathy or
severity of DM.

Glaucoma may be associated with an alteration in factors
related to ocular blood flow and a breakdown of autoreg-
ulation [22]. In glaucoma patients with impaired vascular
autoregulation of ocular vessels, PP beyond critical range
can be hazardous to the ocular blood vessels and their
autoregulation [23–25]. In cases of impaired ocular vascular
autoregulation, ischemia and optic nerve damage can develop
due to low perfusion pressure caused by rising IOP and
low diastolic BP [26]. Grunwald et al. reported the presence
of decreased optic nerve blood flow in glaucoma patients.
In their study, patients with more advanced glaucomatous
damage in the visual field and cup-to-disc ratio tended
to exhibit worse optic nerve blood flow, suggesting that
decreased optic nerve blood flow might be associated with
progression of functional and morphologic glaucomatous
damage [23]. Michelson et al. suggested that POAG patients
showed significantly decreased optic nerve head blood flow
and juxtapapillary blood flow comparedwith an age-matched
control group [27]. However, this decreased juxtapapillary
blood flow was not significantly different between glaucoma
patients with and without treatment [27]. Schwartz found
that the circulatory defects in the optic disk and retina were
present in glaucoma and ocular hypertension subjects and
that these findings were correlated with glaucoma progres-
sion [28]. Several studies have shown an association between
the disturbance of systemic circulation and glaucoma [12–14].

Some studies have suggested the relationship between
systemic arteriosclerosis and retinal microvascular abnor-
malities. For example, hypertension has been associated with
retinal microvascular abnormalities including retinopathy,
focal arteriolar narrowing, and arteriovenous nicking [29].
After adjusting for age, gender, race, mean arterial blood
pressure, and antihypertensive medication use, retinopathy
was associated with prevalent coronary heart disease (OR,
1.7), prevalent myocardial infarction (OR, 1.7), prevalent
stroke (OR, 2.0), presence of carotid artery plaque (OR, 1.9),
increased intima-media thickness of the common carotid
(OR, 2.3; fourth versus first quartile), and internal carotid
(OR, 1.8; fourth versus first quartile) arteries [29]. Wong et al.
reported an association between retinal arteriolar narrowing
and risk of coronary heart disease [30]. Another study
suggested that a wider retinal venule was associated with
an increased relative risk of coronary heart disease-related
death [31]. In that study, a smaller arteriole to venule ratio
and narrower arterioles were significantly associated with
coronary heart disease-related death. Together, the associa-
tion of these retinal microvascular abnormalities to systemic
arteriosclerosis emphasizes that systemic arteriosclerosis can
alter the microvascular environment of the optic nerve head.

Relation between the systemic vascular function and
glaucoma also has been raised. Several studies reported
association of endothelial dysfunction and glaucoma. Su et al.
reported impaired endothelium-dependent flow-mediated
vasodilation in patients with NTG [32]. Another study
showed glaucoma patients have impaired endothelium-
dependent flow-mediated vasodilation and NTG patients
have lower endothelium-dependent flow-mediated vasodila-
tion than those with POAG [33].These results would support
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the concept of a systemic vascular dysfunction in OAG
patients, especially with NTG. And these results correspond
with this study results that faster baPWV in glaucoma
(especially in NTG) than control group.

The causes of the increased systemic arterial stiffness
may be because of the advanced glycation endproducts
(AGEs) and nitric oxide (NO) dysregulation in DM. Glucose
interacts with the free amino acid residues of proteins [34].
This initial reaction leads to the formation of intermediate
reversible Amadori products. The Amadori products change
to the irreversible AGEs ultimately. The AGE can deposit
on collagen the arterial wall and cause pathologic cross-
linking. AGE-mediated cross-links have a high resistance
to enzymatic proteolysis and a low degradation rate, which
may contribute to an increased collagen content in arterial
walls, characteristic of aging, and accelerated in DM [35].
NO has vasodilatory, antioxidant, antiplatelet, and anti-
inflammatory properties [36]. In the insulin-resistant state,
NO synthase activation is impaired and it may contribute
to endothelial dysfunction through interfering with NO-
mediated vasodilatation [37].

Increased systemic arterial stiffness may cause decreased
optic nerve blood flow and alter the vascular environ-
ment of the optic nerve, making it vulnerable to insult.
However, there are few studies on the association between
systemic arteriosclerosis and retinal circulation in patient
with glaucoma. In the Rotterdam Study, participants with
an increased PWV, indicative of high arterial stiffness, had
a higher prevalence of POAG, but the results were not
statistically significant (the ORs were adjusted for age, sex,
DM, cholesterol level, BMI, smoking, mean arterial BP, and
use of systemic antihypertensive medication; both definite
andprobable glaucoma caseswere included in the case group)
[26]. The progression of arteriosclerosis may result in blood
vessels with small lumens, increased resistance of peripheral
vessels, endothelial dysfunction, and decreased oxygenation.
It may cause an alteration in circulatory hemodynamics.
Since quantitative analysis of ocular arteriolosclerosis is
difficult, the relationship between ocular arteriolosclerosis
and local/systemic circulation has not been clearly defined.

In conclusion, DM patients with glaucoma showed a
higher brachial-ankle pulse wave velocity, which is generally
recognized as a marker of systemic arterial stiffness. Our
results suggest that systemic arterial stiffness may contribute
to the pathogenesis of glaucoma in DM patients. Thus, a
portion of DM patients who had high-grade systemic arterial
stiffness may be vulnerable to glaucoma.This is the first study
of the role of systemic arterial stiffness in glaucoma in DM
patients. However, this disruption of vascular autoregulation
may be correlated with various factors. Further studies are
needed to better understand the microcirculation which
affects the optic nerve head.

Conflict of Interests

All authors indicate no financial support or financial conflict
of interests. None of the authors have financial or proprietary
interests in any of the materials mentioned.

Authors’ Contribution

Dr. Seong Hee Shim and Dr. Chan Yun Kim contributed
equally to this work as co-first authors. Seong Hee Shim
monitored data collection, analysed the data, and drafted
the paper. Chan Yun Kim designed data collection, analysed
the data, and drafted and revised the paper. Joon Mo Kim
designed data collection, monitored data collection, and
revised the paper. Da Yeong Kim monitored data collection,
analysed the data, and drafted the paper. Yang Jae Kim
monitored data collection, analysed the data, and drafted the
paper. Jeong Hun Bae designed data collection and cleaned
and analysed the data. Ki Chul Sung designed data collection,
wrote the statistical analysis plan, cleaned and analysed the
data, and revised the paper. All authors participated in the
review and drafting and final approval of the paper.

Acknowledgment

This study was supported by a grant from the Korea Health
Technology R&D Project, Ministry of Health and Welfare,
Republic of Korea.

References

[1] J. M. Teikari, “Genetic influences in open-angle glaucoma,”
International Ophthalmology Clinics, vol. 30, no. 3, pp. 161–168,
1990.

[2] A. L. Coleman, “Glaucoma,” The Lancet, vol. 354, no. 9192, pp.
1803–1810, 1999.

[3] M. C. Leske, “Open-angle glaucoma—an epidemiologic over-
view,”Ophthalmic Epidemiology, vol. 14, no. 4, pp. 166–172, 2007.

[4] M. Kim, J. W. Jeoung, K. H. Park, W. H. Oh, H. J. Choi, and D.
M.Kim, “Metabolic syndrome as a risk factor in normal-tension
glaucoma,” Acta Ophthalmologica, vol. 92, no. 8, pp. e637–e643,
2014.

[5] J. M. Kim, S. H. Kim, K. H. Park, S. Y. Han, and H. S.
Shim, “Investigation of the association between helicobacter
pylori infection and normal tension glaucoma,” Investigative
Ophthalmology and Visual Science, vol. 52, no. 2, pp. 665–668,
2011.

[6] B. E. K. Klein, R. Klein, and S. C. Jensen, “Open-angle glaucoma
and older-onset diabetes.The Beaver Dam Eye Study,”Ophthal-
mology, vol. 101, no. 7, pp. 1173–1177, 1994.

[7] M. Kim, T.-W. Kim, K. H. Park, and J. M. Kim, “Risk factors
for primary open-angle glaucoma in South Korea: The Namil
study,” Japanese Journal of Ophthalmology, vol. 56, no. 4, pp.
324–329, 2012.

[8] D. Zhao, J. Cho, M. H. Kim, D. Friedman, E. Guallar, and S.
Bhattacharya, “Diabetes, glucose metabolism, and glaucoma:
the 2005–2008 National Health and Nutrition Examination
Survey,” PLoS ONE, vol. 9, no. 11, Article ID e112460, 2014.

[9] D. Zhao, J. Cho, M. H. Kim, D. S. Friedman, and E. Guallar,
“Diabetes, fasting glucose, and the risk of glaucoma: a meta-
analysis,” Ophthalmology, vol. 122, no. 1, pp. 72–78, 2015.

[10] M. Zhou, W. Wang, W. Huang, X. Zhang, and D. Vavvas,
“Diabetes mellitus as a risk factor for open-angle glaucoma: a
systematic review and meta-analysis,” PLoS ONE, vol. 9, no. 8,
Article ID e102972, 2014.



8 BioMed Research International

[11] V. H. Y. Wong, B. V. Bui, and A. J. Vingrys, “Clinical and
experimental links between diabetes and glaucoma,” Clinical
and Experimental Optometry, vol. 94, no. 1, pp. 4–23, 2011.

[12] C. D. Phelps and J. J. Corbett, “Migraine and low-tension
glaucoma. A case-control study,” Investigative Ophthalmology
and Visual Science, vol. 26, no. 8, pp. 1105–1108, 1985.

[13] S. M. Drance, G. R. Douglas, K. Wijsman, M. Schulzer, and
R. J. Britton, “Response of blood flow to warm and cold in
normal and low-tension glaucoma patients,” American Journal
of Ophthalmology, vol. 105, no. 1, pp. 35–39, 1988.

[14] K. Kashiwagi, O. Hosaka, F. Kashiwagi et al., “Systemic circu-
latory parameters. Comparison between patients with normal
tension glaucoma and normal subjects using ambulatory mon-
itoring,” Japanese Journal of Ophthalmology, vol. 45, no. 4, pp.
388–396, 2001.

[15] D. R. Anderson and V. M. Patella, Automated Static Perimetry,
Mosby, 2nd edition, 1999.

[16] S. Mroczkowska, A. Benavente-Perez, A. Negi, V. Sung, S.
R. Patel, and D. Gherghel, “Primary open-angle glaucoma
vs normal-tension glaucoma: the vascular perspective,” JAMA
Ophthalmology, vol. 131, no. 1, pp. 36–43, 2013.

[17] H. Tomiyama, A. Yamashina, T. Arai et al., “Influences of
age and gender on results of noninvasive brachial-ankle pulse
wave velocity measurement—a survey of 12 517 subjects,”
Atherosclerosis, vol. 166, no. 2, pp. 303–309, 2003.

[18] J. N. Cohn, “Vascular wall function as a risk marker for
cardiovascular disease,” Journal of Hypertension, Supplement,
vol. 17, no. 5, pp. S41–S44, 1999.

[19] E. D. Lehmann, “Clinical value of aortic pulse-wave velocity
measurement,”The Lancet, vol. 354, no. 9178, pp. 528–529, 1999.

[20] A. Yamashina, H. Tomiyama, K. Takeda et al., “Validity, repro-
ducibility, and clinical significance of noninvasive brachial-
ankle pulse wave velocity measurement,” Hypertension Re-
search, vol. 25, no. 3, pp. 359–364, 2002.

[21] A. Yamashina, H. Tomiyama, T. Arai et al., “Nomogram of
the relation of brachial-ankle pulse wave velocity with blood
pressure,” Hypertension Research, vol. 26, no. 10, pp. 801–806,
2003.

[22] J. M. Tielsch, J. Katz, A. Sommer, H. A. Quigley, and J. C.
Javitt, “Hypertension, perfusion pressure, and primary open-
angle glaucoma: a population-based assessment,” Archives of
Ophthalmology, vol. 113, no. 2, pp. 216–221, 1995.

[23] J. E. Grunwald, C. E. Riva, R. A. Stone, E. U. Keates, and
B. L. Petrig, “Retinal autoregulation in open-angle glaucoma,”
Ophthalmology, vol. 91, no. 12, pp. 1690–1694, 1984.

[24] 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.

[25] S. S. Hayreh, “Role of nocturnal arterial hypotension in the
development of ocular manifestations of systemic arterial
hypertension,” Current Opinion in Ophthalmology, vol. 10, no.
6, pp. 474–482, 1999.

[26] C. A. A. Hulsman, J. R. Vingerling, A. Hofman, J. C. M.
Witteman, and P. T. V.M. de Jong, “Blood pressure, arterial stiff-
ness, and open-angle glaucoma: the Rotterdam study,” Archives
of Ophthalmology, vol. 125, no. 6, pp. 805–812, 2007.

[27] G. Michelson, M. J. Langhans, andM. J. Groh, “Perfusion of the
juxtapapillary retina and the neuroretinal rim area in primary
open angle glaucoma,” Journal of Glaucoma, vol. 5, no. 2, pp. 91–
98, 1996.

[28] B. Schwartz, “Circulatory defects of the optic disk and retina in
ocular hypertension and high pressure open-angle glaucoma,”
Survey of Ophthalmology, vol. 38, supplement, pp. S23–S34,
1994.

[29] T. Y. Wong, R. Klein, A. R. Sharrett et al., “The prevalence
and risk factors of retinal microvascular abnormalities in older
persons: the cardiovascular health study,” Ophthalmology, vol.
110, no. 4, pp. 658–666, 2003.

