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Purrose. To investigate the characteristics of intraretinal microvascular abnormalities
(IRMAs) before and after panretinal photocoagulation (PRP) for diabetic retinopathy (DR)
by using optical coherence tomography angiography (OCTA).

MerHoDS. Forty-six eyes of 29 patients with DR were included (26 eyes with severe
nonproliferative diabetic retinopathy [SNPDR] and 20 eyes with proliferative diabetic
retinopathy [PDR]). En face OCTA images of IRMAs in a 6 x 6-mm area were acquired
by using Cirrus 5000 with AngioPlex. The morphological changes in IRMAs were eval-
uated before and after PRP. The changes in the IRMAs were divided into five subtypes:
unchanged; tuft regression; reperfusion; mixed (combined tuft regression/reperfusion);
and worsening (new appearance of tuft).

Resurrs. Unchanged IRMAs were identified in 15 SNPDR eyes and 2 PDR eyes; all neovas-
cularization (NV) had regressed after PRP. Tufts were more frequently observed in the
PDR eyes (15/20, 75%) than in the SNPDR eyes (8/26, 31%) (P = 0.003), and two tufts
tended to exceed the inner limiting membrane, which showed progression to NV before
PRP. The reperfusion phenomenon was observed in 7/26 SNPDR eyes and 4/20 PDR
eyes, including the mixed type, and showed two vascular patterns: abnormal (dilated,
tortuous, and twisted) and normal vessels. The worsening type was observed in 1/26
SNPDR eye and 2/20 PDR eyes.

Concrusions. OCTA enabled classification of IRMA into more detailed types. The
unchanged and reperfusion types suggested that IRMAs had aspects of remodeling.
However, IRMAs with tufts were observed in 75% of the PDR eyes, and the tufts had
aspects of NV.

Keywords: optical coherence tomography, optical coherence tomography angiography,
diabetic retinopathy, intraretinal microvascular abnormality

I n 1981, the Diabetic Retinopathy Study used standardized
photographs to define intraretinal microvascular abnor-
malities (IRMAs) as tortuous intraretinal vascular segments
in fields, varying in caliber from barely visible to 31 mm per
the Early Treatment Diabetic Retinopathy Study.!”> IRMAs
are one of the hallmarks of end-stage nonproliferative
diabetic retinopathy (DR),* with its severity being a risk
factor of progression to proliferative diabetic retinopathy
(PDR).” IRMAs are therefore regarded as an important clin-
ical endpoint as defined in the international severity classi-
fication.’ Despite such clinical consensus, subclassification
of IRMAs remains controversial. The histopathological char-
acteristics of IRMAs were described prior to clinical defini-
tions by Ashton in 1953.” He described them as new dilated
channels situated midway between arteries and veins that
projected toward the arteries and communicated with the
venous capillary circulation, and they were associated with
obliteration of circulation on the arterial side. In fluorescein
angiography (FA), IRMAs have little or no leakage and can
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generally be differentiated from neovascularization (NV).82
IRMAs on FA appear to flow into a vein while originating
from a vein.!® The traditional view was that IRMAs repre-
sent vascular remodeling that corresponds to the enlarge-
ment of capillary nonperfusion. However, in 1984, Muraoka
and Shimizu!! proposed the concept of intraretinal neovas-
cularizations (IRNVs) in which revascularization of nonper-
fused area (NPA) was observed in nonproliferative retinopa-
thy with subsequent proliferative changes appearing later,
suggesting that some IRMAs are forme fruste of retinal NV.
A subsequent study supported that a substantial proportion
of patients with diabetes have IRNVs when repeated angiog-
raphy is performed.!? Interestingly, Lee et al.!? in their study
reported that transition from IRMA to NV commenced with
an initial outpouching of the inner limiting membrane (ILM)
without the disruption of this layer. However, despite the
firm evidence showing that some IRMAs (i.e., IRNVs) are
precursor lesions of neovascularization elsewhere (NVE),
subclassification of IRMAs by FA have limited clinical
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Ficure 1. Comparison of how NV, IRMAs, and the NPA are captured for each fundus image examination. (A) Color fundus photograph of
the whole retina with PDR. The white square outlines the area shown on the angiogram. (B) Magnified color fundus photograph image of
the area surrounded by a white square. (C) Magnified FA image in the same area as that of the color fundus photograph image. (D) OCTA
image of all layers in a 6 x 6-mm area. The scanning area of OCTA was guided by the fundus observation of tortuous abnormal vascular

lesions and the FA leakage.

significance in disease monitoring, in part because FA is
an invasive examination that is not preferred/practical in
patients with diabetes, and spaciotemporal resolution of FA
images is limited.

Recently developed noninvasive optical coherence
tomography angiography (OCTA) is useful for observing
vascular lesions in DR and can clearly visualize the NPA
and adjacent IRMA and NV with high contrast.'¥ OCTA was
reported to detect 50% of IRMA cases that were missed
on color fundus photography (CFP) images.!> Our group
has recently evaluated the characteristics of NV before and
after panretinal photocoagulation (PRP) using OCTA and
reported that robust vascular proliferation can be an active
sign of NV.' In the current study, we extended our OCTA
study and evaluated the morphological changes in IRMAs
before and after PRP. We noted that there are dynamic
changes in the morphology of IRMAs and aim in this report
to highlight distinct progression and regression patterns of
IRMAs based on OCTA.

