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Figure 2. The characterization of STI images generated from AO-SLO videos of the parafoveal capillary network. (A) The target vessel on the
consecutive frames of the AO-SLO. The red line represents the target vessel for analysis. Scale bar: 100 pm. (B) The ST image generated from the AO-
SLO video by reslicing the frames along the line set on the target vessel. The white band paired with dark bands correspond to the trajectories of
leukocytes (mainly) and erythrocyte aggregates, respectively. The topmost red dashed line represents the head of the white band. The middle red
dashed line represents the border between the white and black bands, and the inverse of this slope corresponds to the head of erythrocyte
aggregate velocity. The bottommost red dashed line represents the tail end of the black band. (C) The categorization of ST images into four types
include the following: type 1, white and black bands widen gradually; type 2, white and black bands start out wider than type 1, then widen; type 3,
both bands exhibit small changes in width; type 4, the slope of the bands bends concavely or convexly when traveling in a vessel free of

bifurcations.

REesuLTts

The characteristics of diabetic patients are listed in the Table.
No significant difference was found in age among the groups (P
= 0.67). The average axial lengths were 24.8 = 1.2 mm in the
normal group, 24.4 = 0.9 mm in the NDR group, and 24.2 =
1.1 mm in the NPDR group, with no significant difference
among the groups (P =0.36). The average HbAlc level was 9.1
* 1.9 in the NDR group and 8.7 = 1.8 in the NPDR group,
with no significant difference between groups (£ = 0.95).

Reproducibility of the Measurement of Velocity
and Erythrocyte Aggregate Elongation Rate

The overall average velocities of five bins in five normal
subjects were 1.25 * 0.36 mmy/s during the first measurement,
1.24 * 0.38 mm/s during the second, and 1.34 = 0.45 mm/s
during the third (P = 0.27) (Supplementary Fig. S1). The total
average erythrocyte elongation rate in five normal subjects was
0.85 *+ 0.23 during the first measurement, 0.74 * 0.12 during
the second, and 0.94 £ 0.19 during the third (P = 0.18)
(Supplementary Fig. S1). No significant difference was
observed among the three velocity and erythrocyte aggregate
elongation rate measurements.

Rapid Changes in Erythrocyte Aggregate Velocities
in Diabetic Patients

In total, images of sufficient quality for the calculation of velocity
were obtained for 768 erythrocyte aggregates from 20 (100%)
normal subjects, 500 erythrocyte aggregates from 17 (100%)
patients with NDR, and 173 erythrocyte aggregates from 10
(100%) patients with NPDR. Although all velocity calculations
were performed relative to the cardiac cycle at average velocity,
interestingly, one vessel with two erythrocyte aggregates from
one (5.0%) normal subject, six vessels with nine erythrocyte
aggregates from five (29.4%) patients with NDR, and six vessels
with nine erythrocyte aggregates from five (50.0%) patients with
NPDR showed rapid velocity changes in type 4 ST images,
showing the bands bent concavely or convexly while traveling
through a vessel free of bifurcations (Fig. 2; Supplementary
Movie S2). These inconstant velocities were excluded from the
analyses of average velocity, PI, and elongation rate.

Differences in Erythrocyte Aggregate Velocity
Between Normal Subjects and Diabetic Patients

In the normal group, the overall average velocity of all five bins
was 1.26 = 0.22 mm/s; average velocities of individual bins
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FiGure 3. Velocity and cardiac pulsation synchronization. The sphygmogram was digitized and recorded during the imaging session. The AO-SLO
image analysis software detected extreme values from the sphygmogram and then determined the relative cardiac cycle for each frame of the
captured AO-SLO video. By dividing the relative cardiac cycle into 5 equal segments and averaging the raw velocities within each segment, mean
erythrocyte aggregate velocity was plotted against relative cardiac cycle.