[30] T. Y. Wong, R. Klein, A. R. Sharrett et al., “Retinal arteriolar
narrowing and risk of coronary heart disease in men and
women: the Atherosclerosis Risk in Communities Study,” The
Journal of the American Medical Association, vol. 287, no. 9, pp.
1153–1159, 2002.

[31] J. J. Wang, G. Liew, T. Y. Wong et al., “Retinal vascular calibre
and the risk of coronary heart disease-related death,”Heart, vol.
92, no. 11, pp. 1583–1587, 2006.

[32] W.-W. Su, S.-T. Cheng, T.-S. Hsu, and W.-J. Ho, “Abnormal
flow-mediated vasodilation in normal-tension glaucoma using
a noninvasive determination for peripheral endothelial dys-
function,” Investigative Ophthalmology & Visual Science, vol. 47,
no. 8, pp. 3390–3394, 2006.

[33] W.-W. Su, S.-T. Cheng, W.-J. Ho, P.-K. Tsay, S.-C. Wu, and S.
H. L. Chang, “Glaucoma is associated with peripheral vascular
endothelial dysfunction,” Ophthalmology, vol. 115, no. 7, pp.
1173–1178, 2008.

[34] R. Meerwaldt, T. Links, C. Zeebregts, R. Tio, J.-L. Hillebrands,
and A. Smit, “The clinical relevance of assessing advanced gly-
cation endproducts accumulation in diabetes,” Cardiovascular
Diabetology, vol. 7, article 29, 2008.

[35] S. L. Schnider and R. R. Kohn, “Effects of age and diabetes
mellitus on the solubility and nonenzymatic glucosylation of
human skin collagen,” Journal of Clinical Investigation, vol. 67,
no. 6, pp. 1630–1635, 1981.

[36] S. Kawashima, “The two faces of endothelial nitric oxide syn-
thase in the pathophysiology of atherosclerosis,” Endothelium:
Journal of Endothelial Cell Research, vol. 11, no. 2, pp. 99–107,
2004.

[37] X. Du, D. Edelstein, S. Obici, N. Higham, M.-H. Zou, and
M. Brownlee, “Insulin resistance reduces arterial prostacyclin
synthase and eNOS activities by increasing endothelial fatty
acid oxidation,”The Journal of Clinical Investigation, vol. 116, no.
4, pp. 1071–1080, 2006.



Research Article
Comparison of Ocular Pulse Amplitude Lowering
Effects of Preservative-Free Tafluprost and Preservative-Free
Dorzolamide-Timolol Fixed Combination Eyedrops

Du Ri Seo and Seung Joo Ha

Department of Ophthalmology, Soonchunhyang University College of Medicine, Soonchunhyang University Seoul Hospital,
Seoul 140-743, Republic of Korea

Correspondence should be addressed to Seung Joo Ha; sjha@schmc.ac.kr

Received 27 March 2015; Revised 29 May 2015; Accepted 31 May 2015

Academic Editor: Toru Nakazawa

Copyright © 2015 D. R. Seo and S. J. Ha.This is an open access article distributed under theCreativeCommonsAttributionLicense,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Purpose. To compare the ocular pulse amplitude (OPA) lowering effects of preservative-free tafluprost and dorzolamide-timolol
fixed combination (DTFC) using dynamic contour tonometry. Methods. In total, 66 eyes of 66 patients with normal tension
glaucoma (NTG) (𝑛 = 34) or primary open angle glaucoma (POAG) (𝑛 = 32) were included. Patients were divided into two groups:
the preservative-free tafluprost-treated group (𝑛 = 33) and the preservative-free DTFC-treated group (𝑛 = 33). Intraocular pressure
(IOP) was measured using Goldmann applanation tonometry (GAT). OPA was measured using dynamic contour tonometry;
corrected OPA (cOPA) was calculated at baseline and at 1 week and 1, 3, and 6 months after treatment. Results. After 6 months
of treatment, tafluprost significantly reduced IOP (𝑃 < 0.001). The OPA lowering effects differed significantly between the two
treatment groups (𝑃 = 0.003). The cOPA-lowering effect of tafluprost (1.09mmHg) was significantly greater than that of DTFC
(0.36mmHg) after 6 months of treatment (𝑃 = 0.01). Conclusions. Tafluprost and DTFC glaucoma treatments provided marked
OPA and IOP lowering effects. Tafluprost had a greater effect than DTFC; thus, this drug is recommended for patients at risk of
glaucoma progression, due to the high OPA caused by large fluctuations in IOP.

1. Introduction

Glaucoma describes a group of ocular disorders of multi-
factorial etiology, united by a clinically characteristic optic
neuropathy, with potentially progressive, clinically visible
changes at the optic nerve head corresponding to diffuse
and localized nerve-fiber-bundle pattern visual field loss [1].
Risk factors for the development and progression of glau-
coma include elevated intraocular pressure (IOP), decreased
ocular perfusion pressure, older age, thinner central corneal
thickness, and disc hemorrhage [2, 3]. Elevated IOP is the
main risk factor for glaucoma development and progression;
thus, to date, IOP reduction is the only well-documented,
successful glaucoma treatment [4]. However, glaucoma also
develops in individuals who have never experienced elevated
IOP;moreover, in some patients, glaucoma can progress even
when IOP reaches the target level.

Previous studies suggest that ocular pulse amplitude
(OPA) may play a role in the clinical course of glaucoma.
OPA is derived from the difference between the maximum
and minimum IOP during an IOP measurement session [5].
OPA is believed to be caused by the blood volume that is
pumped into the eye (mainly, the choroidal bed) during each
cardiac cycle.Therefore, OPAmay reflect volumetric changes
that are dependent on ocular blood flow [6]. Izumi et al.
[7] reported that the administration of 0.0015% tafluprost
significantly increased retinal blood flow and blood velocity,
as determined by laser Doppler velocity measurements in
cats. Dorzolamide-timolol fixed combination (DTFC) also
improves retinal blood flow to some extent [8]. Glaucoma
management requires long-term and sometimes lifelong
treatment. Benzalkonium chloride (BAK), which is widely
used in glaucoma preparations as a preservative, damages
the tear film and has a negative impact on the number
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of conjunctival goblet cells. For this reason, over 50% of
patients treated for glaucoma have concurrent ocular surface
disorders [9].

Recently, a preservative-free antiglaucoma drug has been
made available. Studies have shown that the IOP reduction
obtained with the use of the preservative-free formulation
is equivalent to that achieved by the preserved formulation
[10, 11]. Representative preservative-free antiglaucoma drugs
include tafluprost, the first preservative-free formulation
among prostaglandin analogues, and DTFC.

The present study was conducted to compare the effects
of preservative-free tafluprost and preservative-freeDTFCon
IOP and OPA in patients with primary open angle glaucoma
(POAG) and normal tension glaucoma (NTG).

2. Material and Methods

This investigation is a retrospective analysis of 80 patients,
newly diagnosed with POAG or NTG and treated with
preservative-free tafluprost or preservative-free DTFC, who
were enrolled from a clinical database at the glaucoma
clinic at Soonchunhyang University Hospital (Seoul, Korea)
between September 2013 and August 2014. The study was
conducted in accordance with the ethical principles of the
Declaration of Helsinki andwas approved by the Institutional
Review Board of Soonchunhyang University Hospital.

Upon initial examination, each participant underwent a
comprehensive evaluation, which included a detailed review
of their ocular and medical histories, measurement of visual
acuity, central corneal thickness measurement using ultra-
sound pachymetry (Tomey Corporation, Nagoya, Japan),
gonioscopic examination, cup-to-disc ratio measurement by
fundus photography (VX-10, Kowa Optimed, Tokyo, Japan),
measurement of the retinal nerve fiber layer thickness by
optical coherence tomography (OCT, Heidelberg Engineer-
ing, Heidelberg, Germany), IOPmeasurement by Goldmann
applanation tonometry (GAT), dynamic contour tonometry
(DCT, PASCAL, Swiss Microtechnology AG, Port, Switzer-
land), OPA measurement by DCT, and automated perimetry
using the 24-2 Swedish Interactive Threshold Algorithm
standard program (Humphrey Visual Field Analyzer, Carl
Zeiss Meditec, Dublin, CA, USA).

Glaucoma was defined by the presence of a character-
istic glaucomatous disc and retinal changes associated with
typical, reproducible visual field (VF) defects on standard
automated perimetry. An abnormal VF was defined as a
Glaucoma Hemifield Test result outside the normal limits on
at least two consecutive VF tests and a cluster of three ormore
contiguous nonedge points on pattern deviation probability
plots (with a probability of less than 5%) with at least one of
these points with a probability of less than 1%. The VF tests
required reliability indices better than 25% to be included. A
maximum IOP of untreated 21mmHg or more, as indicated
in Goldmann tonometry measurements, was required for a
diagnosis of POAG. A maximum untreated IOP of 21mmHg
or less was required for a diagnosis of NTG.

Due to their potential effects on IOP, systemic drugs were
not administered to any of the patients. In cases inwhich both

eyes were eligible for the study, one was randomly chosen for
inclusions. From the 80 patients, individuals with a corneal
disorder that could interfere with optimal GAT or DCT, a
history of ocular surgery or trauma, or evidence of ocular
infection or those who had a laser procedure on the eye were
excluded from the study. Eventually 66 eyes of 66 patients
were included.

IOP and OPA were measured using GAT and DCT,
respectively, before treatment and after 1 week and 1, 3, and
6 months of treatment, at the same time of day for each
patient, without additional treatments such as additional
drugs, laser procedures, or ocular surgery. The quality of
the DCT measurement ranged from 1 to 5. Good reliability
measurements (𝑄 ≤ 3) were included in this study. The
corrected OPA (cOPA) was calculated to determine the pure
value of the OPA, excluding the influence of IOP. The cOPA
formula is given by the following: cOPA = OPA − (ΔIOP ×
0.12) [12, 13].TheMann-Whitney𝑈-test was used to compare
the IOP,OPA, and cOPAof the two groups.Wilcoxon’s signed
rank test was used to evaluate changes in IOP,OPA, and cOPA
in the two groups. Bonferroni correction was used to adjust𝑃
values. All of the analyses were conducted using SPSS version
18.0 (SPSS Inc., Chicago, IL). In all of the analyses, 𝑃 < 0.05
indicated statistical significance.

3. Results

In total, 66 eyes of 66 subjects were included in this study: 33
eyes in the tafluprost group and 33 eyes in the DTFC group.
In the tafluprost group, 9 eyes were diagnosed with NTG and
24 eyes presented with POAG. In the DTFC group, 25 eyes
presented with NTG and 8 eyes indicated POAG. Between
the tafluprost and DTFC groups, no significant difference
was evident regarding age, cup-to-disc ratio, central corneal
thickness, visual field mean deviation, or the thickness of
circumpapillary retinal nerve fiber layer. However, the IOP
of the tafluprost group was higher and was statistically
significant (𝑃 < 0.001) due to the greater number of POAG
patients in this group (Table 1).

Themean IOP findings for baseline and at 1 week and 1, 3,
and 6months were 18.91 ± 2.53, 14.39 ± 2.12, 14.37 ± 1.38, 13.89
± 1.66, and 14.18± 1.69mmHg, respectively, for the tafluprost-
treated group, and 15.64 ± 1.77, 13.39 ± 2.49, 13.29 ± 1.75, 13.46
± 2.40, and 13.67 ± 2.73mmHg, respectively, for the DTFC-
treated group. At 6 months, the mean IOP reduction from
the baseline value was −4.73mmHg (25.0%) for the tafluprost
group compared to−1.97mmHg (12.6%) for theDTFCgroup.
The difference in IOP reduction between the two groups was
statistically significant (𝑃 < 0.001) (Figure 1).

The mean OPA for baseline and at 1 week and 1, 3, and
6 months was 3.08 ± 0.74, 2.44 ± 1.00, 2.35 ± 0.62, 2.25 ±
0.67, and 2.30 ± 0.74mmHg, respectively, for the tafluprost-
treated group, and 2.26 ± 0.77, 1.91 ± 0.75, 1.97 ± 0.83,
2.08 ± 0.68, and 2.03 ± 0.66mmHg, respectively, for the
DTFC-treated group. At 6 months, the mean decrease in
OPA from the baseline value in the tafluprost group was
−0.78mmHg (25.3%) compared to −0.23mmHg (10.2%) for
the DTFC group. The OPA-reducing effect was stronger in
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Table 1: Patient characteristics in the tafluprost and DTFC treatment groups.

Tafluprost (33 eyes of 33 patients) DTFC (33 eyes of 33 patients) 𝑃 value
Mean age ± SD (years) 53.6 ± 13.5 54.4 ± 12.2 0.768
Sex (male : female) 17 : 16 16 : 17 0.625
SE (diopter) −2.9 ± 4.3 −2.4 ± 2.7 0.533
Diagnosis (NTG : POAG) 9 : 24 25 : 8 <0.001
CCT ± SD (𝜇m) 534.6 ± 33.9 545.2 ± 38.3 0.199
Cup-to-disc ratio 0.6 ± 0.2 0.6 ± 0.2 0.853
Pretreatment IOP (mmHg) 18.91 ± 2.53 15.64 ± 1.77 <0.001
Posttreatment IOP (mmHg) 14.18 ± 1.69 13.67 ± 2.73 0.338
IOP reduction (%) 25.0 12.6
Pretreatment OPA (mmHg) 3.08 ± 0.74 2.26 ± 0.77 <0.001
Posttreatment OPA (mmHg) 2.30 ± 0.74 2.03 ± 0.66 0.192
OPA reduction (%) 25.3 10.2
Pretreatment cOPA (mmHg) 3.08 ± 0.74 2.26 ± 0.77 <0.001
Posttreatment cOPA (mmHg) 1.99 ± 0.85 1.90 ± 0.75 0.748
cOPA reduction (%) 35.4 15.9
Baseline VF MD (decibel) −9.4 ± 7.6 −9.1 ± 5.7 0.909
OCT cpRNFL thickness (micron) 75.7 ± 17.2 76.4 ± 15.4 0.577
NTG: normal tension glaucoma; POAG: primary open angle glaucoma; SE: spherical equivalent; CCT: central corneal thickness; IOP: intraocular pressure;
OPA: ocular pulse amplitude; cOPA: corrected OPA; VF MD: visual field mean deviation; OCT: optical coherence tomography; cpRNFL: circumpapillary
retinal nerve fiber layer.
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Figure 1: Change in intraocular pressure (IOP) (mean ± SD)
in tafluprost and dorzolamide-timolol fixed combination (DTFC)
treatment groups. ∗∗Statistically significant (𝑃 < 0.05, Mann-
Whitney 𝑈-test, P value by Bonferroni correction).

the tafluprost group than in the DTFC group. The difference
in OPA between the two groups was statistically significant
(𝑃 = 0.003) (Figure 2). However, OPA is reported to be
positively correlated with IOP and the OPA-reducing effect
of tafluprost is affected by IOP at baseline [14, 15]. Therefore,
the cOPA, a value of OPA adjusted to exclude the influence of
IOP, was compared.

