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Purrosk. To investigate the clinical significance of intercapillary spaces on swept source
optical coherence tomography angiography images in diabetic retinopathy.

MerHops. We retrospectively reviewed 110 eyes of 110 patients suffering from diabetic
retinopathy without macular edema for whom 3 x 3 mm swept source optical coherence
tomography angiography images centered on the fovea were obtained. Automatic image
processing of the superficial slab images allowed us to define the areas encircled by reti-
nal vessels as intercapillary spaces within the central 2-mm circle. We evaluated how the
quantitative parameters of intercapillary spaces are associated with logMAR and feasible
to diagnose diabetic macular ischemia.

Resurrs. Total counts (p = —0.419; P < 0.001) rather than morphologic parameters of the
intercapillary spaces showed a significant correlation with logMAR. There were individ-
ual levels of correlations between logMAR and counts of intercapillary spaces in individ-
ual sectors. In particular, the summed numbers of the spaces in three highly significant
sectors were more significantly associated with logMAR (p = —0.515; P < 0.001). Multi-
variate analyses confirmed that the number of the intercapillary spaces (8 = —0.266; P =
0.016) and foveal avascular zone area (8 = 0.227; P = 0.042) were related to logMAR. The
clustering using the foveal avascular zone area and the number of intercapillary spaces
revealed two major clusters; one had fewer intercapillary spaces (P < 0.001) and poorer
logMAR (P < 0.001) than the other, with a wide range of the foveal avascular zone area.

Concrusions. Decreased intercapillary spaces contribute to visual impairment in diabetic
retinopathy and suggest one possible criterion of objective diagnosis of diabetic macular
ischemia.

Keywords: diabetic retinopathy, diabetic macular ischemia, intercapillary space, foveal
avascular zone, optical coherence tomography angiography

iabetic retinopathy (DR) is a leading cause of vision

loss in people of working ages worldwide.!'? In addi-
tion to the morphological changes in retinal vessels, capil-
lary nonperfusion exacerbates retinal neurodegeneration.’*
Neuroglial cells exposed to hypoxia secrete VEGF and
concomitantly promote angiogenesis and vascular hyperper-
meability, which clinically contribute to the pathogenesis in
proliferative diabetic retinopathy (PDR) and diabetic macu-
lar edema (DME). In the era of anti-VEGF therapy, therapeu-
tic strategies against diabetic macular ischemia should be
established.’

Retinal vessels originate from the optic disc and mainly
run within the ganglion cell layer. They bifurcate into the
capillaries in the nerve fiber layer and those in the inner
and outer borders of the inner nuclear layer.® Multiple reti-
nal vascular plexus layers mainly nourish the neurons in
inner retinal layers which allow signal transduction. Clas-
sically, fluorescein angiography (FA) shows the feasibil-
ity of evaluating the foveal avascular zone (FAZ), which
enables us to diagnose ischemic maculopathy subjectively.”
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However, multilayered vascular plexuses and the leakage
of fluorescein dye often make it difficult to evaluate three-
dimensional vessels in the parafovea or perifovea on FA
images. In contrast, optical coherence tomography angiog-
raphy (OCTA) delineates retinal vessels three-dimensionally
and has advantages in the selective assessments of superfi-
cial and deep vascular plexuses in any areas of the macula.??
It allows us to quantify perfusion or nonperfusion indices to
investigate microcirculatory disturbance.’

Comparative studies between structural OCT and OCTA
images have revealed the disturbance of the neurovascu-
lar unit in DR.!®! It has recently been reported that the
nonperfused areas (NPAs) in the superficial vascular plexus
are accompanied by no boundaries between the nerve fiber
layer and ganglion cell layer, and cystoid spaces in the inner
nuclear layer often correspond to the NPAs in the deep
vascular layer.!! Previous publications showed a modest
association between the FAZ areas and the reduction of
visual acuity (VA) in DR, which is consistent with the simul-
taneous neurovascular degeneration.'?!> However, there is
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a question of whether ischemic changes at the fovea and
in the parafovea are critical for bipolar cells and subsequent
ganglion cells from foveal cone photoreceptors, respectively,
which are centrifugally displaced.'*

We have recently proposed an intercapillary space spec-
trum that contains both healthy intercapillary areas and
pathophysiological NPAs on OCTA images; this spectrum
can be used to evaluate the processes of capillary nonperfu-
sion automatically and objectively.' In this study, we investi-
gated whether the characteristics of capillary nonperfusion
in the parafovea are associated with VA and the diagnos-
tic significance of diabetic macular ischemia in DR without
center-involving DME.