Tasre. Characteristics of Diabetic Patients
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= upstream ———> downstream Duration of
> Targetvessel diabetes, y 3.69 * 3.47 14.8 £ 6.8 <0.0001
3 Medications
3 FiGURe 4. Measurement of erythrocyte aggregate velocity and length Diet 1 0
o using spatiotemporal images. (A) Stacked sequential frames of the AO- Tnsnilin 11 4
o SLO video. Frames are resliced along the red line set on the target Oral 4 1
E vessel in order to generate the ST image. (B) Erythrocyte aggregate X
@  velocity and length were calculated using the ST image plotted with the Insulin and oral 1 5 -
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= the target vessel. The reciprocal of the slope of the border between the mm Hg 142 = - 0.179
'a' white and black bands represents the velocity of the head of the Red blood cells,
D)  erythrocyte aggregate. The ST image was vertically separated into three X 10%/mm?3 479 = + 0.477
'-a zones from upstream to downstream with respect to blood flow (zones White blood cells, 0.105
D a, b, and ©). Erythrocyte aggregate length was calculated by multiplying mm3 6982 + +
> the velocity by the time required to evaluate the elongation rate for
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Ficure 5. Comparison of erythrocyte aggregate velocity, elongation rate, and pulsatility index among normal subjects, patients without diabetic
retinopathy, and patients with NPDR. (A) The overall averaged velocity for the 5 bins in the NPDR group was significantly higher than that of the
normal group (P =0.001) and the group without diabetic retinopathy (NDR) (P =0.009). There were no significant differences between the normal
group and the NDR group in overall average velocities. (B) The maximum velocities of individual bins in the NPDR group were significantly higher
than those in the normal group (P = 0.003) and the NDR group (P = 0.02). Significant difference was not observed between the normal group and
the NDR group. (C) The minimum velocities of individual bins in the NPDR group were significantly higher than those in the normal group (P =
0.007). No significant differences were observed between the normal group and the NDR group or between the NDR group and the NPDR group.
(D) No significant differences in PI were detected among the groups. (E) Elongation rates in the NDR group (P = 0.003) and NPDR (P = 0.001)
group were significantly lower than those in the normal group; however, there was no difference in elongation rate between the NDR group and the
NPDR group (P = 0.93). Vi indicates maximum velocity; Vi, minimum velocity. *P < 0.05, 1-way ANOVA, with post hoc comparisons tested

using the Scheffe test.

ranged from 1.04 to 1.45 mm/s, and individual erythrocyte
aggregate velocities measured for all subjects ranged from 0.36
to 3.43 mmy/s. In the NDR group, the overall average velocity of
all five bins was 1.31 *= 0.21 mm/s; average velocities of
individual bins ranged from 1.21 to 1.45 mm/s, and individual
erythrocyte aggregate velocities measured for all subjects
ranged from 0.46 to 4.01 mm/s. In the NPDR group, the
overall average velocity of all five bins was 1.63 = 0.35 mm/s;
average velocities of individual bins ranged from 1.44 to 1.87
mmy/s, and individual erythrocyte aggregate velocities mea-
sured for all subjects ranged from 0.71 to 4.19 mm/s
(Supplementary Movie S3). There were no significant differ-
ences between the normal group and the NDR group in overall
average velocity (P = 0.789) (Fig. 5A). The overall velocities in
the NPDR group were significantly higher than those in the
normal group (P = 0.001) and those in the NDR group (P =
0.009). The maximum velocities of individual bins in the NPDR
group were significantly higher than those in the normal group
(P=0.003) and the NDR group (P = 0.02) (Fig. 5B). Significant
difference was not observed between the normal group and
the NDR group (P = 0.77). The minimum velocities of
individual bins in the NPDR group were significantly higher
than those in the normal group (P = 0.007) (Fig. 5C). No
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significant differences were observed between the normal
group and the NDR group (P = 0.585) or between the NDR
group and the NPDR group (P = 0.07). Periodic shifts of
velocity related to pulsation were observed in three groups
(Fig. 6). Tendencies toward higher velocity during diastole and
a lower velocity during systole were observed in all three
groups (P < 0.001 for the normal group; P = 0.003, NDR
group; and P=0.01, NPDR group). The average PI was 0.44 =
0.16 in the normal group, 0.43 = 0.19 in the NDR group, and
0.46 = .0.13 in the NPDR group. No significant differences in
PI were detected among the groups (P = 0.89) (Fig. 5D).