In the tafluprost group, the mean cOPA was 3.08 ± 0.74,
2.38±1.10, 2.24±0.78, 2.14±0.92, and 1.99±0.85mmHg for
baseline and after 1 week and 1, 3, and 6 months, respectively.
In the DTFC group, the mean cOPA was 2.26 ± 0.77, 1.68 ±
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Figure 2: Change in the ocular pulse amplitude (OPA) (mean ±
SD) in the tafluprost and DTFC treatment groups. ∗∗Statistically
significant (𝑃 < 0.05, Mann-Whitney 𝑈-test, P value by Bonferroni
correction).

1.02, 1.77 ± 0.93, 1.93 ± 0.77, and 1.90 ± 0.75mmHg,
respectively. At 6 months, the mean cOPA from the baseline
value decreased by −1.09mmHg (35.4%) for the tafluprost
group and −0.36mmHg (15.9%) for the DTFC group. The
cOPA decreased gradually in the tafluprost group over the
follow-up period. This difference in cOPA between the two
groups was statistically significant (𝑃 = 0.01) (Figure 3).

4. Discussion

Many studies have attempted to identify and measure ocular
perfusion abnormalities, reportedly a risk factor for the
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Figure 3: Change in the corrected ocular pulse amplitude (cOPA)
(mean ± SD) in the tafluprost and DTFC treatment groups.
∗∗Statistically significant (𝑃 < 0.05, Mann-Whitney 𝑈-test, P value
by Bonferroni correction).

occurrence and progression of glaucoma [6, 10, 16]. Pul-
sating ocular perfusion, known to mainly reflect choroidal
perfusion, is calculated by measuring the OPA, which is
thought to be caused by the blood volume that is pumped
into the eye during each cardiac cycle. Therefore, OPA is
an indirect measurement of pulsating ocular perfusion [17].
DCT, used in this study, represents a novel type of recording
tonometry giving a reading of IOP and OPA [12]. According
to the working principles of DCT, matching up the concave
pressure sensor with cornea provides direct measurements
independently of corneal properties [18].

DTFC and tafluprost, both topical antiglaucoma drugs,
improve ocular perfusion [8, 19]. Differences in the change in
OPA between the two treatment groups in this study began
to appear after 1 month of drug administration. OPA usually
decreases in proportion to IOP lowering; thus, the effect of
IOP reduction must also be taken into account to analyze
OPA change. The corrected OPA values were significantly
different after 6 months of drug administration in our study.
However, the fact that the baseline IOP was higher in the
tafluprost group may be a limitation in interpreting the
results.

Jang et al. [20] evaluated the differences in the IOP
and OPA in patients who were only treated with DTFC
or latanoprost. The decrease in IOP was not significantly
different between the two groups.TheOPA showedno change
in the DTFC group; however, a significant decrease in OPA
was observed for the latanoprost group.

According to the above results, prostaglandin drugs are
thought to have a bigger effect on the decrease in OPA than
other drugs. Our study correlates with previous studies by
showing that tafluprost decreases the OPAmore than DTFC.
The role of OPA in the etiology and progression of glaucoma
is yet unclear. Although some claim that low OPA is a repre-
sentative marker for the progression of glaucoma and visual
damage [21, 22], high OPA, based on theoretical mechanism,
indicates that the change in the ocular pressure fluctuates
to a greater degree each cardiac cycle and may present an

additional risk factor for glaucoma progression. On the basis
of the published data, tafluprost directly relaxes the retinal
microvasculature and/or the retrobulbar arteries [23]. Several
studies have indicated that DTFC therapy increases perfusion
to the retinal capillaries and potentially oxygen delivery to
retinal tissues [8, 19]. Because OPA may reflect volumetric
changes that depend on ocular blood flow, decreasing OPA
in this study may reflect a constantly increasing retinal blood
flow.

Long-term administration of ocular drugs containing
preservatives may cause discomfort in glaucoma patients;
moreover, as the number of drugs increases, the frequency
of ocular surface disease also increases. Preservative-free
antiglaucoma drugs reportedly improve both objective and
subjective symptoms in patients and their quality of life
[24, 25]; they also exhibit similar effectiveness as the drugs
containing preservatives [11, 26]. The second aim of our
study was to determine if preservative-free and preservative-
containing drugs have the same effects on lowering IOP and
OPA. Our results showed that the preservative-free drugs
had similar effects to that of preservative-containing drugs in
decreasing the ocular pressure and OPA.

The limitations of this study included the small sampling
of patients. No crossmatched study involving the same
group of patients was performed. In addition, data were not
available on the axial length of the eye; this informationwould
have been particularly useful, because OPA is negatively
correlated with the axial length [27]. In addition, the initial
ocular pressure in the two groups was different and may have
confounded the interpretation of the results. The compara-
tively high number of POAG patients in the tafluprost group
(24 eyes compared to 9 presenting NTG) was inevitable, with
the study performed under certain clinical settings; this is
because tafluprost is well known for its strong IOP lowering
effect on POAG patients [28, 29]. However, cOPA analysis
may supplement these limitations. Finally, this study shows
not only the difference of IOP andOPA reduction but also the
difference between the two drugs’ effects on cOPA reduction
and pure OPA reduction excluding the effect of baseline
IOP which enhances the effects of tafluprost to a greater
extent than those of DTFC. This study also shows that both
drugs lower cOPA, in line with tafluprost’s mechanism; it is
a new potent prostaglandin analog with high affinity for the
fluoroprostaglandin receptor (PGF2𝛼). Tafluprost inhibits
endothelial-1-induced impairment of optic nerve head blood
flow, and its effect is longer than travoprost and latanoprost
in rabbit eyes [30]. In a follow-up, different drugs’ effect on
cOPA in the same IOP groups will be studied to compensate
for the limitations of this study.

5. Conclusions

Treatment with preservative-free tafluprost and preservative-
free DTFC resulted in a significant reduction in IOP and
OPA and can be used in glaucoma patients who are sensi-
tive to preservatives. When considering tafluprost for OPA
reduction, our results indicate that it will be most effective
for patients who exhibit well-controlled IOP but continue to
show glaucomatous changes or high OPA.
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Introduction. Altered ocular perfusion and vascular dysregulation have been reported in glaucoma. The aim of this paper was to
evaluate the vascular response to a hypercapnic stimulus.Methods. Twenty normal tension glaucoma (NTG) patients and eighteen
age- and gender-matched controls had pulsatile ocular blood flow (POBF) measurements, systemic cardiovascular assessment, and
laser Doppler digital blood flow (DBF) assessed. Measurements were taken at baseline, after 10-minutes rest, in the stable sitting
and supine positions and following induction and stabilization of hypercapnia, which induced a 15% increase in end-tidal pCO

2
.

The POBF response to hypercapnia was divided into high (>20%) and low responders (<20%). Results. 65% of NTG patients had
a greater than 41% increase in POBF following CO

2
rebreathing (high responders). These high responders had a lower baseline

POBF, lower baseline DBF, and a greater DBF response to thermal stimulus. Conclusion. NTG patients that have a greater than
20% increase in POBF after a hypercapnic stimulus have lower baseline POBF and DBF values. This suggests that there is impaired
regulation of blood flow in a significant subgroup of NTG patients. This observation may reflect a generalised dysfunction of the
vascular endothelium.

1. Introduction

Altered blood flow mechanisms are thought to play a role in
glaucoma. Multiple studies have shown that a reduction in
perfusion pressure [1–7], vasospastic function [8–14], and a
disturbance in autoregulation [10, 11, 15–18] are involved in
the pathogenic processes. The past thirty years has seen a
renewed interest in vascular endothelial function in ocular
and systemic blood flow regulation [19–24]. Blood flow
abnormalities in glaucoma have been documented by using
different techniques, such as fluorescein angiography [25],
colour Doppler imaging [26], laser Doppler flowmetry [27],
and pulsatile ocular blood flow (POBF) measurements [28].
Glaucomatous patients with low systolic perfusion pressure
at baseline have been shown to have a considerably faster
progression in visual field loss [29].

The vascular endothelium plays a key role in angiogen-
esis, inflammatory responses, haemostasis, and control of

vascular tone [30]. In vitro and in vivo studies have provided
evidence for the role of the endothelium in the control
of blood flow in the retina, optic nerve head (ONH), and
choroid. Impaired endothelial vascular function has been
demonstrated in normal tension glaucoma (NTG) and other
glaucomas [3, 21, 31–33].These studies indicate that endothe-
lial dysfunction in NTG patients is not confined to the ocular
vasculature but can be seen in the systemic circulation too.
The vascular endothelium normally maintains vascular tone
through autocrine, paracrine, and endocrine-like functions
[24]. Abnormalities of the l-arginine/nitric oxide (NO) and
endothelin-1 (ET-1) systems have been implicated in the
pathophysiology of NTG [32, 34]. The possibility that ET-
1 contributes to vasospasm in ocular diseases such as NTG
is supported by the demonstration of elevated basal plasma
ET-1 concentrations in patients [35, 36], combined with an
abnormal response of plasma ET-1 concentrations to postural
[37] and temperature changes [38]. The association of ET-1
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involvement inNTG is further enhanced by the animalmodel
of ONH ischaemia with repeated perineural injections of ET-
1 [39].

Carbon dioxide (CO
2
) is an extremely potent cerebrovas-

cular and ocular vasodilator [40, 41]. Harris et al. proposed
that vasospasmdistal to the ophthalmic arterymay be present
in patientswith normal tension glaucoma and can be reversed
with the administration of a cerebral vasodilator [42]. It has
been demonstrated that, in normal control subjects, breath-
ing CO

2
causes vasodilation and thereby leads to an increase

of retinal andONHblood flow [43–49].There is evidence that
some NTG patients show a marked improvement in visual
field when exposed to CO

2
due to its vasodilatory properties

[50]. In NTG an exaggerated response of ocular blood flow to
hypercapnia has been demonstrated previously [51].

Pulsatile ocular blood flow (POBF) measures only the
pulsatile component of ocular blood flow which accounts for
about 80% of total flow and is predominantly derived from
the choroidal circulation [52]. The posterior ciliary arteries
are the main arterial supply to the choroid and also represent
the main arterial vascular supply to the anterior optic nerve
[53]. POBF is generally reduced in untreated primary open
angle glaucoma (POAG) [54]. IOP also affects POBF. Phar-
macologically lowering IOP results in a significant increase
in mean POBF [55].

The aim of this study was to initially evaluate vascular
response to a hypercapnic stimulus at an ocular and systemic
level. Following on from this we were keen to explore the
reason for the differential responses to the vasodilatory
stimulus.

2. Methods

2.1. Subject Selection. Thirty-eight patients (20 NTG and
18 controls) were recruited prospectively over a 28-month
period from glaucoma clinics at the Princess Alexandra Eye
Pavilion, Edinburgh. An experienced glaucoma specialist
confirmed the clinical diagnosis of NTG in all cases. All but
four of the patients were newly diagnosedwithNTGandwere
enrolled to andparticipated in the study prior to commencing
any antiglaucoma medication. The four patients who had
previously been on treatment underwent a washout period
prior to participation.

All subjects were Caucasian and were matched for age,
sex, and axial and forearm length. The Lothian Research
Ethics Committee granted ethical approval for the study and
the tenets of the Declaration of Helsinki were observed in all
aspects of the study. Written, informed consent was obtained
from each subject prior to enrolment in the study, following
detailed explanation of the study procedures.

2.2. Investigations. A full ocular and systemic history was
then taken. Subjects were questioned with regard to car-
diovascular disease and history of past hypovolemic or
hypotensive events. Subjects were also assessed for migraine
using a questionnaire based on the International Headache
Society guidelines. Likewise the presence of Raynaud’s type
peripheral circulation was assessed using well recognized

criteria (Figure 8) [56–59]. Intraocular pressure was mea-
sured with a Goldmann tonometer and was recorded at
two hourly intervals throughout the day. Visual field exam-
ination was performed using automated perimetry on the
Humphrey perimeter (Humphreys Instruments, Inc., Aller-
gan Humphrey, San Leandro, CA, USA) using the 24-2
threshold programme.

2.3. Measurement of Pulsatile Ocular Blood Flow. Ocular
blood flow measurements were measured using the system
devised by OBF Labs (System 3000, Version 14.4, Revision 4,
OBF Labs, UK) based on the system devised by Langham and
colleagues [60].