METHODS
Participants

In this retrospective study, we reviewed 110 consecutive
eyes of 110 patients with DR for whom swept source OCTA
images of sufficient quality (signal strength index of 8 or
more) were obtained. The inclusion criteria were DR and
central 3 x 3 mm swept source OCTA images centered on
the fovea had been acquired. We excluded eyes with center-
involved DME, severe media opacity, an axial length of less
than 22 mm or more than 26 mm, any other chorioretinal
disease, other ocular diseases that lead to visual impairment,
photocoagulation within 6 months before imaging, previ-
ous treatment for macular pathology, cataract surgery within
3 months before imaging, or any intraocular surgery other
than cataract surgery. We further excluded eyes that received
other treatments for DR or DME than panretinal photocoag-
ulation. Additional exclusion criteria were poor image qual-
ity (signal strength index of 7 or less) or severe segmen-
tation error in the superficial slab. If both eyes met these
criteria, we selected the right eye for this study. All research
and measurements were performed in compliance with the
tenets of the Declaration of Helsinki and with the approval
of the Kyoto University Graduate School and Faculty of
Medicine Ethics Committee. Written informed consent was
obtained from all participants.

Fundus Imaging

We measured the refraction and subsequent best-corrected
decimal VA and converted it to the logMAR. After a compre-
hensive ophthalmic examination, the axial length and the
central subfield thickness were measured using partial
coherence interferometry (IOL Master, Carl Zeiss Meditec,
Inc., Dublin, CA) and Spectralis OCT (Heidelberg Engineer-
ing, Heidelberg, Germany), respectively. Eyes with a central
subfield thickness of greater than 320 pm or 305 pm for male
or female patients, respectively, were diagnosed as center-
involved DME.

Swept source OCTA images within the nominal 3 x 3
mm square centering on the fovea were acquired using Plex
Elite 9000 (Carl Zeiss Meditec, Inc.). The nominal 3 x 3 mm
square was obtained with 300 x 300 A-scans and digitally
converted to a 1024 x 1024 pixel array for quantitative anal-
yses.

Intercapillary Spaces

Among several perfusion or nonperfusion indices, we
selected intercapillary spaces and the FAZ, because we
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consistently evaluated the circulation disturbance in both
the parafovea and fovea. Several publications have proposed
each method to detect NPAs on OCTA images.!”"?! We
hypothesized the morphological continuum from healthy
intercapillary areas to pathological NPAs and therefore
defined areas enclosed by retinal vessels as intercapil-
lary spaces in this study, as proposed recently.!® Because
we considered that the transient and persistent capillary
nonperfusion may affect neuronal function, we selected a
single en face image, but not the smoothened images.'”-!8
Additionally, we focused on the superficial layer, because
VA depends on the signals derived from the foveal photore-
ceptors and transmitted to the bipolar cells and ganglion
cells in the superficial slab. All intercapillary spaces were
assessed quantitatively on OCTA images according to four
steps, as described previously!®: (1) the construction of the
superficial en face OCTA images according to the default
settings of the manufacturer’s software, (2) the determina-
tion of the central 2-mm area using image processing soft-
ware (Adobe Photoshop, Adobe Systems Inc, San Jose, CA),
(3) the binarization of retinal vessels by the Phansalkar adap-
tive local thresholding method of ImageJ (NIH, Bethesda,
MD) (Fig. 1), and (4) quantitative analyses of intercapillary
spaces. The Analyze Particles function of Image]J allowed us
to detect each intercapillary space automatically and quan-
tify its geometric parameters (area, perimeter, maximum
diameter, and minimum diameter) and the coordinates (x, y)
of its centroid. The space containing the foveal center was
defined as the FAZ. The pixels were converted to millimeters
or square millimeters, after the lateral length was corrected
for the axial length according to Bennett formula.??