Differences in the Erythrocyte Aggregate
Elongation Rate

The elongation rates of 66 erythrocyte aggregates from 18
(90.0%) of 20 normal subjects, 45 erythrocyte aggregates from
12 (70.6%) of 17 patients with NDR, and 19 erythrocyte
aggregates from 7 (70.0%) of 10 patients with NPDR were
calculated successfully. The remaining subjects were excluded
from the analysis of erythrocyte aggregate elongation because
of the poor quality of the ST images. In these images, the
bottom line of the erythrocyte aggregate corresponded to the
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Fiure 6. Pulsation of blood flow as detected in normal subjects,
patients with NDR, and patients with NPDR. A relative cardiac cycle
was assigned to each erythrocyte aggregate velocity in order to
investigate the effect of cardiac pulsation on velocity. Velocity
fluctuation was detected in a single relative cardiac cycle for all three
groups. The maximum velocities tended to be observed in bins
assigned to 0.7 or 0.9, which corresponded roughly to the diastolic
phase. Meanwhile, minimum velocities were observed in the bin
assigned to 0.5, which corresponded to the systolic phase. Statistical
significances were found in the normal group (P < 0.001), in the NDR
group (P = 0.003), and in the NPDR group (P = 0.01). The average
pulsatility index values were 0.44 = 0.16 in the normal group, 0.43 *=
0.19 in the NDR group, and 0.46 * 0.13 in the NPDR group.

trajectory of the tail end of the erythrocyte aggregate and was
not depicted clearly. The average elongation rates were 0.67 *
0.20 in the normal group, 0.39 = 0.19 in the NDR group, and
0.33 = 0.11 in the NPDR group, respectively. Elongation rates
in the NDR group (P = 0.003) and NPDR group (P = 0.001)
were significantly lower than those in the normal group (Fig.
5E). However, there was no difference in elongation rate
between the NDR group and the NPDR group (P = 0.93).

Categorization of Spatiotemporal Images

In total, 71 ST images from 18 (90%) normal subjects, 56 from
14 (82.4%) patients with NDR, and 36 from 7 (70.0%) patients
with NPDR were used to categorize ST image type. The
percentage of each type was as follows: 38.0% for type 1,
52.1% for type 2, 7.0% for type 3, and 2.8% for type 4 in the
normal group; 16.1% for type 1, 42.9% for type 2, 25.0% for
type 3, and 16.1% for type 4 in the NDR group; 13.9% for type
1, 30.6% for type 2, 30.6% for type 3, and 25.0% for type 4 in
the NPDR group (Fig. 7). The NDR group and NPDR group had
lower proportions of type 1 and type 2 and higher proportions
of types 3 and 4 compared with the normal group.

Correlations Among Erythrocyte Aggregate
Velocity, Elongation Rate, and HbAlc Level

In the NDR group, velocity had a tendency to correlate
negatively with HbA1c levels, but the trend was not significant
P = 0.09, r = —0.44). No correlation was found between
velocities and HbAlc levels in the NPDR group (P =0.73, » =
0.13). A significant correlation was observed between the
elongation rate and HbAlc negativity in the NDR group (P =
0.002, »=—0.76) and positivity in the NPDR group (P=0.02, r
=0.81).

DISCUSSION

The aim of this study was to investigate hemorheologic
properties in diabetic patients using AO-SLO, which allows
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for the direct and noninvasive visualization of retinal hemo-
rheology in diabetic patients. Careful observation of the AO
videos revealed that flow velocity fluctuations were found with
higher frequency in diabetic patients than in normal subjects,
suggesting that the hemorheologic changes in diabetic patients
are captured accurately by AO videos. Although differences in
erythrocyte aggregate velocity in the parafoveal network were
found between normal subjects and NPDR patients, but not
between normal subjects and NDR patients, erythrocyte
aggregates in NDR patients who have no clinical appearance
of retinopathy and NPDR patients showed lower elongation
rates than those observed in normal subjects. Moreover, ST
images that showed time-dependent changes in blood corpus-
cle arrangements and deformations could be categorized into
four types. Differences in the proportion of each type of ST
image were found between normal subjects and diabetic
patients, suggesting that ST images can be used to visualize
subclinical rheologic changes related to retinopathy in diabetic
patients.