Subjects were connected to a respirometer linked to
a DATAX carbon dioxide (CO

2
) analyser measuring end-

tidal carbon dioxide, reflecting arterial pCO
2
. Systemic

blood pressure was recorded at each stage of the measure-
ments using an automated sphygmomanometer (Critikon,
Dinamap, Takeda, Florida). Heart rate was recorded by a
pulse oximeter. In patients with bilateral NTG, the eye with
the greater degree of optic disc cupping and visual field loss
was assessed. In all control subjects the right eye was assessed.

Ocular blood flow measurements were taken using the
system devised by OBF Labs (System 3000, Version 14.4,
Revision 4, OBF Labs, UK). Measurements were taken
at baseline, after 10-minute rest, in the stable sitting and
supine positions and following induction and stabilization of
hypercapnia with inhalation of a mixture of 95% oxygen and
5% carbon dioxide (Carbogen), which induced a 15% increase
in end-tidal pCO

2
.

IOP, pulse amplitude, pulse volume, systemic blood pres-
sure, and heart rate were recorded in all subjects for each
of the three measurement situations. Mean arterial blood
pressure was calculated according to the equation:

MAP = Diastolic BP

+

1

3

(Systolic BP−Diastolic BP) .
(1)

Changes in all of the parameters, HR, MAP, IOP, PA, PV,
and POBF, from sitting to supine and following induction of
hypercapnia were calculated for each individual subject and
mean group responses were then calculated.

2.4. Digital Blood Flow. In this study digital blood flow
(DBF) was measured using the periflux Pfz Laser Doppler
flowmeter (Perimed KB, PO Box 5607, Stockholm, Sweden)
with a 2mW-NE laser of wavelength 632.8 nm. After a fifteen-
minute rest period, the laser Doppler flowmeter (LDF) probe
was placed lightly on the pulp of the middle finger and
baseline blood flow was recorded in real time. This hand was
then immersed in warm water (40∘C) for 2 minutes and then
wrapped in a towel to maintain the warmed temperature.
Finger blood flow was again recorded until it reduced to
baseline.The handwas then immersed in iced water (4∘C) for
20 seconds and blood flow was recorded continuously until it
returned to baseline levels.

Baseline, maximum andminimum blood flow and recov-
ery to baseline times were all calculated. Ratios of maximum
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Table 1: Demographic comparison of patients with normal tension
glaucoma (NTG) and healthy volunteers (control).

NTG
(𝑛 = 20)

Controls
(𝑛 = 18) 𝑃 value

Age (years) 58.72 ± 10.0 57.5 ± 9.6 0.71
Sex (M : F) 11 : 9 9 : 9
Ax. L (mm) 24.03 ± 1.22 23.6 ± 0.89 0.27
IOP (mmHg) 16.6 ± 2.97 14.31 ± 3.2 0.12

MAP (mmHg) 103.45 ±
13.53 95.96 ± 12.88 0.11

HR (b/min) 66.7 ± 13.06 72.75 ± 14.59 0.22
CVS disease 8 3 0.092
Hypovol/Hypoten 5 0 0.018
Vasospasm 11 3 0.008
Results are mean ± standard error mean and were compared using 𝑡-test.
Male to female ratio (M : F); intraocular pressure (IOP) in millimetres of
Mercury (mmHg); axial length (Ax. L) in millimetres (mm); mean arterial
blood pressure (MAP); heart rate (HR) in beats per minute (b/min); car-
diovascular disease (CVS disease); history of hypovolaemia or hypotension
(Hypovol/Hypoten).
Bold Signifies statistically significant 𝑃 < 0.05.

flow: baseline and baseline: minimum flow were deduced for
each subject.

2.5. Statistical Analysis. A one-way analysis of variance
was used to compare the demographics of the two groups
and their systemic haemodynamic parameters and ocular
blood flow characteristics. 𝑡-testing was used for intragroup
comparisons to assess the effects of postural change and
hypercapnia on these parameters. Intergroup comparisons
were made of the mean flow ratios and recovery times using
ANOVA.

3. Results

3.1. Group Demographics. Comparison of demographic data
(Table 1) demonstrated that glaucoma patients were well
matched with controls: there were no significant differences
in age, sex, intraocular pressure (Goldmann), or axial length
between the two groups. Baseline systemic haemodynamic
parameters, namely, mean arterial blood pressure (MAP)
and heart rate (HR), were also similar in the two groups.
Eight patients and 3 controls had a history of borderline
hypertension; none had received any antihypertensive med-
ication and all were under observation by their general
practitioners. Significant differences existed between the 2
groups for other medical history. Five patients gave a past
history of a hypovolemic or profound hypotensive episode
compared with none of the controls (𝑃 = 0.018). 11 patients
gave a history of migraine and/or Raynaud’s type peripheral
circulation compared with 4 controls (𝑃 = 0.008) (Table 1).

3.2. Intraocular Pressure. Intraocular pressure was slightly
higher in the NTG group throughout measurements but this
was not significant. IOP increased slightly in both groups in

the supine position but did not reach significance (NTG3.8%;
control 3.6%). Hypercapnia hadminimal effect on IOPwith a
very small drop of less than 0.5mmHg found in both groups.

3.3. Systemic Haemodynamic Parameters. Baseline mean
arterial blood pressure (MAP) and heart rate (HR) were
similar in the two groups. Systolic blood pressure (SBP)
increased slightly in both groups in the supine position
(NTG: 1.53%; control: 0.6%). Both groups experienced an
increasewith hypercapnia, a knownphysiological response to
hypercapnic-induced release of catecholamines, but this was
only significant in the control group (NTG: 3.78%, 𝑃 = 0.09;
controls: 8.36%, 𝑃 = 0.041) (Figure 1(a)).

Diastolic BPwas higher in the glaucoma group in all three
situations. This was only significant in the supine position.
Diastolic BP fell in the supine position by 2.69% in NTG (𝑃 =
0.1) and 7.5% in controls (𝑃 = 0.04). With hypercapnia there
was an increase in both groups with only the control group
showing significance (NTG: 3.46%, 𝑃 = 0.1; controls: 18.87%,
𝑃 = 0.028) (Figure 1(b)).

Mean arterial blood pressure was higher in the glaucoma
group in all three situations but never achieved significance
(Figure 2(a)). Supination caused a minimal increase in MAP
in both groups (NTG: 1.4%; control: 2.8%). Hypercapnia
induced a mean 3.28% increase in NTG that was not signifi-
cant but the control group showed a mean increase of 20.3%
(𝑃 = 0.03).

Heart rate tended to be higher in the control group in
sitting (𝑃 = 0.09) and hypercapnic conditions (𝑃 = 0.04)
(Figure 2(b)). Control patients demonstrated a significant
drop in HR on lying down (16.88% 𝑃 = 0.045) and an
increase with hypercapnia (𝑃 = 0.031).Thiswas not observed
in NTG patients who showed a 2.24% decrease in the supine
position (𝑃 = 0.2) and an increase of 3.28% with hypercapnia
(𝑃 = 0.1).

3.4. Ocular Blood Flow Characteristics

3.4.1. Pulse Amplitude. Pulse amplitude (PA)was lower in the
glaucoma group in all positions, significantly so when supine
(𝑃 = 0.036) (Figure 3(a)). PA reduced in the supine position
in NTG by 13.9% (𝑃 = 0.02) and a more minor reduction of
7.4% was seen in the control group (𝑃 = 0.61). Hypercapnia
induced a significant increase in PA in NTG of 14.76% (𝑃 =
0.004) that was not seen in the control group (𝑃 = 0.37).
Hypercapnic PA was marginally less in the glaucoma group
(mean PA NTG = 2.41mmHg; control = 2.45mmHg).

3.4.2. Pulse Volume. Pulse volume (PV) was lower in
the glaucoma group at all points during measurements
(Figure 3(b)). Sitting and supine values were significantly
lower compared with controls (sitting 𝑃 = 0.03; supine 𝑃 =
0.009). NTG patients experienced a significant drop in PV of
17.6% once supine (𝑃 = 0.005), whereas controls showed little
change with a mean increase of 1.6% (𝑃 = 0.7). Hypercapnia
induced a significant change in the glaucoma group of 24.2%
(𝑃 = 0.001) but little increase in controls (3.01%, 𝑃 = 0.87).
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Figure 1: Blood pressure during pulsatile ocular blood flow studies. Systolic and diastolic blood pressure (BP) in millimeters of Mercury
(mmHg) in normal tension glaucoma patients (NTG) and healthy volunteers (control) in sitting and supine positions and following induction
of hypercapnia. Results are expressed as mean ± standard error of mean.
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Figure 2: Blood pressure and heart rate during pulsatile ocular blood flow studies. Mean arterial blood pressure (MAP) in millimeters of
Mercury (mmHg) and heart rate (HR) in beats per minute (b/min) in normal tension glaucoma patients (NTG) and healthy volunteers
(controls) in sitting and supine positions and on induction of hypercapnia. Results are expressed as mean ± standard error of mean.

PV values in hypercapnia were closer for the 2 groups but still
higher in controls.

3.4.3. Pulsatile Ocular Blood Flow. Pulsatile ocular blood
flow (POBF) was significantly lower in NTG than controls in
all 3 measurement situations (sitting and supine 𝑃 = 0.00001;
hypercapnia 𝑃 = 0.008) (Figure 4(a)). Supine position
significantly reduced POBF in glaucoma patients with a drop
of 15.19% (𝑃 = 0.03) but had minimal effect on controls
that showed a mean drop of 3.4% (𝑃 = 0.3) (Figure 4(b)).
Hypercapnia induced a highly significant increase in POBF
values in NTG with a mean increase of 30.4% (𝑃 = 0.0001)
but little change was noted in controls whose mean change
was 1.1% (𝑃 = 0.7). The difference between the 2 groups was

greatly reduced with hypercapnia but remained significant
(𝑃 = 0.008) (Figure 4).

3.4.4. High and LowResponders. Within the glaucoma group,
there was a clear division found on the basis of hypercapnic
response. 13 patients were deemed to be high responders,
having shown an increase in POBF of 20% or more in
response to hypercapnia, and 7 were low responders showing
less than 20% of an increase (Figure 5(a)).

Demographic data of these 2 groups showed no signifi-
cant difference in age (𝑃 = 0.89), sex distribution (𝑃 = 0.6),
IOP (Goldmann) (𝑃 = 0.13), axial length (𝑃 = 0.4), or visual
field indices (md 𝑃 = 0.35; cpsd 𝑃 = 0.66) between the two
groups. Medical history did reveal some differences; 6 of the
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Figure 3: Pulse amplitude and pulse volume. Pulse amplitude (PA) in millimeters of Mercury (mmHg) and pulse volume (PV) in microlitres
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Figure 4: Pulsatile ocular blood flow. Pulsatile ocular blood flow (POBF) in microlitres per minute (𝜇L/min) and percentage (%) change
in POBF in normal tension glaucoma patients (NTG) and healthy volunteers (control) in sitting and supine positions and on induction of
hypercapnia. Results are expressed in mean ± standard error of mean.

high responders gave a history of borderline hypertension
compared with 2 of the low responders (𝑃 = 0.095). Seven
high and 4 low responders gave a history of migraine and/or
Raynaud’s type circulation (𝑃 = 0.75) and 2 high and 3
low responders had a history of a severe hypovolemic or
hypotensive episode in the past (𝑃 = 0.15).

MAP and HR were similar in the two groups and did not
differ significantly during postural change or on induction of
hypercapnia. Systolic BP increased in both subgroups with
hypercapnia but there was no difference between the two in
the magnitude of increase.

The high responders tended to have a lower POBF,
significantly so in the lying position (𝑃 = 0.008) (Figures
5(a) and 5(b)). This group also exhibited a more pronounced

reduction in POBF (𝑃 = 0.02) on lying down with a mean
reduction of 17.4% as compared with a low responder drop
of 1.4% (Figure 5(b)). The mean increase with hypercapnia
was 41.18% in the high responders and 8.93% in the low (𝑃 =
0.00001).

3.5. Digital Blood Flow Levels. Mean baseline flowwas signif-
icantly lower in the glaucoma group (8.7 a.u.) than in controls
(14.1 a.u.) (𝑃 = 0.02). Following hot immersion, the glaucoma
group showed a greatly increased flow (53.68%; 𝑃 < 0.001)
whilst controls showed a moderate, nonsignificant increase
(24.11%; 𝑃 = 0.09). Cold immersion resulted in a significant
drop in DBF in NTG subjects (42.52%; 𝑃 = 0.003). Again
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Figure 6: Digital blood flow and recovery times. Digital blood flow (DBF) in arbitrary units (a.u.) and digital blood flow recovery times
(DBFR) in seconds (sec) in normal tension glaucoma patients (NTG) and healthy volunteers (control) at baseline and following hot and cold
immersion. Results are expressed as mean ± standard error of mean.

controls showed a nonsignificant change (21.98%; 𝑃 = 0.1)
(Figure 6(a)).

3.6. Digital Blood Flow Recovery Times. DBF recovery times
were also altered in NTG (Figure 6(b)). Following heat
immersion, NTG subjects took a mean of 120 seconds to
return to baseline flow compared with a control recovery
time of 14 seconds. The difference between the 2 groups
was significant (𝑃 = 0.03). Recovery from cold immersion
was even more prolonged in the glaucoma group with a
mean recovery time of 155 seconds compared with a control
recovery of 35 seconds (𝑃 = 0.002).

3.7. High and Low Hypercapnic Responders. The glaucoma
group had been divided into 2 subgroups based on the level of
their POBF response to hypercapnia (Figures 7(a) and 7(b)).
Baseline blood flow levels were lower in the high response
group (mean high DBF: 8.5 a.u.; mean low DBF: 10.1; 𝑃 =
0.07). Flow increased significantly in both groups following
heat immersion but much more so in the high response
group who showed a mean % change of 76.4% (𝑃 < 0.0001)
compared with a low responder change of 43.5% (𝑃 = 0.03).