In addition to a few morphological parameters, we eval-
uated the association between logMAR and counts of inter-
capillary spaces. We further counted the number of intercap-
illary spaces after size thresholding or within the specific
locations. We selected stepwise size thresholds (from 0.01
to 0.05 mm?), and evaluated the association between
logMAR and the number of intercapillary spaces smaller
than each threshold in the central circle with a diameter of
2 mm.

We further assessed the relationship between logMAR
and the counts of intercapillary spaces in each sector,
which was divided according to the orientation to and
distance from the foveal center. We first determined ring
1 (0.375-0.500 mm from the center), ring 2 (0.500-0.625
mm), ring 3 (0.625-0.750 mm), ring 4 (0.750-0.875 mm),
and ring 5 (0.875-1.000 mm). Second, we divided a 360°
circle into octants of 45° (superior, superonasal, nasal, infer-
onasal, inferior, inferotemporal, temporal, and superotem-
poral octants), followed by the creation of 40 sectors in
the parafovea. We hypothesized that the centroid of inter-
capillary spaces represents their location; accordingly, we
counted the centroids of intercapillary spaces within each
sector. To exclude the false positive in the multiple statistical
tests, we further prepared other two annulus patterns, that
is, three and four rings in the parafovea, and used the similar
analyses.

We quantified three typical perfusion indices, that is,
vessel density, vessel length density, and fractal dimension,
as described previously.”? Briefly, the flow signals on the
binarized images using the local thresholding was quanti-
fied for the vessel density. Subsequent skeletonized vessels
were also measured as the vessel length density. The fractal
dimension on the skeletonized images was assessed using
the Fractal Box Count function.
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Ficure 1. Automatic quantification of intercapillary spaces in each sector on swept source OCTA images in two representative eyes with
DR. (A, C, E, G) The decrease in the number of intercapillary spaces in a 42-year-old man with diabetic macular ischemia and PDR.
(B, D, F, H) Abundant intercapillary spaces in a 52-year-old man with severe nonproliferative diabetic retinopathy (NPDR). (A, B) Raw OCTA
images of the superficial slab within the central 2-mm circle. (C, D) Binary image (white = intercapillary spaces). (E, F) The intercapillary
spaces are detected automatically. (G, H) Pseudocolor maps of the number of intercapillary spaces in each parafoveal sector.
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Statistical Analyses

Results are presented as the median (interquartile range).
The Mann-Whitney U test or Kruskal-Wallis test with the
Bonferroni correction was used for comparisons between
groups. Fisher’s exact test or the x? test was applied to
test the sampling distribution. Spearman’s rank correlation
coefficient was used to assess the association between two
variables. Particularly, we defined the sector with the best
correlations between the number of intercapillary spaces
and logMAR (p < —0.45) as a highly significant sector.
The numbers of intercapillary spaces in these sectors were
summed to evaluate the relation to logMAR. The sector with
a p of less than —0.4 was defined as a significant sector
and underwent the similar analyses. We used multivariate
analyses to adjust for confounding factors. The significant
independent factors (P < 0.10 in univariate analyses) were
applied to multivariate regression analysis.

Cluster analyses were performed using Ward’s method of
dendrogram hierarchical clustering after the normalization
of the parameters. We selected two parameters, that is, the
FAZ area and total counts of intercapillary spaces and calcu-
lated the Euclid distances between two hypothesized clus-
ters. The agglomeration of clusters with the minimal distance
was selected. These processes were repeated, and all eyes
reached to one cluster. Two major clusters were referred to
as the nonperfusion group and the perfusion group. Two
minor clusters in the nonperfusion group were as the severe
subgroup and the mild subgroup. A P value of less than
0.05 was considered statistically significant. These statistical
analyses were performed using commercial software (PASW
Statistics, version 22; SPSS Inc., Chicago, IL).

RESsULTS

Relation Between logMAR and Parameters of
Intercapillary Space

We investigated the relationship between logMAR and
nonperfusion parameters in the macula in 110 eyes of 110
patients with DR without DME. The patients’ characteristics
are shown in Table 1. We first evaluated the parameters of
the automatically defined FAZ. The area, minimum diameter,
maximum diameter, and perimeter of the FAZ were related
to logMAR (Supplementary Table S1).