Retinal blood flow velocity changes associated with DM
have long been investigated. In particular, the ability to
measure velocity in NDR or early-stage DR has important
implications for the early detection of retinopathy. However,
the challenges inherent in these measurements have resulted
in conflicting reports.3*35 Considering only the results from
research on human capillaries, it seems that blood flow
velocity is decreased in diabetic patients.>* To our knowledge,
Tam et al.3* published the first and only report on blood flow
velocity in the retinal capillaries of diabetic patients as
measured using AO-SLO. Their results showed that the
velocities in seven type 2 diabetic patients with NDR were
14% lower than those of eight nondiabetic controls, but the
trend lacked statistical significance. However, in this study,
there was no significant difference in the overall average
velocity of erythrocyte aggregates in the parafoveal capillary
network between patients with NDR and nondiabetic controls,
although retinal blood flow changes were reported as a
primary reflection of retinal vascular endothelial dysfunction
resulting from diabetes-related metabolic abnormalities.’® One
of the possible reasons for this difference in velocity could be
the presence or absence of vessels with flow velocity
fluctuations, which could lead to the measurement of
extremely slow flow velocities. Because we excluded these
vessels—which might represent leukostasis—from the analysis
because of the difficulty in calculating accurate mean
velocities, our results may have overestimated velocity in
diabetic patients, as compared with other studies. Another
potential reason for the discrepancy is that diabetic control
statuses differ from study to study because retinal blood flow is
modulated by glycemic control. Lorenzi et al.>” reported that
type 1 diabetic patients with no or minimal retinopathy who
maintain relatively good glycemic control did not show
abnormalities of the arterial retinal circulation as measured
using laser Doppler flowmetry. Clermont and Bursell reported
that there was a significant negative association between
retinal blood flow and glycemic control.3® Actually, in this
study, the overall average velocities tended to correlate
negatively with HbAlc levels in the NDR group; therefore,
the distribution of diabetic control status may have affected our
measurements of velocity in patients with NDR.

Calculating the velocity of moving objects in sequential
video frames using ST images is a popular digital image-
processing technique in the field of biomedical research.3839
In this study, we used ST images generated from capillary blood
flow to map not only velocity but also the arrangements and
deformations of blood corpuscles, which enabled us to visually
understand the hemorheologic conditions in a given eye. The
results showed differences in the types of ST images obtained

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/Journals/IOVS/933678/ on 05/29/2015 Terms of Use:



Investigative Ophthalmology & Visual Science

Retinal Hemorheologic Characteristics in Diabetes

IOVS | December 2014 | Vol. 55 | No. 12 | 8520

m type 1
wtype 3
mtype 4
NPDR
0% 20% 40% 60% 80% 100%

FIGURE 7.

Histogram representing the ratio of ST image types in normal subjects, patients with NDR, and patients with NPDR. The NDR and NPDR

groups had lower proportions of types 1 and 2 and much higher proportions of type 3 images, which represented minor changes in the elongation
rate of erythrocyte aggregates, and type 4, which represented the presence of velocity changes in comparison with the normal group.

between normal subjects and diabetic patients. Type 1 and
type 2 images, which represent the gradual elongation of
erythrocyte aggregates, were more common in normal
subjects, while type 3 images, which represented minor
changes in elongation, and type 4, which represented flow
velocity fluctuation, were seen only rarely. In contrast, diabetic
patients had fewer type 1 and 2 images and more type 3 and 4
images when compared with normal subjects. Notably, types 3
and 4 accounted for more than 50% of the ST images obtained
for NPDR patients. For further investigation, characteristics of
the ST images, with the exception of type 4 ST images, were
quantified by calculating the rate of erythrocyte aggregate
elongation. Subsequent analyses verified that elongation rate
was significantly lower in patients with NDR and NPDR as
compared to normal subjects, and the erythrocyte aggregate
elongation rates and HbAlc levels correlated significantly and
negatively in the NDR group, suggesting that hemorheologic
changes are apparent in AO-SLO videos before the clinical
appearance of DR. Notably, one factor that can decrease the
elongation rate of erythrocyte aggregates is the reduced
deformability of erythrocytes in DM patients. Although
erythrocytes can deform to pass through capillaries, the
deformability of erythrocytes in patients with DM is re-
duced.'*!3 The reduced deformability of erythrocytes can
prevent the cell from entering the capillary and consequently
decrease the elongation rate in the microcirculation. Increased
erythrocyte aggregability can also decrease the elongation rate
in DM, perhaps by promoting the production of erythrocyte
aggregates and the elongation of erythrocyte aggregates.!?
Taking into consideration that the total count of erythrocytes is
limited, reduced numbers of isolated erythrocytes could also
lead to a decrease in the elongation rate.