Cold immersion reduced flow in both subgroups signif-
icantly but again the degree of reduction was greater in the
high responders with a mean % change of 41.17% compared
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Figure 7: Digital blood flow and recovery times in hypercapnic responders. Digital blood flow (DBF) in arbitrary units (a.u.) and digital
blood flow recovery times (DBFR) in seconds (secs) in high (High) and low (Low) hypercapnic responders at baseline and following hot and
cold immersion. Results are expressed as mean ± standard error of mean.

to the low responder change of 32.98% (𝑃 = 0.04 in high
responders and 𝑃 = 0.07 in low responders).

Blood flow recovery from heat immersion was prolonged
in both groups with a mean of 141.8 seconds in the high
response group and a low response mean of 102.3 seconds.
Cold recovery was significantly more prolonged in the high
responders: mean 192 seconds compared to low responders
with a mean of 114.4 seconds (𝑃 = 0.03).

4. Discussion

This study has shown that POBF was significantly lower in
patients with untreated NTG. Within the glaucoma group,
there were 2 distinct subgroups based on the magnitude of
POBF response to hypercapnia.

POBF was lower at baseline, perhaps suggesting a resting
vascular tone, which favours constriction. Supine position
caused a significant drop in POBF in glaucoma patients,
further suggesting a failure of the autonomic system to reg-
ulate ocular blood supply adequately. Hypercapnia induced
an exaggerated ocular vasodilation in the glaucoma group,
whichmay reflect relative vasoconstriction in the resting tone
and also the possible reversibility of this.

Consistent with previous research, no significant differ-
ences in the average diurnal and nocturnal BP variables were
found between the NTG and control groups [61, 62]. The
relationship between systemic BP and glaucoma is controver-
sial. A number of studies have shown an association between
hypotension and nocturnal BP dipping and glaucoma [63–
65]. However this finding has been contradicted in another
work [61, 66]. In keeping with the findings of the Rotterdam
Study [67], we found that diastolic BP was elevated compared
to normal controls. In the Rotterdam eye study, patients with
an ocular perfusion pressure lower than 50mmHg had a
four-times greater risk of developing OAG than those with
a perfusion pressure of 80mmHg [67].

The postural decrease in BP and HR shown by healthy
volunteers both in this study and others is a feature of
autonomic integrity [68, 69]. During postural change from
upright to supine, gravity decreases and therefore a lower
systemic BP is required to ensure adequate blood supply to all
organs and tissues, achieved by reducing peripheral vascular
resistance. This has a knock-on effect of reducing cardiac
output resulting in a lower HR. Organs and tissues, which
have intact autoregulation, are able to maintain blood flow
during postural change. The remainder of the body relies on
either the autonomic system or local regulatory mechanisms.
An abnormal change in haemodynamic parameters during
postural change may be an indication of vascular irregularity.
This research suggests that a lack of significant change in
both diastolic BP and HR may reflect a dysfunction in the
normal mechanisms controlling this response, namely, the
autonomic system [70].

It appears frombaselinemeasurements thatNTGpatients
have relatively constricted vessels in the ocular circulation,
but the exaggerated response to hypercapnia suggests that this
reduction in baseline flow is reversible and that the ocular
circulation is responsive to vasodilatory stimulation. The
absence of such a response in healthy volunteersmay indicate
that they control their vascular responses in a more efficient
way. Alternatively they may simply have less potential for
vasodilation as their vessels do not demonstrate the degree
of vasoconstriction seen in their NTG counterparts.

Our work corroborates other studies that demonstrate
that hypercapnia causes an increase in ocular blood flow
[44, 49]. In the cerebral and ocular circulations, which are
primarily autoregulated, hypercapnia-induced vasodilation is
mediated by nitric oxide (NO) [71, 72]. This role for NO
would certainly fit with the theory that the baseline impair-
ment of POBF is due to an imbalance in local constricting
and dilating factors. If this is the case, then the release
of endothelium mediated NO by hypercapnia may, at least
partially, correct this imbalance.
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Three-step approach to diagnosis of Raynaud's phenomenon

Step 1: ask screening question

Step 2: assess color changes

Step 3: calculate disease score

Are your fingers unusually sensitive to cold?

Yes, proceed to step 2

Occurrence of biphasic color changes during the 
vasospastic episodes (white and blue)

Yes, proceed to step 3

(a) Episodes are triggered by things other than cold
(i.e., emotional stressors) 

(b) Episodes involve both hands, even if the involvement 
is asynchronous and/or asymmetric

(c) Episodes are accompanied by numbness and/or
paresthesias

(d) Observed color changes are often characterized by a
well-demarcated border between affected and unaffected
skin

(e) Patient provided photograph(s) strongly support a 
diagnosis of RP

(f) Episodes sometimes occur at other body sites (e.g., 
nose, ears, feet, and areolas)

(g) Occurrence of triphasic color changes during the 
vasospastic episodes (white, blue, and red)

If 3 or more criteria met from step 3 (a–g), then the patient has RP

Figure 8

DBF was basally reduced, overly responsive to temper-
ature changes, and demonstrated prolonged recovery from
such provocation. These features were widespread in the
glaucoma group studied even though just over half of them
reported vasospastic symptoms.

A subgroup of the glaucoma patients had a particularly
high hypercapnic response, and these subjects had signifi-
cantly lower baseline POBF and showed a greater drop in
PODF in the supine position. They also exhibited a greater
degree of digital vasospasm with greater cold response and
longer cold recovery times. These findings closely correlate
with studies from other groups [9]. This subset appeared to
have an underlying primary vascular dysregulation (PVD).
PVD has been previously described by Flammer et al. to
be the underlying pathogenic process in NTG [10, 73]. The
ability to treat this underlying PVD will likely provide the
basis of future treatments for NTG [74, 75].

Calcium channel blockers (CCBs) cause an inhibition of
calcium influx into cells, leading to relaxation of vascular

smooth muscle and consequently increased blood flow in
various organs [76, 77]. Several investigators have reported
in experimental conditions that CCBs relax isolated retinal
or ciliary arteries [78–82]. Nilvadipine caused a 30–40%
increase in the ONH and choroidal blood velocity with
little systemic effects [83]. Recently, Nilvadipine, a dihy-
dropyridine (DHP) calcium channel antagonist, has become
the focus of a large multicentered randomised control trial
investigating the potential neuroprotective properties of the
drug in Alzheimer’s disease [84, 85]. Intravenous lomerizine
has been shown to both increase the ONH blood flow and
inhibit endothelin-1 induced hypoperfusion of theONH [86–
89]. One of the main therapeutic properties attributed to
CCB is their ability to increase cerebral blood flow [90]. The
question as to whether a similar neuroprotective advantage
could be achieved in the NTG “high responder” group of
patients is worthy of further investigation.

The combined findings of these indirect assessments of
vascular function would suggest a disorder of the usual
control mechanisms governing ocular and DBF and also
systemic haemodynamics. Both the autonomic system and
local ocular regulatory mechanisms, namely, the vascular
endothelium, are implicated by these findings.

Appendix

International Consensus Criteria for the
Diagnosis of Raynaud’s Phenomenon

See Figure 8.
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Purpose. The aim of the study is to demonstrate that the ocular dynamics of the anterior chamber of the eye can be estimated
quantitatively by means of optical coherence tomography (OCT). Methods. A commercial high speed, high resolution optical
coherence tomographer was used. The sequences of tomographic images of the iridocorneal angle of three subjects were captured
and each image from the sequence was processed in MATLAB environment in order to detect and identify the contours of the
cornea and iris.The data on pulsatile displacements of the cornea and iris and the changes of the depth of the gap between themwere
retrieved from the sequences. Finally, the spectral analysis of the changes of these parameters was performed. Results. The results
of the temporal and spectral analysis manifest the ocular microfluctuation that might be associated with breathing (manifested by
0.25Hz peak in the power spectra), heart rate (1–1.5Hz peak), and ocular hemodynamics (3.75–4.5Hz peak). Conclusions. This
paper shows that the optical coherence tomography can be used as a tool for noninvasive estimation of the ocular dynamics of the
anterior segment of the eye, but its usability in diagnostics of the ocular hemodynamics needs further investigations.

1. Introduction

For over 20 years, optical coherence tomography has evolved
from an emerging imaging technology of uncertain future
to a well-established diagnostic tool being used in many
different fields of medicine. Due to its unique features of
visualizing transparent and semitransparent objects with an
ultrahigh resolution, it has found the greatest interest in
ophthalmology, particularly in imaging of the fine structures
of the cornea [1, 2] and the retina [3–5]. Furthermore, a
significant development of the instrumentation and data
processing techniques [6–8] has opened OCT to brand new
applications in ocular imaging, measurement, and diagnos-
tics, hardly achievable with other technologies.

Ocular dynamics is a complex phenomenon which is
related to the hemodynamics (pulse) [9–12] and mechanical
parameters of the eye globe [13–20]. It has been shown before
that the rapid variations of the intraocular pressure (IOP),
known as ocular pulse, are manifested by the axial and radial
displacements of the corneal surface [9] as the most external
and the easiest to access structure of the eye globe. Also the

simultaneous micromovements of the retina were observed
as a result of the ocular pulsation [21–23]. Microfluctuation
of the iris and/or crystalline lens that might be affected by the
intraocular pressure variation related to the retinal blood flow
was reported in other studies, as well [24].

In the existing literature, the term “dynamics” used in
relation to the iridocorneal angle is usually associated either
with its changes with light-dark adaptation [25, 26] or drug
application [27], and in both of these cases the tomographic
images of the angles are captured as a single shot before and
after changing the conditions of the experiment. The aim of
the current study is to present a new approach to the dynamic
changes of the anterior segment of the eye. In this approach
it can be continuously examined in a short period of time,
with a relatively high frequency (of more than 20Hz). The
short-term microfluctuation of the anterior chamber angle
can be successfully visualized by means of a high speed
spectral domain OCT (SD-OCT).The current paper presents
also a preliminary example of the analysis of these pulsatile
fluctuations, including their spectral analysis, related to the
breathing and blood pulsation.
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Figure 1: The stages of the image processing for the reconstruction of the posterior surface of the cornea and the anterior surface of the iris.
The effect of the “bended” cornea on the original image is an artefact that can be associated with the Fourier transform of the optical signal
reaching the light detector and the relatively short axial range of the instrument (c.a. 2.5mm). The image of superposition of the identified
surfaces and data after edge detection is only for demonstration purposes.

2. Methods

2.1. In Vivo Measurements. Three patients, aged from 65
to 70, participated in the study. Subject #1 was diagnosed
with angle closure glaucoma (ACG) and Subjects #2 and
#3 were diagnosed with open-angle glaucoma (OAG). The
iridocorneal angle in the temporal quadrant of their eyes
(OS for Subject #1, OD for Subjects #2 and #3) was imaged
with use of a SD-OCT Copernicus HR (Optopol Technology,

Zawiercie, Poland). It is a high axial resolution (up to 3 𝜇m
in tissue), high speed (up to 52 000A-scans/sec, according
to the device specifications) spectral domain OCT, using a
850 nm superluminescent diode (SLED) as a light source. It
is optionally equipped with an attachable anterior segment
adapter, which makes it useful for the anterior chamber
measurement purposes. The standard examination mode
denoted as “anterior” and the scanning protocol denoted
as “animation” were used. This particular protocol enables
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Figure 2: An example of temporal fluctuation of the (a) posterior cornea, (b) anterior iris, and (c) depth 𝐷 of the gap between the cornea
and the iris being a result of the data processing of the sequence captured for Subject #1. Both plots in the row represent the same data, but
the pulsations are better demonstrated in the contour plots.
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Figure 3: Fourier spectra of displacement data obtained from the sequence captured for Subject #1: (a) the results for the posterior surface
of the cornea; (b) the results for the anterior surface of the iris; (c) the results for the distance 𝐷 between the cornea and iris; (d) the power
spectra averaged over the 𝑥 coordinate. The spectral analysis was performed as the one-dimensional fast Fourier transform of the temporal
changes of the surfaces.

capturing the sequence of cross-sectional images (B-scans)
in the same meridional position. The length of time of
the sequence depends on the lateral density of a single
image (the number of A-scans contributed to a single B-
scan). The maximum number of A-scans in this scanning
protocol is 1800.This enables the capturing of the sequence of
3.96 s long (as estimated by the standard software distributed
together with the device), containing a series of 90 images
of the iridocorneal angle, in the same meridional cross-
section. This configuration was used for the purposes of this
study.

During the measurements the subject was fixating cen-
trally on the internal target and his head was stabilized in
the chin- and head-rest of the device. He was allowed to
breathe freely and was asked not to blink during the sequence
acquisition.

All patients provided written informed consent before
enrolling in the study. The measurement protocol had been
approved by the Institutional Review Board and met the
tenets of the Declaration of Helsinki.

2.2. Data Processing. The results of themeasurement for each
patient contained a series of 90 consecutive cross-sectional
images of a resolution 900 × 1009 pixels, captured with the

frequency of 22.7Hz (90 frames captured within 3.96 s). Each
image was processed in MATLAB with use of a custom-
developed script.The semiautomatic procedures included (a)
the selection of the area of interest and its rotation so that the
cornea was situated in the upper part of the image; (b) the
edge detection [28]; and (c) the identification of the posterior
surface of the cornea and the anterior surface of the iris.
Because of the different scattering properties of the cornea
and iris (the cornea has lower signal-to-noise ratio than the
iris), several existing algorithms [29–31] of edge and contour
detection needed to be tested with various parameters, before
the results presented in the next section were obtained. The
horizontal range, in which the surfaces of the cornea and
iris could be unerringly identified automatically, was selected
subjectively by the software operator. The coordinates of the
start and end points of this range depended on the observed
movability of the ocular structures in thewhole sequence.The
stages of the image processing used in the study are presented
in Figure 1.