TaBLe 1. Patient Characteristics

Variables

Age (years) 62 (50 to 71)

Gender (male/female) 74/36
Hemoglobin Alc (%) 7.4 (6.9 to 8.4)
Duration of diabetes (years) 16 (9 to 23)
Systemic hypertension (present/absent) 61/49
Dyslipidemia (present/absent) 52/58
LogMAR 0.000 (-0.079 to 0.046)
Phakia/pseudophakia 63/47
International DR severity grade (eyes)
Mild NPDR 9
Moderate NPDR 41
Severe NPDR 12
PDR 48
Prior panretinal photocoagulation (eyes) 46

Values are median (interquartile range) or number.
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We further introduced the quantitative parameters of
parafoveal intercapillary spaces in this study. Their counts
were significantly related to the vessel density, vessel length
density, and fractal dimension (Supplementary Fig. S1). The
mean area, minimum diameter, maximum diameter, and
perimeter of the intercapillary spaces also showed a modest
correlation with logMAR (Supplementary Table S1). The total
counts of intercapillary spaces were more significantly asso-
ciated with logMAR than other parameters (p = —0.419; P
< 0.001) (Fig. 2A). Other perfusion indices had the simi-
lar association with logMAR (Supplementary Fig. S2). In 104
eyes with good vision (logMAR < 0.5), the logMAR was
more significantly associated with total counts of intercap-
illary spaces (p = —0.338; P < 0.001) than with the vessel
density (p = —0.308; P < 0.001).

We considered additional analyses regarding the size
thresholding and the location of intercapillary spaces. We
counted the intercapillary spaces with areas smaller than
several thresholds, but failed to find more significant associ-
ations with logMAR (Supplementary Table S2). In contrast,
the counts in three parafoveal sectors, that is, the third (p
= —0.485; P < 0.001) and fourth (p = —0.473; P < 0.001)
rings of the superotemporal octant and the fourth ring of the
superior octant (p = —0.474; P < 0.001) were more signifi-
cantly associated with logMAR (Fig. 2B). The summed counts
in these three highly significant sectors were best related
to logMAR (p = —0.515; P < 0.001) (Fig. 2C). We further
summed the numbers in seven significant sectors, which
showed better correlation with the logMAR (p = —0.504; P <
0.001; Fig. 2D). Additional analyses using other two annulus
patterns confirmed the similar trends; the outer or superior
sectors had a better association with the logMAR (Supple-
mentary Fig. S3).

We used the multivariate regression analysis to adjust for
confounding factors, and revealed that the number of inter-
capillary spaces in three highly significant sectors and the
FAZ area were related to the logMAR (Table 2).

Cluster Analysis Using Parafoveal Intercapillary
Spaces and FAZ

We evaluated the association between the FAZ area and the
total counts of intercapillary spaces and found a significant
association between them (Fig. 3B). It was strange that no
eyes with many intercapillary spaces had an enlarged FAZ,
whereas several eyes with fewer intracapillary spaces had a
smaller FAZ. Similarly, no eyes with a greater FAZ area were
accompanied by smaller mean areas of intercapillary spaces
(Fig. 3C). This result suggests a unique trait of diabetic
macular ischemia. We, therefore, applied the cluster analysis
to evaluate their diagnostic significance in diabetic macu-
lar ischemia (Fig. 3A). Agglomerative clustering objectively
reached to 2 major groups, which prompted us to define
82 eyes of the first cluster with fewer intercapillary spaces
as the nonperfusion group (Table 3). Eyes of the nonperfu-
sion group had poorer logMAR than those of the perfusion
group (0.000 [—0.079 to 0.097] vs. —0.079 [—0.176 to 0.011];
P < 0.001). Multivariate analysis confirmed the association
between logMAR and the number of intercapillary spaces in
the highly significant sectors in 82 eyes of the nonperfusion
group (Supplementary Table S3).