Significant changes in velocity and elongation rate were
noted at different stages of DR. These results led us to
speculate that vessel morphology might contribute to velocity
changes, as changes in velocity occur after the clinical
appearance of DR. The reduced elongation rate of erythrocyte
aggregates could be considered to be a result of changes in
deformability and aggregability. One potential reason for the
differences in velocity between NDR and NPDR may be that
leukocytes and erythrocyte aggregates have preferred path-
ways, 840 while neither cell type tends to pass through plasma
gap capillaries (PGCs). As Tam et al.?! theorized that leukocyte

preferred paths (LPPs) might prevent leukocytes from entering
non-LPP capillaries and PGCs may serve as relief valves to
minimize flow disruption when a leukocyte enters a nearby
LPP, PGCs may work to curb the increase in blood cell velocity
in LPPs or erythrocyte aggregate preferred paths in NDR.
Impaired flow through PGCs may increase the velocity of
blood cells in nearby LPPs. Nonetheless, the impairment of
LPPs or erythrocyte aggregate preferred pathways may force
leukocytes or erythrocyte aggregates to enter PGCs, which
may lead to intravascular stasis, in a vicious circle.

One limitation of this study was the relatively small sample
size. Although significant correlation was observed between
the elongation rate and HbAlc negativity in the NDR group and
positivity in the NPDR group, it was difficult to interpret the
reverse correlation. To achieve this, an appropriate sample size
is required. An increase in the rate of successful image
acquisition could be achieved by further developing the
associated hardware and software, which in turn could enable
larger studies in the future. Another limitation of this study is
the lack of a longitudinal study, which is required to determine
which patients will progress and which predictive value can be
considered.

In conclusion, AO-SLO movies represent a noninvasive tool
that provides hemorheologic information that can be used to
measure the velocity and elongation rate of erythrocyte
aggregates in patients with DM. Optics scanning laser
ophthalmoscopy technology could shed light on investigations
of the microcirculation in diabetic patients.
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Purrose. To propose a new method to quantitatively and comprehensively evaluate
photoreceptor-RPE complex alterations on spectral-domain optical coherence tomography
(SD-OCT) imaging in eyes with diabetic macular edema (DME).

MEeTtHODS. Spectral-domain OCT images from a consecutive series of 90 eyes in 79 patients
with DME and 30 healthy eyes in 30 volunteers were analyzed retrospectively. The subfoveal
area covering the photoreceptor layers was skeletonized and the orientation of the segmented
lines was termed “‘parallelism,” which reflects image complexity. Photoreceptor layer status
at the fovea was categorized by graders, including continuity of the external limiting
membrane (ELM) line, inner segment ellipsoid line, and the presence of hyperreflective foci
in the outer retinal layers. The relationships among parallelism, visual acuity, and
photoreceptor layer status were evaluated.

Resuits. Parallelism was significantly lower in eyes with DME than in normal eyes (P <
0.0001), and correlated strongly with visual acuity in eyes with DME (R = —0.592; P <
0.0001). Eyes with an intact inner segment ellipsoid line or ELM line had significantly better
visual acuity (VA) and higher parallelism than eyes with a discontinuous or absent inner
segment ellipsoid line or ELM line. Parallelism was significantly higher (? < 0.0001) and
logMAR VA significantly better (P < 0.0001) in the group without hyperreflective foci in the
outer retinal layers than in the group with hyperreflective foci in the outer retinal layers.

Concrusions. Parallelism has the potential to reflect structural changes of the photoreceptor
layers in DME.