After identification of the posterior cornea and anterior
iris surfaces on each particular scan from the sequence, it
was possible to show variability of their temporal position.
Their observed displacements might be associated with the
fast, dynamic changes of either the internal conditions of
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Figure 4: Fourier spectra of displacement data obtained from the sequence captured for Subject #2: (a) the results for the posterior surface
of the cornea; (b) the results for the anterior surface of the iris; (c) the results for the distance 𝐷 between the cornea and iris; (d) the power
spectra averaged over the 𝑥 coordinate. The spectral analysis was performed as the one-dimensional fast Fourier transform of the temporal
changes of the surfaces.

the eye globe, such as ocular pulse and muscle contrac-
tion/relaxation, or external ones (i.e., breathing). For this
purpose, the depth𝐷 of the gap between the posterior surface
of the cornea and anterior surface of the iris along each
pixel column in the rotated image was calculated in terms of
pixels.The spectral analysis of the variability of the position in
time was performed as well, as one-dimensional fast Fourier
transform (FFT) of the temporal changes of the location of
the identified structures (cornea and iris and its longitudinal
separation) in each particular pixel column. As a result, the
spectral map of the fluctuations in position of each pixel was
plotted.

3. Results

The sequences showing the dynamic fluctuations of the
iridocorneal region captured for all the subjects participating
in the study can be seen on the videos (see Video, Sup-
plemental Digital Content 1, captured for Subject #1; see
Video, Supplemental Digital Content 2, captured for Subject
#2; see Video, Supplemental Digital Content 3, captured for
Subject #3, in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/293693).The frame per second
(fps) rate of the videos is two times lower than the acquisition
rate of the OCT instrument.

Figure 2 presents the microfluctuation of the cornea and
iris captured for Subject #1. At first glance, the same behavior
can be observed for all the subjects participating in the study.
The depth 𝐷 between the posterior surface of the cornea
and the anterior surface of the iris undergoes some small
changes, as well, which indicates small difference between the
amplitudes of the pulsatile movements of the cornea and the
iris. However, the spectral analysis shows slightly different
characteristics of these movements for each patient, which
can be seen in Figures 3–5.

It needs to be emphasized that the results presented here
are not the results of the measurements of the iridocorneal
angle itself, which are expressed in terms of angles.The results
presented above are rather the results of the measurements
of the distance between the posterior cornea and anterior
surface of the iris, expressed in pixels. Of course, they
are associated with the iridocorneal angle; however, the
tomographic images were not corrected from the optical
distortion, and instead of using the units of angles and
micrometers, it was more appropriate to use pixels.

4. Discussion

There are three basic features that are manifested in all the
spectral plots for all the subjects. The first one is the peak
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Figure 5: Fourier spectra of displacement data obtained from the sequence captured for Subject #3: (a) the results for the posterior surface
of the cornea; (b) the results for the anterior surface of the iris; (c) the results for the distance 𝐷 between the cornea and iris; (d) the power
spectra averaged over the 𝑥 coordinate. The spectral analysis was performed as the one-dimensional fast Fourier transform of the temporal
changes of the surface.

for the low frequency (about 0.25Hz) that is likely associated
with breathing [32, 33] and respective headmovement during
measurement [34].

The second feature is the small peak that appears in the
frequency range between 1 and 1.5Hz. These frequencies can
be linked with blood pulsation in the ocular vessels [32, 33].
An interesting fact is that for Subject #1 this peak is quite
distinguishable for both the posterior cornea and anterior iris
and the distance𝐷 between them. For Subject #3 this peak is
visible for cornea and iris, but not for the depth 𝐷, whereas
for Subject #2 this peak moves slightly from about 1Hz for
the cornea to about 0.75Hz for the iris and the distance 𝐷,
and for the 𝐷 its magnitude is even higher than the peak
associated with breathing. It can be the effect of the extensive
peak of a large amplitude, which appears for pixel numbers
larger than 200. This is the region of a step-like structure on
the surface of the iris. Its lateral movements are manifested as
changes of a very large amplitude in depth.This peak seems to
cover (overlap) the neighboring frequencies which results in
a frequency drift in the averaged spectrum for iris and depth
noticeable in Figure 4(a).

The third common feature is the local, well distinct peak,
with the maximum for the frequencies varying from 3.75Hz
(for Subject #3) to 4.5Hz (for Subject #2). These peaks can
be possibly related to the harmonics of the blood pulsation.
For example, the results for Subject #3 (Figure 5) present the

local peaks at frequencies 1.25, 2.5, 3.75, and 6.25Hz, which
are multiples of 1.25Hz. For other subjects these harmonics
are not so obvious, probably due to low sampling rate in the
frequency domain or due to nonstationarity of the signal.
In order to improve this analysis one should use OCT with
possibility of recording longer sequences. As shown in the
paper [34] the involuntary headmovement can also influence
the appearance of higher harmonics in the cornea position.

Some recent studies reported the phenomenon of ocular
pulse dicrotism [35, 36], which is related to the condition
(rigidity) of the arterial vessels and can be observed in older
subjects. Since all the subjects in the current study are aged
from 65 to 70, it is likely that the ocular pulse dicrotism could
also be related to our observations. Further studies should
give an answer, where explanation is more probable.

The number of the peaks that can be clearly and uniquely
distinguished in the spectral characteristics of the movement
of the anterior segment of the eye is different for various
subjects. The origin of the maxima other than the one
described above is not clear yet and can be the subject of
another study.

5. Conclusions

This paper is a preliminary study of ocular dynamics, its
imaging, and analysis. To the best of the authors’ knowledge,
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this paper is the very first demonstration of the rapid dynamic
fluctuations of the geometry of the iridocorneal part of the
eye. The imaging was performed with use of a commercially
available instrument with high acquisition rate.

Thepower spectra of the pulsatilemicromovements of the
whole anterior segment can provide some information about
individual parameters of a subject eye. These parameters
are the mechanical response of the ocular structures on
the pulsation in the vitreous body and may undergo some
discrete changes with the progress of the pathological states.
However, the potential of the method as a tool in early
diagnosis of the ocular diseases, in particular glaucoma, is still
to be studied.

One of the problems that has to be overcome for the
further development of the method is the stabilization of the
images from the sequence of the tomograms, because some
undesired lateral movements of the eye can be seen on the
movies presented in videos. The significance of these lateral
movements on the overall spectral characteristics was not
the subject of the current study, and it was not estimated.
However, this problem can be solved numerically, when the
stabilization of each particular tomogram is performed. The
development of a fully automatic image segmentation and
surface identification [37–39] would also be helpful.

Further research on larger population samples with
simultaneous use of other diagnostic techniques (i.e., pulse
oximetry) would give an answer to the question of whether
the presented method of ocular dynamics estimation by
means of optical coherence tomographymight be used for the
diagnostics of ocular disorders associated with hemodynam-
ics of the eye, such as glaucoma.
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[17] M. Asejczyk-Widlicka, W. Śródka, R. A. Schachar, and B. K.
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Żołnierek, Eds., vol. 30 of Advances in Soft Computing, pp. 569–
576, Springer, Berlin, Germany, 2005.

[38] R. Koprowski, S. J. Teper, B. Weglarz, E. Wylegała, M. Krejca,
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Retinal blood supply is tightly regulated under a variety of hemodynamic considerations in order to satisfy a high metabolic need
andmaintain both vessel structure and function. Simulation of the human eye can induce hemodynamics alterations, and attempt to
assess the vascular reactivity response has been well documented in the scientific literature. Advancements in noninvasive imaging
technologies have led to the characterization of magnitude and time course in retinal blood flow response to stimuli. This allowed
for a better understanding of the mechanism in which blood flow is regulated, as well as identifying functional impairments in
the diseased eye. Clinically, the ability to detect retinal blood flow reactivity during stimulation of the eye offers potential for the
detection, differentiation, and diagnosis of diseases.

1. Introduction

Vascular tissue in the human eye is unique in that it can
be directly and noninvasively observed in vivo. The clini-
cal importance of assessing retinal structure and vascular
function has been a fundamental part of ophthalmology
since the origins of the ophthalmoscope [1]. Since this time,
impairment of retinal circulation has been identified as
having a key role in the pathogenesis of some of the leading
causes of blindness, including macular degeneration and
diabetic retinopathy [2–5]. Vascular deficits that constitute
the pathophysiology of these diseases have been extensively
studied but are still not well understood.

Complexity in retinal tissue structure and functionmakes
it one of the most metabolically active locations in the body
[6]. Blood supply to the retina must be tightly regulated
under various hemodynamic considerations [7, 8]. Localized
effects such as changes in intraocular pressure and light
stimulation, as well as systemic effects such as altered blood
gas concentration and fluctuations in blood pressure, have
all been found to cause significant changes in blood flood
or vessel resistance [5]. Vascular reactivity in response to
stimulation of the human eye has been characterized in both
the healthy and diseased eye [9, 10]. Although the relationship
and interactions of the influences on retinal blood flow are

numerous and complex, a marked impairment in vascular
reactivity during these hemodynamic alterations has been
consistently observed in the diseased eye [11]. Clinically, the
ability to assess retinal blood flow during stimulation of the
eye offers potential for the detection, differentiation, and
diagnosis of diseases. Furthermore, the severity of impaired
vascular reactivity can be used tomonitor disease progression
or evaluate treatment [11].

Noninvasive imaging techniques have led to new and
important information regarding vascular reactivity. Adv-
ancements in technology have allowed for better measure-
ment sensitivity and reliability in determining the effects of
various types of eye stimulation. The purpose of this review
is to describe the various imaging techniques and measure-
ments used to investigate vascular reactivity, compare the
different methods of human eye stimulation, and discuss the
application in the diseased eye.

2. Vessel Diameter

2.1. Fundus Photography. Since the invention of the ophthal-
moscope, vessel caliber has been used to assess retinal vessel
health [1, 12, 13]. In 1916, Moore observed arteriosclerosis
of the retina and suggested that an overall decrease in the
size of retinal arteries was an early sign of the disease [13].

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 121973, 14 pages
http://dx.doi.org/10.1155/2015/121973

http://dx.doi.org/10.1155/2015/121973


2 BioMed Research International

Studies using the ophthalmoscope were qualitative, and it
was not until the invention of fundus photography in 1931
that researchers were able to directly measure the diameters
of retinal vessels [14]. With this method, repeated images
of the eye were captured and magnified with a low power
(9x) microscope [15]. Sieker and Hickam used this technique
to measure diameters of retinal vessels ranging between
90 and 180 microns in size [15]. In an effort to increase
measurement sensitivity, a sophisticated micrometric tech-
nique was developed that projected and magnified (35x)
fundus images on a translucent screen. An operator then
positioned a thin wire along the vessel edge which allowed
for computer calculation of diameter [16]. Higher resolution
fundus photos and repeated measurements taken during
systole have improved sensitivity to vessels approximately
20 microns in size [17]. Because of this relatively large size
of observable retinal vessel, diameter measurements using
fundus photography are limited to 0.5 to 1.5 disc diameters
away from the optic disc margin [18].

Fundus photography is one of the earliest methods used
to measure vascular reactivity in response to stimulation of
the eye. Since diameter change is only indirectly related to
the change in blood flow, it provides a qualitative index into
vascular reactivity. Bymeasuring percent change in diameter,
Sieker andHickamwere able to demonstrate vasoconstriction
of retinal vessels during changes in blood gas concentration
[15]. They showed that, in a healthy population, breathing
100% pure oxygen resulted in an 11.5% decrease and a 14.0%
decrease in arterial and venous caliber, respectively. This
constriction had a tendency to decrease with an increase
in age. Furthermore, they showed a marked impairment in
hyperoxic response in diabetic participants with complica-
tions such as retinopathy, neuropathy, and hypertension [15].

Vascular reactivity in response to alterations in breathable
carbon dioxide did not have such a clearly defined effect.
Huerkamp and Rittinghaus reported vasodilation following
inhalation of increased carbon dioxide [19], while Hickam et
al. foundno substantial dilation during inhalation ofmixtures
containing either 5% or 10% carbon dioxide [20]. In order
to investigate this discrepancy, vessel diameter and blood
oxygen concentration were both measured during changes
in breathable carbon dioxide and oxygen concentrations [21,
22]. It was found that oxygen is more effective in changing
vessel diameter compared to carbon dioxide. However, 10%
carbon dioxide in mixtures containing either 21% or 90%
oxygen caused a significant increase in retinal venous oxygen
saturation, despite causing no significant change in vessel
diameter. This suggests that vascular reactivity had occurred
in vessels that were below theminimum vessel size for fundus
photography [21].

More recently, fundus photography has been used to
measure diameter changes in response to light stimulation of
the retina. Oneminute of continuous flickering light caused a
small but significant increase in arterial and venous diameter
[17]. This was a short response, and after cessation of light,
vessel diameter returned to preflicker levels within 6 seconds.
Light stimulation is localized and does not have the lasting
effects or large response caused by a systemic change in blood
gas. Unlike the response to oxygen, arteries were found to

Figure 1: Fundus image as seen on the RVA monitor. Rectangular
white box is the length of vessel measured (reprinted from [25]
Copyright Association for Research in Vision and Ophthalmology).

have a greater response compared to veins of similar size. On
average the difference in diameter size was 4.2 ± 2.2% (mean
± SD) for arteries and 2.7% ± 1.7% for veins [17]. Although
significant, these results are relatively close to the limitations
of measureable change using fundus photography.