The cluster analysis also revealed two minor clusters;
severe subgroup and mild subgroup (Figs. 3A, D). These
clusters had the differences in some FAZ parameters and
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Ficure 2. The association between logMAR and counts of the intercapillary spaces in DR without DME. The significant associations of
logMAR with total counts (A), those in three highly significant sectors (C), and those in seven significant sectors (D) of intercapillary spaces.
(B) A pseudocolor map of the correlation between logMAR and the number of intercapillary spaces in each sector.

TaBLE 2. Association of Systemic and Ocular Parameters With logMAR in 110 Eyes With DR

Univariate Multivariate

Variables Unstandardized 8 Standardized 8 P Value Unstandardized 8  Standardized § P Value
Age (years) 0.001 0.087 0.367 - - -
Gender (male) —0.027 —0.056 0.558 - - -
Hemoglobin Alc (%) —0.009 —0.064 0.527 - - -
Duration of diabetes (years) —0.003 —0.131 0.218 - - -
Systemic hypertension 0.011 0.023 0.808 - - -
Dyslipidemia —0.078 -0.171 0.074 —0.043 —0.124 0.160
Pseudophakia 0.077 0.169 0.078 0.007 0.019 0.832
PDR —0.025 —0.056 0.564 - - -
FAZ area (mm?) 0.168 0.403 <0.001 0.095 0.227 0.042
No. of intercapillary spaces in —0.003 —0.437 <0.001 —0.002 —0.266 0.016

the highly significant sectors
Prior panretinal 0.144 0.312 0.001 0.040 0.112 0.225

photocoagulation
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Ficure 3. The clustering using the FAZ area and the total counts of intercapillary spaces discriminates the nonperfusion group from the
perfusion group. (A) A heatmap of the agglomerative clustering using Ward’s method reveals two major clusters. The characteristics of the
left cluster represent the nonperfusion group. (B) These two clusters (white dots = eyes in the right cluster in A; black dots = eyes in the
left cluster) are divided by the threshold of the intercapillary spaces (number = 230), but not by the FAZ area, in the scatter plot. (C) The
scatter plot shows that no eyes with an enlarged FAZ have small mean areas of the intercapillary spaces. (D) Two minor clusters in the
nonperfusion group. White and black dots correspond with left and right subclusters, respectively.

total counts of intercapillary spaces, but not in DR severity
(Supplementary Table S4).

DISCUSSION

In the current study, we revealed, for the first time, that
the number of the intercapillary spaces on OCTA images
was negatively associated with logMAR in DR without
center-involved DME. This finding suggests that parafoveal
ischemic changes in the superficial vascular layer have
impacts on VA. Bipolar cells and subsequent ganglion cells
from cone photoreceptors are centrifugally displaced, and
anatomically correspond with the FAZ and the superficial
vascular layer in the parafovea, respectively. Diabetes leads
to damages in both capillaries and might contribute to the
impairment in ganglion cells and resultant VA decrease,
at least in part. Additionally, the clustering using the FAZ
and the intercapillary spaces divided 110 eyes into 2 major
groups, and further prospective studies should elucidate its
clinical feasibility in the objective diagnosis of diabetic macu-
lar ischemia.

The FAZ parameters are feasible on both FA and OCTA
images, although the parameter of this single finding may
be vulnerable to several lines of artifacts in image acqui-
sition, processing, and quantification.?#?> In addition, the
FAZ areas vary in healthy individuals.?>?’ These concerns
do not allow us to define the normal value of the FAZ

parameters.”® In contrast, the parameters of intercapillary
spaces can be calculated using many spaces, independent
of the inborn morphologic features of the FAZ. Both tran-
sient and permanent obstruction of retinal vessels influ-
ences flow signals on OCTA images, whereas the transient
nonperfusion cannot be observed on FA images.>?* Because
even the minimal and transient loss of flow signal between
intercapillary spaces also makes them fused into one on
OCTA images, their morphological parameters increase and
their counts decreases in the parafovea. It suggests that
such assessment has a high sensitivity for microcirculation
impairment. We, therefore, focused on the clinical relevance
of the intercapillary spaces compared with those of the
FAZ.17_21