Keywords: diabetic macular edema, optical coherence tomography, image analysis

iabetic macular edema (DME) is a leading cause of visual
dysfunction in patients with diabetes. The number of
patients with diabetic retinopathy is expected to increase over
the next few decades; therefore, a further revitalization of
research and development on efficient and high-quality
evaluation techniques for DME needs to be addressed.!-
Along with the popularization of optical coherence tomog-
raphy (OCT) in recent decades, clinicians have been able to
detect thickening of the sensory retina and vascular lesions in
DME more easily and objectively compared with examination
using biomicroscopy only.3-> In particular, OCT has enabled
clinicians to objectively measure retinal thickness for assess-
ments of disease severity or therapy evaluations, and a modest
correlation between OCT-measured central retinal thickness
and visual acuity (VA) has been reported in DME to date.*'°
More recently, because of improvements in OCT image
quality achieved by developments in both hardware .and
software, later generations of OCT systems have provided
cross-sectional imaging of the retina at a higher resolution,
allowing clinicians to analyze smaller structures and the
individual retinal layers.!'-'4 In particular, the external limiting
membrane (ELM), which corresponds to the adherens junc-
tions between the Miiller cells and photoreceptor cells,'> and

the inner segment ellipsoid line'® on the OCT images
reportedly provide important information about pathologies
of the photoreceptors.!”’20 Hyperreflective foci in DME,
subclinical findings that are invisible during clinical ophthal-
moscopic examinations, are related to foveal photoreceptor
damage and concomitant visual disturbance.?!-2% A correlation
has been established between damage to the foveal photore-
ceptors and the VA in retinal diseases, including DME,
suggesting the clinical relevance of both macular thickening
and the photoreceptor damage in DME.?>

Several methods, including detection of inner segment
ellipsoid line and ELM discontinuities or measurement of
photoreceptor outer segment (PROS) lengths, have been
reported for qualitative or quantitative evaluations of the
photoreceptor layer on OCT images by using graders or
software.18-20.26-28 However, alterations of the photoreceptor
layer on OCT images of eyes with DME involve not only
discontinuities of the inner segment ellipsoid lines and ELM
lines, but also transformations of these lines, the presence of
hyperreflective foci, and irregular RPE lines; these features are
too complicated to evaluate by looking at only one aspect of
the alterations.??23?° The development of robust algorithms
for comprehensive analyses are eagerly anticipated.
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Parallelism in DME

In this study, we proposed a new method to quantitatively
and comprehensively evaluate the complexity of photorecep-
tor-RPE complex alterations by using “parallelism,” which we
previously reported as a new, robust, and practical parameter
of the structural integrity of retinal layers.>® This parameter
reflects how parallel line objects are to each other on OCT
images and can be calculated using line segments generated by
simply filtering and thresholding the original image. The
increased complexity of photoreceptor-RPE complex images
as a result of the above-mentioned alterations in DME has the
potential to decrease parallelism. The algorithm for calculating
parallelism was tested using OCT scans from healthy subjects
and patients with DME, and its clinical relevance was explored.

METHODS
Subjects

This was a retrospective, observational, cross-sectional study.
All the research and measurements adhered to the tenets of the
Declaration of Helsinki and were approved by the institutional
review board at Kyoto University Graduate School of Medicine
for retrospective review of existing patient data. We retrospec-
tively examined 90 eyes in 79 patients (mean age * SD, 65.3 =+
8.6 years; range, 35-88 years) with DME who visited Kyoto
University Hospital from June 2008 through June 2010. The
inclusion criterion was the availability of spectral domain OCT
(SD-OCT) images of sufficient quality. All patients had
undergone comprehensive ophthalmologic examinations, in-
cluding measurements of best-corrected VA (BCVA), slitlamp
biomicroscopy, color fundus photography, and SD-OCT. The
exclusion criteria included the presence of serous retinal
detachment, hard exudates at the fovea, significant media
opacities (including cataract or vitreous hemorrhage), and
other retinal diseases, such as uveitis or vitreomacular traction
syndrome. Data for 30 eyes of 30 volunteers (63.0 = 9.9 years;
range, 38-77 years) were retrospectively collected from our
database of healthy volunteers as candidate control eyes.