Diameter measurements using fundus photography are
limited by the operator’s ability to accurately delineate the
vessel edge. One report found the intertrial variance among
three images graded by the same observer to be less than
5% for both the microscopic and projection method [23].
Furthermore, care must be given to ensure repeated diameter
measurements are taken at precisely the same location.
Repeatability in this manner is dependent on the operator’s
experience [16]. Interobserver difference was found to be
more significant, as large as 11% [24]. Considering this,
fundus photography may be unable to accurately detect
vessel caliber. Measuring percent change in diameter during
stimulation of the eye can attenuate these limitations and
provide a reliable application for measuring vessel diameter
using fundus photography [24]. However, given the system
noise, it may be dangerous to identify deficits in vascular
reactivity in the diseased eye using this technique.

2.2. Fundus Video. Advances in technology allowed fundus
photography to be adapted for continuous computer analysis
with the retinal vessel analyzer (RVA). The RVA uses a
fundus video camera and computer algorithm to obtain real
time measurements of retinal artery and vein diameters.
This combines high temporal and spatial resolution allowing
for reproducible calculations of diameter in vessel sections
(Figure 1) [25] about 1.5mm in length and 20 microns in
width [25–27].

Fundus video analysis using RVA was most impactful
with light stimulation experiments, allowing researchers to
measure the rapid and small changes in vessel diameter
[28]. Previously, using fundus photography, researchers were
unable to precisely photograph and measure the maximum
response of retinal vessel. Using RVA, Polak et al. describe
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a method of averaging video diameter measurements taken
during the last 20 seconds of a 60-second flicker stimulation
[29]. This had the added benefit of reducing the effect
of pulsatility. Kotliar et al. improved on this method by
identifying a maximum vessel dilation after only 10 seconds
of flicker [28]. Averaged diameter measurements during the
seven seconds around this maximum were calculated to
account for systolic and diastolic fluctuations. This resulted
in diameter changes of the same or greater magnitude than
those recorded by Polak, despite measurements being taken
after a shorter flicker duration [28, 29]. However, comparison
between these two experiments is dangerous due to the
difference in design and method.

In addition to the maximum response, RVA also allowed
for the characterization of a dynamic response of retinal
vessels to light flicker stimulation. Exposure to 12Hz of flick-
ering light caused an immediate dilation of arteries. Retinal
veins also dilated, but this response was delayed about 5
seconds. Both arteries and veins then continued to dilate until
a “saturation point,” after which they would experience regu-
lation and begin to constrict. For arteries, saturation occurred
before cessation of flicker. Veins, however, were shown to
reach this point later, either at or after cessation [28]. Arteries,
but not veins, continued to constrict past the original baseline
diameter, demonstrating an “overshot” regulatory response.
This finding is different from that of Polk, who found both the
arteries and veins experienced a dilation overshoot of 80.6%
and 57.9% original diameter, respectively [29].

Deficits in flicker response have been reported in diabetic
subjects with no or nonproliferative retinopathy. Investiga-
tions of insulin dependent diabetics showed no significant
dilation in either retinal arteries or veins during 64 seconds
of light flicker. In the same experiment, healthy controls
experienced amaximum response of 2.8% (SD 2.2%) increase
in retinal arterial diameter [30]. This response is similar in
magnitude tomeasurementsmade using fundus photography
[17]. Other studies of healthy eyes found that induced hyper-
glycemia reduces the flicker-induced vasodilation in vessels
by 55% [31]. In both of these studies, it is unclear whether
this is because of a diminished retinal reactivity or a decrease
in neural activity [30]. However, these findings do suggest
the relevance of blood flow control in diabetes related eye
diseases.

The main limitation of determining vascular reactivity
with both traditional fundus photography and fundus video
using RVA is that only the diameter of large vessels, adjacent
to the optic disc, can be measured. Since vessel reactivity
increases with decreasing vessel size, it is possible that much
of the blood flow control is occurring in vessels below the
threshold of this technology [21, 32]. Furthermore, diameter
measurements only detect vascular resistance and do not
allow for direct detection of blood flow.

3. Fluorescein Angiography

The dye dilution technique (DDT) provides a retinal circula-
tion flow index by determining the time it takes for fluores-
cein to enter and clear a vessel segment. Before visualization,
an injection of the fluorescent dye ismade into the antecubital

vein of the arm [33]. Serial fundus photos are then taken to
determine the intensity of fluorescence during illumination
with blue light at 490 nm (Figure 2) [34]. For each picture,
density measurements estimate the relative concentration
of the dye in both the retinal arteries and veins [34, 35].
Density measurements are then used to create fluorescence-
intensity curves (Figure 3) [36]. The mean circulation time
(MCT) is then calculated as the difference between the mean
venous and arterial passage times.The advent of fundus video
allowed for continuous analysis of density measurements
and more accurate MCT calculations [37–39]. Another DDT
approach utilizes a scanning laser ophthalmoscope (SLO)
to determine the arteriovenous passage (AVP) time [40,
41]. This is accomplished by calculating the time difference
between when the dye first appears in an artery and when
it first appears in the adjacent vein. The fluorescein velocity
can be found using SLO by calculating the difference in
appearance time between two points a known distance
apart [42, 43]. A study using SLO to measure AVP time
and mean arterial dye velocity determined the variations of
these parameters in a population of 221 healthy participants.
Within-participant coefficient of variation (CV) was 15.6%
for the arteriovenous passage and 16.7% for the mean arterial
dye velocity. The between-participant CV was slightly higher
at 20.7% for arteriovenous passage time and 23.7% for the
mean arterial dye velocity [44].

Hickam and Frayser used the fluorescein DDT to estab-
lish a mean circulation time of 4.7 ± 1.1 seconds in 29
healthy men [35]. They also demonstrated that, during 100%
oxygen inhalation, MCT was prolonged and retinal blood
flow decreased to 57% of its initial rate [34]. Studies using
SLO also suggest that changes in blood flow in the retina are
paralleled by matched changes in oxygen content [41]. This
is thought to maintain a relatively constant oxygen delivery
rate despite a fluctuating blood oxygen concentration. In
diabetic patients, hyperoxia did not prolong AVP, suggesting
regulatory dysfunction and uncontrolled oxygen delivery
rates [43].

Although fluorescein angiography is a standard imaging
and diagnostic technique in clinical ophthalmology, quan-
tification of vascular reactivity with the DDT is difficult
in the diseased eye. In the eye, DDT provides only some
index of mean blood flow through a close vascular segment.
Vascular abnormalities such as occlusion, neovascularization,
and vessel leakage can affect the flow time [33, 45].Therefore,
it is impossible to determine the cause of altered flow times
in the diseased eye.

4. Velocity

4.1. Blue Field Entoptic Technique. The blue field entoptic
technique indirectly measures leucocyte speed in retinal per-
ifoveal vessels [46]. With this technique, a participant is able
to perceive their own leukocytes by looking into a uniform
blue light at a wavelength of 430 nm. The participant then
matches the speed and density of the observed leukocytes
with the speed and density of computer simulated leukocytes
(Figure 4) [46]. Measurements using this technique indicate
that leucocyte speed in the capillaries is pulsatile, ranging
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Figure 2: Serial photographs, taken every 1.5 seconds, showing the passage of fluorescein through the retinal circulation in a normal eye.
Photographymarked “0” is the last in series before the appearance of fluorescein. Sequence of pictures shows the arteries filledwith fluorescein
followed by veins (reprinted from [34]).

from 0.5 to 1mm/s. Participants are reliable in their ability to
accurately match average and fast leucocyte speed but are less
reliable with slow speeds. However, variability in blood flow
speed between days was observed in subjects who had a high
reliability and accuracy of measurements. This may suggest a
real difference in leukocyte speed [46].

Because the blue field technique requires that blue light
is shined on the retina, the effects of light stimulation on
the macula required investigation. Qualitatively, participants
observed an increase in leukocytes speed shortly after the
flickering of blue light. Using an 8Hz flickering light it was
determined that leukocyte speed at the macula increases in
less than 8 seconds of stimulation.The response is short-lived,
lasting approximately 15 seconds before returning to baseline
speed [47]. Since the blue field entoptic technique can be used
to measure blood flow over the course of several minutes, it
is unlikely that the blue light has a significant effect on blood
flow results.

Blue field entoptic technique has been used to study
vessel reactivity during changes in perfusion pressure. One
investigation sought to measure the changes in flow during

an artificial decrease in intraocular pressure (IOP) [48]. It
was found that the max IOP in which regulation would
occur and maintain a constant blood flow was 29.6 ±
2.0mmHg. Beyond this level, the leukocyte speed decreased.
Furthermore, the retinawas able to compensate for a decrease
of 36% in IOP [48].This demonstrates a range of IOP atwhich
vascular reactivity can effectively maintain a constant retinal
circulation.

Retinal leukocyte speed and density during controlled
exposures to oxygen and carbon dioxide have also been
measured using blue field entopic technique [49]. Exposure
to a mild hypoxic state (16% O

2
) did not alter leukocyte

speed. However, exposure to pure oxygen caused a dramatic
decrease in both leukocyte speed and density in the perifoveal
capillaries. This response can be more than reversed by
supplementing the pure oxygen with 5% CO

2
causing an

overall increase in leukocyte flow, despite the presence of
excess oxygen [49].

The blue field entoptic phenomenon is an effective means
of measuring both the leukocyte speed and density at the
human macula. It is noninvasive and can be easily adapted to
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Figure 3: Typical fluorescence-intensity curves recorded from
superior temporal segment of retina in a healthy subject with no
ocular abnormalities. Both curves begin at approximately the same
time. 𝑡

𝑟
is the time at which recirculation begins and 𝑡
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are mean times of fluorescein from site of injection to site of
measurements along artery and vein, respectively. Smooth curves
are log-normal distribution functions that optimally fit arterial and
venous first passages (reprinted from [36]).
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Figure 4: Simulation of retinal capillary paths along which the
simulated leukocytes moved. These paths were not visible to the
subjects. The cross at the center of the field is a fixation target. The
angular diameters indicated in the figure correspond to viewing
distance of 55 cm (reprinted from [46] Copyright Association for
Research in Vision and Ophthalmology).

test flow during stimulation of the eye. However, this method
is a subjective approach of estimating blood flow [46].
Accurate measurements heavily depended on participant
cooperation and effectiveness at matching entoptic leukocyte
speed and density to computer generated leukocytes. Because
of this, investigations into vascular reactivity in the diseased
eye are not practical.

4.2. Laser Doppler Velocimetry. Laser Doppler velocimetry
(LDV) gives an absolute value for the maximum speed
of red blood cells in large retinal vessels. This technique
provides real time velocitymonitoring in arteries and veins by
calculating Doppler shifts in light scattered by flowing blood
cells. When a low power coherent laser is positioned on a
retinal vessel, the reflected laser light experiences a shift in
frequency that is directly proportional to the flow velocity of
the red blood cells.Themaximumvelocity corresponds to the
maximum frequency shift located at the center of the vessel.
LDV is commonly used in combination with previously
mentioned techniques for determining vessel diameter. From
cross-sectional area and velocitymeasurements, an estimated
mean retinal blood flow can be calculated for a single vessel
[50–52].

Using LDV, the effects of acute changes in IOP caused
by scleral suction were investigated. By artificially increasing
the IOP, a decrease in retinal perfusion pressure was induced.
Riva et al. recorded that blood flowwas effectivelymaintained
if IOP did not exceed 27–30mmHg and incomplete control
was present at an IOP of 42mmHg. The removal of the
suction cup and consequent decrease in IOP resulted in a
rapid increase in red blood cell velocity above initial baseline
measurements. Velocity then returned to baseline within a
few minutes [53, 54]. Another less invasive method of alter-
ing perfusion pressure is through experimental changes in
systemic blood pressure. Robinson et al. employed isometric
exercise to induce an acute rise in arterial blood pressure.
They found that, in normotensive participants, there was
no detectable change in blood flow, until a 41% increase in
baseline blood pressure values [55]. At this point, vascular
reactivity was ineffective, and blood flow increased in parallel
with increases in blood pressure. Computer-assisted analysis
of LDV images taken during isometric exercise demonstrated
a similar response with an 8.4% increase in flow velocity after
a 34% rise in perfusion pressure [56].

Since isometric exercise is an impractical and potentially
dangerous means of increasing blood pressure in unhealthy
participants, one study raised systemic blood pressure using
injections of tyramine. In this study diabetics with high
blood glucose failed to regulate flow during any increase in
blood pressure [57].This emphasizes the role of hypertension
in the pathology of diabetic retinopathy. In another study
conducted by Nagaoka et al., a cold pressor test was invoked
to induce an acute arterial blood pressure increase of 15%
when the hand was placed in 4∘C water for 5 minutes. This
method allowed for the simultaneous LDV analysis during
stimuli that was not previously possible using an isometric
exercise. Findings in this study suggest that the constriction
of retinal arterioles plays an important role in regulating
blood flow during acute increases in blood pressure [58, 59].
However, the cold pressor test can cause discomfort and may
not be practical in a clinical setting [60].

By combining the vessel diameter andmaximum velocity
measurements, LDV has been used to demonstrate the effects
of breathing 100% oxygen on retinal blood flow (Figure 5)
[61]. It was found that a 12% decrease in diameter and a
53% reduction in maximum velocity produced a 60% overall
blood flow reduction [61]. This reduction in flow is in line
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Figure 5: Variation of 𝑓max and Vmax during the cardiac cycle in
an artery when breathing room air and after 5min of 100% O
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breathing.The error bars represent ± standard deviation based on at
least five measurements (reprinted from [61] Copyright Association
for Research in Vision and Ophthalmology).

with the 57% decrease in flow found by Hickam and Frayser
using DDT [34]. Another study found that carbogen (95%
oxygen, 5% carbon dioxide) slightly lessens the decreased
retinal blood flow caused by breathing pure oxygen (42%
reduction with carbogen, 56% reduction with oxygen) [62].
No significant difference of vascular reactivity in the temporal
region (41.82% reduction in flow) and nasal region (36.05%
reduction in flowing) during hyperoxia was found [63].