Among several parameters of intercapillary spaces, their
counts showed the most significant correlation to logMAR.
As in the case of perfusion metrics, for example, vascu-
lar density and its morphologic parameters, the geometric
parameters of intercapillary spaces are modulated by vascu-
lar morphologic changes, for example, microaneurysms and
capillary tortuosity or dilatation. In contrast, the number of
intercapillary spaces may depend on vascular obstruction
but not on its morphology. We, therefore, speculated that
the deficiency of oxygen and nutrients rather than vascu-
lar morphologies is one of several factors impairing visual
function in DR without DME.>

We further investigated the clinically significant sectors
and found that the counts of intercapillary spaces in seven
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TaBLe 3. Characteristics of Eyes in the Nonperfusion and Perfusion Groups

Variables Nonperfusion Group (82 Eyes) Perfusion Group (28 Eyes) P Value
Age (years) 60 (49 to 72) 63 (56 to 69) 0.299
Gender (male/female) 61/21 13/15 0.010
Hemoglobin Alc (%) 7.7 (6.8 to 8.4) 7.2 (6.9 to 8.0) 0.901
Duration of diabetes (years) 16 (10 to 22) 17 (8 to 25) 0.857
Systemic hypertension 49 12 0.130
Dyslipidemia 40 12 0.664
LogMAR 0.000 (—0.079 to 0.097) —0.079 (—0.176 to 0.011) <0.001
Phakia/pseudophakia 42/40 21/7 0.045
International DR severity scale

Mild NPDR 4 5

Moderate NPDR 26 15

Severe NPDR 9 3

PDR 43 5 0.005
FAZ

Area (1073 mm?) 805 (611 to 1196) 567 (386 to 737) <0.001

Minimum diameter (10~! mm) 12.01 (9.63 to 14.46) 8.76 (6.96 to 10.09) <0.001

Maximum diameter (10~! mm) 16.38 (14.40 to 19.06) 11.43 (9.31 to 12.44) <0.001

Perimeter (10~! mm) 186.5 (119.5 to 237.2) 94.2 (54.2 to 122.7) <0.001
Intercapillary spaces

Total counts 138 (96 to 179) 297 (268 to 378) <0.001

Mean area (10~ 3mm?) 7.15 (5.96 to 9.00) 3.23 (2.60 to 3.76) <0.001

Mean minimum diameter (10~! mm) 0.613 (0.565 to 0.687) 0.433 (0.398 to 0.470) <0.001

Mean maximum diameter (10! mm) 1.213 (1.063 to 1.361) 0.878 (0.787 to 0.952) <0.001

Mean perimeter (10~! mm) 4.24 (3.63 t0 5.10) 2.57 (2.29 to 3.02) <0.001
Prior panretinal photocoagulation 42 4 <0.001

Values are median (interquartile range) or number.

significant sectors were feasible to infer VA reduction in
DR. The numbers of intercapillary spaces in several sectors
in the outer rings were significantly associated with VA
reduction. Anatomically, ganglion cells or their axons from
foveal photoreceptors reside in the outer ring, because
bipolar and ganglion cells are centrifugally displaced in
the macula.!* The correspondence between structure OCT
and OCTA revealed the damages in ganglion cells in the
NPAs in the superficial layer.'! Histological publications also
confirmed the degenerative changes in ganglion cells in
diabetic retinas.>!** We, therefore, hypothesized that the
capillary nonperfusion promotes ganglion cell impairment
or vice versa. Retinal ganglion cells, in which action poten-
tials are elicited, consume a large amount of adenosine
triphosphate to keep resting membrane potential and repo-
larization.®® They are far from the choroid and nourished
only by the retinal vessels, compared with the bipolar cells
and photoreceptors. The disturbed blood flow in the super-
ficial capillaries of the parafovea may decrease the supply
of oxygen and glucose to retinal ganglion cells. Adeno-
sine triphosphate depletion would impair the function or
promote the degeneration in the ganglion cells. Inversely,
diabetes initially induces neurodegeneration in the retinas,
especially in the ganglion cells, mediated via several mech-
anisms. Loss of ganglion cells may decrease VEGF secretion
and promote capillary dropout.?3-34

All significant sectors, in which capillary nonperfusion
was highly associated with VA reduction, were located in
the superior hemifield rather than in the inferior hemifield.
Major previous publications demonstrated that the retinas
in the superior quadrant tend to have greater thicknesses on
OCT imaging and higher perfusion metrics in the superficial
OCTA images than those in the inferior quadrant in healthy
eyes.?>3% This finding suggests that retinal parenchyma in
the superior areas needs greater amounts of oxygen and

glucose, which are supplied by denser capillaries. In addi-
tion, the inner retinal layers of the superior areas are farther
from the choroidal nourishment. In contrast, there were no
differences in the capillary flow density between the supe-
rior and inferior quadrant in diabetic eyes.’” These publica-
tions may allow us to speculate that capillary nonperfusion
in the superficial layer promotes ganglion cell dysfunction
more significantly in the superior hemifield than in the infe-
rior hemifield.