Optical Coherence Tomography

Spectral-domain OCT (Spectralis; Heidelberg Engineering,
Heidelberg, Germany) images were used for analyses of retinal
sectional images of the macula. Sixty-one raster scans (30 X 25
degrees) in high-speed mode and 30-degree cross-hair scans in
high-resolution mode were used in this study. Raster scans
were used for mean foveal thickness measurement (radius, 500
pm) using built-in software, and cross-sectional images were
used for calculation of parallelism. The presumed foveal center
was determined as the area lacking inner retinal layers in the
macular region?! and the pathomorphology within a 1-mm area
centered at the presumed fovea was assessed for each eye. We
evaluated the status of the ELM line, inner segment ellipsoid
line at the fovea, and the presence of hyperreflective foci in the
outer retinal layers, as previously described.?? Eyes in which
the inner segment ellipsoid line was detected as a complete
line in the fovea were classified as inner segment ellipsoid
line($), and eyes in which the inner segment ellipsoid line was
detected as a discontinuous line in the fovea were classified as
inner segment ellipsoid line(*); when the inner segment
ellipsoid line could not be detected in the fovea, eyes were
classified as inner segment ellipsoid line(—). Each eye also was
classified based on the status of the ELM line beneath the fovea
by using the same criteria described for the inner segment
ellipsoid line (i.e., ELM line[+], ELM line[*], and ELM line[-]).
Two experienced examiners (KO, TH) blinded to the clinical
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findings categorized the status of the outer retinal layers,
including continuity of the inner segment ellipsoid line,
continuity of the ELM line, and the presence of hyperreflective
foci. In cases of disagreement, the results were discussed until
consensus was reached. The kappa coefficient was calculated
as a measure of agreement between the observers.

Calculation of Parallelism

Cross-sectional images at 30 degrees through the fovea were
chosen for each eye. To quantitatively evaluate the complexity
of photoreceptor-RPE complex alterations, we first cropped a
rectangular region of interest (ROI) measuring 1000 X 150 pm
covering the photoreceptor-RPE complex at the fovea, and
extracted skeletonized images (lines) from the OCT images by
applying filtration through a 1- to 2-pixel band-pass filter using
an Image] (http://imagej.nih.gov/ij/; provided in the public
domain by the National Institutes of Health, Bethesda, MD,
USA) software plug-in Kbi_BandPass (http://hasezawa.ib.k.
u-tokyo.ac.jp/zp/Kbi/ImageJKbiPlugins) followed by binariza-
tion with intensity thresholding using Otsu’s thresholding
method for automatic binarization-level decisions using the
plug-in Kbi_ThrOtsu (http://hasezawa.ib.k.u-tokyo.ac.jp/zp/
Kbi/ImageJKbiPlugins) (Fig. 1).%273% It is of note that the
analysis of parallelism requires only information regarding the
orientation of structures in the ROI, which can be obtained
using line segments rather than solid lines. The calculation of
parallelism from the skeletonized image was fully described in
previous articles.3032:33 Briefly, in digital images, neighboring
pixel pairs can be categorized as 0°, 45°, 90°, and 135° with
respect to the horizon. In this study, parallelism was defined as
follows:

_|’1() — ngo| + 145 — 1135
no + Nys + 1gg + 1135

Parallelism

(1)

where 1, 145, 119¢, and 1,35 are the numbers of pixel pairs at
0% 45° 90°, and 135°, respectively. Parallelism can range from O
to 1, and images with more parallel line segments have higher
parallelism. The mean parallelism values from a horizontal scan
and vertical scan were calculated for each eye and used for the
analyses. All digital images were processed by a single operator
(AU) using Image] and a software plug-in.

Statistical Analysis

All values are expressed as mean * SD. All BCVA measure-
ments were converted to logMAR equivalents before statistical
analysis. Comparisons between healthy subjects and DME
patients with regard to age, logMAR VA, parallelism, and retinal
thickness were performed using Student’s #-tests. Comparisons
of the logMAR VA values and parallelism of the three groups
classified based on the status of the inner segment ellipsoid line
or ELM line were carried out using a one-way ANOVA, with
post hoc comparisons tested by the Scheffé procedure.
Comparisons of the logMAR VA values and parallelism between
the two hyperreflective foci groups (foci absent in the outer
retinal layers group versus foci present in the outer retinal
layers group) were carried out using Student’s f-tests. The
relationships between logMAR VA and parallelism, logMAR VA
and foveal thickness, and parallelism and foveal thickness were
analyzed using Pearson’s correlation coefficient. A P value less
than 0.05 was considered statistically significant. All analyses,
except for the kappa coefficient assessments, were performed
using StatView (version 5.0; SAS Institute, Cary, NC, USA).
Calculation of the kappa coefficient was performed using SPSS
(version 17; SPSS Inc., Chicago, IL, USA).
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FiGure 1.