Laser Doppler velocimetry has been used to further
confirm the hemodynamic deficits associated with diabetic
retinopathy [64–67]. After 5 minutes of 100% oxygen, dia-
betic subjects without retinopathy showed slightly weaker
control of blood flow compared to normal participants (53%
reduction and 61% reduction, resp.). Subjects with both
nonproliferative and proliferative diabetic retinopathy had
a significantly smaller response (38% reduction and 24%
reduction, resp.). However, after treatment with panretinal
photocoagulation, proliferative diabetic retinopathy subjects
improved in vascular response (54% reduction) to almost
level of healthy subjects [66, 67].

Laser Doppler velocimetry is limited by its complexity.
Alignment of the laser angle, optical fibers, and fixation
target require a significant understanding of the instrument.
Although LDV has provided valuable insight into vascular
reactivity during various types of stimulation, the user expe-
rience required for this system makes the transition from
research to clinical use difficult.

4.3. Laser Doppler Flowmetry. Laser Doppler Flowmetry
(LDF) is a technique similar to LDV; however, instead of
directing the laser light on retinal vessels, LDF measures
blood flow at the optic nerve head (ONH) away from large,
visible vessels. By applying the theory of Bonne and Nossal,
light scattered from this tissue can be detected to determine
the Doppler shift power spectrum caused by the in-depth
flow of red blood cells [68]. The result is a relative measure-
ment of mean velocity and volume of blood flow [68–70].

The LDF method, originally mounted on a fundus camera,
could also be combined with a scanning laser tomography
technique in order to provide a two-dimensional image of
ONH and peripapillary retinal blood flow [71–73].

Laser Doppler Flowmetry has been extensively used to
investigate vessel reactivity to stimuli in the animal eye
[68, 69, 74, 75]. Recently, LDF has been adapted to the
human eye in order to investigate reactivity during changes
in blood gases, isometric exercise, and flickering light stim-
uli. Hyperoxia and hypercapnia have been shown to cause
changes in blood flow similar to those recorded by previously
mentioned techniques [76]. During hyperoxia, smokers were
found to have less of a decrease in ONH blood flow (13%)
compared to nonsmokers (37%) [77]. LDF has improved
on previous blood gas investigations by demonstrating that
vasoconstriction occurs before changes in capillary blood
flow [77]. Furthermore, flow regulation during variations
in IOP was found to occur by causing changes in blood
volume and not blood velocity [78]. Lastly, LDF has shown
increases in ONH blood flow in response to flickering light
[79–82].The luminance flicker-evoked response was reduced
in patients with ocular hypertension and early glaucoma
suggesting an impairment of vascular function [82].

A question that remains regarding LDF is the depth of
the laser beam in the sampled tissue. In vivo, light penetration
depth has been shown to be 300𝜇m, although in vitro studies
have demonstrated motion detection of microspheres in a
glass capillary behind 600 𝜇mof excised ONH tissue [69, 78].
Another potential limitation is that LDF measurements can
be affected if the beam spot is placed on a superficial vessel
that is not large enough to be visible. However, automation of
flow calculations and stabilization of laser beam spot on the
retina are likely to improve the usefulness of LDF [83, 84].

4.4. Color Doppler Imaging. Originally developed for mon-
itoring blood flow in the heart, color Doppler imaging
(CDI) uses ultrasound to combine structural B-scans with
velocity measurements determined from the Doppler shift
of moving red blood cells [85, 86]. The mean flow velocity
is then calculated from the peak systolic and end diastolic
velocity [87].The validity and reproducibility of CDI velocity
measurements have been established with coefficients of
variation of 4% for resistive index and 11% for peak systolic
velocity [88, 89].

Using CDI, Kolodjaschna et al. describe a method of
causing a rapid decrease in blood pressure by inflation and
then rapid deflation of bilateral thigh cuffs [90]. This induces
a decrease in systemic blood pressure (ranging between 9%
and 15%) and subsequent acute decrease in ocular perfusion
pressure. Blood pressure then returned to baseline 7 to
10 heart beat cycles later. Results of this study showed a
difference in vascular response in the middle cerebral artery
and ophthalmic artery [90]. Postural changes have also been
used to induce acute changes in perfusion pressure. Changes
in blood flow during supine and upright posture in healthy
and glaucoma patients were studied using CDI [91]. Postural
changes were found to expose a deficit in autoregulation
among glaucoma patients, most prominently in vessels distal
to the central retinal artery.
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Limitations of CDI are inherent to the physics of Doppler
ultrasound. Blood flow that is below the Doppler threshold
or flow present in large tumors may not be determined due
to poor Doppler angle or undetectable Doppler shifts [86].
Furthermore, pressure applied to the eyelid byCDImay cause
a significant change in IOP resulting in changes in perfusion
pressure [11]. Many studies have used CDI to investigate
orbital hemodynamics in the diseased eye, although CDI has
not been extensively used to study vascular reactivity during
stimulation of the diseased eye [92–95].

4.5. Doppler Optical Coherence Tomography. Optical coher-
ence tomography (OCT) has become the standard for struc-
tural imaging and evaluation of eye diseases [96, 97]. This is
because of its ability to produce images of ocular anatomy
with micron precision using a noninvasive and nonintrusive
invisible infrared light. Traditional OCT provides structural
images which enhance the clinician’s ability to detect and
monitor fluid exudation linked to vascular diseases. However,
structural OCT is only sensitive to backscattered light inten-
sity. An extension of this technology, called Doppler OCT
(DOCT), allows for detection of the Doppler frequency shift
caused by flowing red blood cells [98, 99]. A considerable
improvement is thatDOCT is capable of detecting volumetric
blood flow together with structural anatomy. Several DOCT
methods have been developed utilizing both time and Fourier
domain that are sensitive to the shift in phase of the backscat-
tered light [98–103].

The response of total retinal blood flow to flickering
light was investigated using DOCT. Unlike previous studies,
DOCT was capable of determining the response of the entire
retinal circulation in absolute volumetric terms [104]. The
total retinal blood flowwas found to increase by an average of
22.2%. Furthermore, a significant increase in venous diameter
but not arterial diameter was reported. This is different from
previous studies, which showed increases in both veins and
arteries [17]. The effects of hyperoxia studied using DOCT
were found to be in good agreement with previous reports
of velocity measured with LDV [105]. However, one study
using the bilateral thigh occlusion cuffs techniquementioned
earlier was not able to demonstrate regulation of inner ocular
vessels [106].

One limitation with DOCT is the phase wrapping artifact
that occurs in vessel with high blood flow velocities. However,
this problem can be overcome by using faster cameras or
swept source OCT [107–109]. Furthermore, Doppler OCT is
only sensitive to blood flow that is parallel to the OCT beam.

5. Optical Coherence Tomography
Angiography

OCT angiography is a significant breakthrough in oph-
thalmic imaging and may very soon change clinical practices
[110]. OCT angiography has been described in some form
since 2006 [111–113]. However, its application to ocular
diseases has only begun to be explored in 2013 and the
technology first became commercially available only in 2014
[114–118].

This technology does not require the injection of extrinsic
contrast dye such as fluorescein or ICG. Instead, OCT
angiography detects the motion of red blood cells as intrinsic
contrast and therefore is sensitive to both transverse and axial
flow in time [112, 113]. Cross-sectional OCT angiograms com-
bine color-coded flow information superimposed on gray-
scale structural information. Therefore, both blood flow and
retinal structural information are presented together. This is
useful for clinical evaluation on the depth of abnormalities.
Since OCT angiography generates a data cube, segmentation
and en face presentation of vascular perfusion at various
layers of the retina can summarize the flow information at
relevant anatomic layers or “slabs.”These images can bemore
easily interpreted by clinicians and aid in their ability to
recognize abnormalities in vascular patterns such as capillary
dropout or pathologic vessel growth of the outer retina and
vitreous space.

Multiple approaches for OCT angiography have been
developed. These include amplitude-based, phased-based, or
combined amplitude/phase variance-based methods [119–
123]. Furthermore, new software algorithms have been devel-
oped which allow existing OCT hardware to perform OCT
angiography and use either the Doppler shift or variations
in speckle pattern caused by moving red blood cells to
detect both transverse and axial flow. These methods have
become practical now because the high speed of Fourier-
domain OCT allows multiple cross-sectional images to be
obtained at the same location in very quick succession to
detect relative motion in voxels containing blood flow [124–
129]. Both varieties of Fourier-domain OCT, spectral (a.k.a.
spectral-domain or spectrometer-based) or swept source,
could be used [122–125].Three-dimensional volumetric OCT
angiography can be obtained in seconds.

Although OCT angiography has been used previously
to detect retinal vessel reactivity in animals, only recently
has this technology been applied to investigating stimulation
of the human eye [130]. Developed by Jia et al. split-
spectrum amplitude-decorrelation angiography or SSADA is
an algorithm that is capable of flow detection both at the
optic nerve head and at the macula and quantifies the data
as both flow index and vessel density [131, 132]. Changes
in these parameters have been detected during light flicker
and hyperoxia stimulation. An 8Hz reversing checkerboard
pattern of light caused a maximum response of 7.2% increase
in parafoveal retina flow index after 30–45 seconds (Figure 6)
[133]. The flow index response was larger than previously
measured vessel diameter increase but smaller than known
changes in blood flow [133]. The pattern used here reduced
luminance and provided constant illumination, allowing for
2 minutes of light stimulation, twice as long as previous
experiments. However, saturation was found to occur and
differences in flow index were not significant after 60 seconds
of light flicker [133].

SSADA based OCT angiography has also been used
to detect a decrease in peripapillary retinal blood flow in
response to hyperoxia (Figure 7) [134]. During 60% supple-
mented oxygen, a decrease of 8.87 ± 3.09% (mean ± standard
deviation) in flow index and 2.61 ± 1.50% in vessel density
was observed. Overall, the flow index was found to be more
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Figure 6: False color representation of en face retinal angiograms captured during the course of the experiment. Increased flow (warmer
color, higher decorrelation values) was seen in the angiogram captured 30 seconds after the visual stimulation was turned on (b) compared to
baseline (a). The angiogram captured 30 seconds after stimulation was turned off (c) did not appear different from baseline (reprinted from
[133]).

sensitive than vessel density in detecting vascular reactivity.
However, the relatively small response in flow index was only
2.4 times larger than the between-day standard deviation of
3.71%. Furthermore, the population variation in hyperoxic
responsewas large, 36.9% (CV) for flow index and 57.5% (CV)
for vessel density [134].

Because flow index and vessel density are determined
from decorrelation values, the SSADA signal in large vessels
with fast velocities becomes saturated. Flow index, there-
fore, does not provide a volumetric blood flow value and
measurements are likely to underestimate actual blood flow
changes. Because the OCT beam spot may be larger than
the diameter of the capillaries, vessel density is likely to
overestimate actual vessel density while underestimating
change in size [134]. However, both flow index and vessel
density measurements were shown to have good within-day
repeatability and between-day reproducibility.

6. Discussion

This review paper describes an evolutionary process of the
imaging technologies used for investigational ophthalmol-
ogy of vascular reactivity. As the technology advanced,
the parameters in which hemodynamics were detected
became more sensitive to retinal blood flow, beginning with
qualitative observations of vessel caliber made with the
ophthalmoscope and advancing to 3D retinal angiograms
provided by OCT angiography. Because of the different
methods and locations in which these technologies detect
retinal circulation, it is difficult to make direct comparisons
between measurements made by various systems. However,
the overall trends of vascular reactivity to direct stimulation
of the eye or the effects of various physiological condi-
tions can be compared across the evolution of imaging
technology.
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Figure 7: Optic disc en facemaximum decorrelation projection angiograms from a participant with a large response to hyperoxia at baseline
(a) and hyperoxia (b).The images represent a 3 × 3mm area.The optic disc was delineated by the authors and is shown here with inner green
ring. The outer green ring is defined as extending 700 𝜇m outward from inner disc. The image after hyperoxia exposure (b) shows a reported
17% decrease in flow index and a 4% decrease in vessel density (reprinted from [134]).

Vascular reactivity in response to simulation of the
human eye has been well studied in the scientific literature.
Characterization of the magnitude and time course of retinal
blood flow response has led to a better understanding of
the mechanism in which blood flow is regulated, as well
as identifying functional impairments in the diseased eye.
The data presented in the literature has made it clear that
control of retinal circulation is a complex system and is
dependent on the interactions of many metabolic factors and
mechanisms that work together in order to provide adequate
nutritional supply [11]. Considering this, it makes sense that
although the experiments described in this review aim to
isolate and study the effects of a single stimulus, it is likely
that many other uncontrollable variables have a significant
effect on vascular reactivity. This may explain the variability
in response seen between days in a single healthy individual
and within a healthy population. Slight variations in similar
approaches to stimulating the eye also have a significant
effect on vascular reactivity, despite the overall response trend
remaining constant. Therefore, it is difficult to quantify and
define a standard range in normal response to stimuli within
a healthy population.

An important finding of the experiments described in
this review is the characterization of vascular reactivity
impairments in the diseased eye. Since light stimulation is
currently themost noninvasive approach to stimuli and it can
be adapted to existing hardware, it has the most potential for
future use in the clinic. However, no technique is currently
able to provide the highly sensitive and highly repeatable
measurements needed to establish a diagnostic definition of
vascular reactivity during light stimulation of the diseased
eye. In the future, OCT angiography has great potential for
achieving these requirements. One distinct advantage of this
technique is that it can be applied as a software upgrade
to OCT systems already in place. This would provide a

large population in which the effects of stimulation could be
established. A standardized response range of healthy ocular
vessel reactivity could then be used to better characterize the
impairments in diseased retina blood flow. Success of any
eye stimulation technique or imagingmodality is determined
by its practicality for clinical use and its reliable detection of
vascular reactivity response.
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