Multivariate analyses showed that poor VA was associ-
ated with the reduced counts of intercapillary spaces in all
110 eyes with DR, compared with the marginal association
with the FAZ area. Surprisingly, statistical analyses in 82
eyes of the nonperfusion group suggested that the FAZ is
a confounding factor. Bipolar cells, which correspond with
the FAZ, might be tolerant of microcirculatory disturbance
in the retina, and choroidal vessels might nourish them via
Miiller cells and retinal pigment epithelium at least partly.

We evaluated the relationship between the FAZ area and
the number of intercapillary spaces. There were no eyes with
an enlarged FAZ and a normal level of intercapillary spaces,
although the FAZ is surrounded by the most distal capillar-
ies. No eyes had both an enlarged FAZ and a higher density
of intercapillary spaces outside the FAZ (data not shown).
The artery—capillary—vein unit in the superficial vascular
plexus of the parafovea may not allow the redundant perfu-
sion and promote the propagation of capillary obstruction.’®
In contrast, several arteries are connected to the perifoveal
capillary network, and deep vascular plexuses may serve as
the collateral vessels to it.>>

Despite its clinical significance, there is no consen-
sus regarding the definition of diabetic macular
ischemia.!321:4041  Several perfusion or nonperfusion
indices are candidates for diagnostic criteria. We consid-
ered that diagnostic parameters should be associated with



Investigative Ophthalmology & Visual Science

Parafoveal Intercapillary Spaces and FAZ in DMI

visual impairment and have definite thresholds to discrim-
inate eyes with the disease from those with no disease.
Among nonperfusion indices, the counts of intercapillary
spaces may be one of the candidates for the objective and
quantitative diagnosis of diabetic macular ischemia. The
counts were more significantly associated with logMAR
than the morphological parameters in the FAZ and inter-
capillary spaces. Additionally, we could not find the definite
thresholds in the mean areas for the diagnosis of diabetic
macular ischemia (Fig. 3C). The comparative study suggests
that the counts of intercapillary spaces are feasible for
the early diagnosis and the vessel density is useful for
the grading in the severe cases. Future prospective studies
should determine better metrics for the diagnosis.*?~44

There are several limitations in this single-center, retro-
spective study. Although we reviewed consecutive cases,
several inclusion and exclusion criteria may result in selec-
tion bias. In particular, we could not include eyes with severe
VA reduction and poor fixation, because the OCTA machine
used in this study did not delineate images with sufficient
quality in such eyes. The media opacity would affect the
quality of flow signals on OCTA images and might lead to
the minor errors in further analyses. Although we carefully
excluded eyes with severe segmentation error, the segmen-
tation may influence the delineation of superficial retinal
vessels. This image processing could not detect intercapil-
lary spaces in the deep capillary plexus and did not allow
us to evaluate them. The quantification of intercapillary
spaces may depend on the machine used for image acquisi-
tion and the algorithm used for the automatic detection of
intercapillary spaces. Multiple tests for statistical associations
might lead to false-positive results, and the confounders
might influence the statistical results. Future longitudinal
and multicenter studies should confirm the reproducibility
of other OCTA machines and other image processing algo-
rithms in other populations.

In the current study, we demonstrated, for the first time,
that the intercapillary spaces in the parafoveal and superfi-
cial vascular plexuses have significant impacts on logMAR
in DR without DME. The clustering using parafoveal inter-
capillary spaces and the FAZ discriminated the nonperfusion
group from the perfusion group, that suggests that they are
candidates for the objective and quantitative diagnostic crite-
ria of diabetic macular ischemia.
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