Calculation of parallelism through skeletonizing OCT images of the photoreceptor-RPE complex in a healthy subject. Images are of the
right eye of a 74-year-old woman from our database of healthy volunteers. (A) A horizontal line scan from an SD-OCT image. (B) A magnified view of
the area outlined in black in (A). (C) A filtered image of (B) after the application of a band-pass filter for noise reduction and enhancement of the
line segments. (D) A binarized image of (C) after using Otsu’s thresholding method for automatic binarization level decisions. (E) A skeletonized
image generated from (D). Each line segment represents the orientation of the striped pattern of the photoreceptor-RPE complex. Line segments are

depicted as parallel lines, and the parallelism calculated for this area was 0.937.

REsuLTS

Assessment of Interobserver Agreement

The kappa coefficient was 0.704 (P < 0.001) for the ELM line,
0.809 (P < 0.001) for the inner segment ellipsoid line, and
0.756 (P < 0.001) for the presence of hyperreflective foci. The
results indicated good interobserver agreement.

Differences in Parallelism Between Healthy
Subjects and Patients With DME

Skeletonized OCT images in cases of DME with disrupted ELM
or inner segment ellipsoid lines and hyperreflective foci in the
outer retinal layers showed many line segments in random
orientations in the ROI, which have the potential to decrease
the parallelism of the images (Fig. 2). Meanwhile, in healthy
subjects and cases of DME with less disrupted photoreceptor
layers and without hyperreflective foci in the outer retinal
layers, line segments were observed as parallel lines (Figs. 1
and 3). Parallelism was significantly (P < 0.0001) lower and
logMAR VA was significantly (P < 0.0001) worse in eyes with
DME than in normal eyes (Table 1). Retinal thicknesses were
significantly higher in eyes with DME than in normal eyes (P <
0.0001D).

Association Between Parallelism and
Photoreceptor Status

We further investigated how photoreceptor status in DME
contributed to parallelism values. There were significant
differences among the three inner segment ellipsoid line
groups in parallelism (P < 0.0001) and logMAR VA (P <
0.0001) (Table 2). In the inner segment ellipsoid line(+) group,
parallelism was significantly higher and logMAR VA was
significantly better than those in either the inner segment
ellipsoid line(*) (P=0.0077 and P =0.0198) or inner segment
ellipsoid line(—) groups (P < 0.0001 for both comparisons).

There also were significant differences among the three ELM
line groups in parallelism (P < 0.0001) and logMAR VA (P <
0.0001). In the ELM line(#) group, parallelism was significantly
higher and logMAR VA was significantly better than those in
either the ELM line(*) (P < 0.0001 and P = 0.0004) or ELM
line(—) groups (P < 0.0001 for both comparisons). Parallelism
was significantly higher (P < 0.0001) and logMAR VA was
significantly better in the group without hyperreflective foci in
the outer retinal layers than in the group with hyperreflective
foci in the outer retinal layers.

Correlation Among VA, Parallelism, and Foveal
Thickness in Patients With DME

Parallelism correlated well with logMAR VA (R =—0.592; P <
0.0001) (Fig. 4). Moreover, foveal thickness correlated signif-
icantly with logMAR VA (R = 0.381; P = 0.0002). Significant
negative correlations were observed between parallelism and
foveal thickness (R =—0.316; P = 0.0316).

Di1scussION

This study is based on a methodology according to which
photoreceptor-RPE complex alterations in DME are compre-
hensively quantifiable by interpreting the alterations as
changes in image complexity. Parallelism, a parameter reflect-
ing the orientations of lines in the image, was applied as a
parameter representing the complexity of photoreceptor-RPE
complex alterations, and the results demonstrated that
parallelism was clinically relevant in eyes with DME. To the
best of our knowledge, this is the first study that used
parallelism as a surrogate marker for photoreceptor-RPE
complex alterations in OCT image analysis.

Significant differences between normal eyes and eyes with
DME and significant correlations with VA were detected with
the use of parallelism. Moreover, eyes with an intact inner
segment ellipsoid line or ELM line had significantly higher
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