METHODS
Inclusion Criteria and Data Collection

Clinical and imaging data were collected retrospectively
from patients of the Asahikawa Medical University from
February 1, 2016 to December 31, 2017. This study adhered
to the tenets of the Declaration of Helsinki. Approvals for
data collection and analyses were obtained from the insti-
tutional review board of the Asahikawa Medical University.
The inclusion criteria involved new or previous diagnosis
of severe nonproliferative diabetic retinopathy (SNPDR), or
treatment-naive PDR, or previously treated PDR that still had
active NV after deficient retinal photocoagulation (PC). The
included eyes that had received PC in the past still had active
NV, wide NPA, and IRMAs for which PC was not performed.
Patients with mild diabetic macular edema (nontreated)
were also included. However, all patients who required anti-
VEGF therapy before PRP were excluded because anti-VEGF
therapy would in this study greatly affect the morphological
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Ficure 2. Flowchart of image trimming steps for image analysis using Adobe Photoshop. The OCTA images were obtained before (red
square) and after (blue square) PRP. First, one of the obtained images is overlapped with 50% opacity. Second, the image deviation is
corrected with reference to running of the blood vessels. Third, returning the opacity to 100% and creating an image that cuts out only the

overlapped area (red and blue dotted square).

Ficure 3. The morphology of IRMAs in the unchanged type. (A) OCTA image clearly shows the morphology of IRMAs existing in contact
with the NPA before PRP (yellow dotted square). (B) OCTA image after PRP in the same place. There is no change in the morphology of

IRMAs (yellow dotted square).

analysis of IRMA. The exclusion criteria were patients with
any other retinal disorders, including a history of vitre-
ous surgery and the presence of media opacities, such
as severe vitreous hemorrhage and cataract, and previ-
ous treatment with an intravitreous injection of anti-VEGF
drugs.

Disease severity was evaluated on the basis of the
International Clinical Diabetic Retinopathy and Diabetic
Macular Edema Disease Severity Scales using slit-lamp
biomicroscopy, CFP (a TRC-50DX [Topcon, Tokyo, Japan]
or Optos 200Tx [Optos PLC, Dunfermline, Scotland] reti-

nal camera), and FA (Spectralis HRA + OCT [Heidelberg
Engineering, Heidelberg, Germany] or Optos 200Tx).° All
patients underwent comprehensive ophthalmologic exam-
inations, including measurement of best-corrected visual
acuity, intraocular pressure, slit-lamp biomicroscopy, CFP,
FA, optical coherence tomography (OCT) (Topcon DRI
OCT Triton Swept-source OCT [Topcon] and the RTVue-
XR Avanti [Optovue, Inc, Fremont, California, USA]), and
OCTA. FA and OCTA were performed before PRP and
at 1 month after PRP completion. PRP was applied in
four sessions at an interval of 14 days between treatment.
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Ficure 4. The morphological changes of IRMAs before and after PRP in the tuft-regression type. (A) The findings of IRMAs in the 6 x
6-mm area observed by OCTA before PRP. (B) The findings of IRMAs observed by OCTA after PRP. (C) Magnified view of the IRMAs in the
OCTA image before PRP. Some IRMAs had buds of massive new blood vessel (tufts) at the tip of the IRMA in the area adjacent to the NPA
(yellow dotted circle and white arrow). (D) Magnified views of the IRMAs in the OCTA image after PRP. There is no change in the branches
of IRMA, however, the tufts regressed and changed to a ring shape (yellow dotted circle and white arrow). (E,F) Horizontal B-scan images
show layer segmentation of the tufts with white arrows in the corresponding en face OCT angiograms shown in (C) and (D), respectively.
The tuft originating from IRMA in the full retina tended to exceed the ILM before PRP (white arrow in E) and regressed after PRP (white

arrow in F).

Therefore the time for evaluation of the IRMA after PRP was
3 months after starting PRP, which was performed with the
following parameters: 200-ms pulse duration, 200-um spot
size, and 120- to 160-mW power. A conventional laser was
applied to the middle peripheral area outside the arcade,
including the IRMAs evaluated in this study, and a pattern-
scanning laser was added to the peripheral area. The aver-
age number of shots was 3627 burns (range, 1700-4900).
The following systemic clinical data were also recorded
for all participants at the time of ophthalmic examination:
body mass index, blood pressure, history of hypertension,
type of diabetes mellitus, hemoglobin Alc level, duration of
diabetes, and history of insulin treatment.

Optical Coherence Tomography Angiography

The instrument used for the OCTA images was based on the
Zeiss Cirrus 5000 with AngioPlex OCTA software (Carl Zeiss
Meditec, Inc., Dublin, CA, USA), with an A-scan depth of
2 mm, an axial resolution of 5 um, and a transverse resolu-

tion of 15 um. The software generated flow images using the
OCT micro-angiography-complex algorithm, which incorpo-
rates differences in both the phase and intensity information,
and FastTrac (15 fps) retinal tracking technology to reduce
motion artifacts.!” The scanning area for OCTA was selected
on the basis of the identification of IRMAs in CFP and FA
images (Fig. 1). IRMAs were imaged by moving the software
scanning area and changing the built-in fixation point before
PRP using en face angiograms (6 x 6 mm) around the optic
disk and vascular arcades. At 3 months after starting PRP,
IRMAs at the same location were re-evaluated with FA and
OCTA. For the purposes of this study, only OCTA images
with a signal strength >6/10 were used.

Evaluation of IRMAs

Morphology of IRMAs was evaluated in 6 x 6-mm en face
OCTA images, and we used whole-retina segmentation for
analysis. To observe the IRMA and new vessels on each en
face OCT angiogram, segmentation of the inner border on
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Ficure 5. The morphological changes in IRMAs before and after PRP in the reperfusion type. (A) The findings of IRMAs in the 6 x 6-mm
area observed by OCTA before PRP. (B) The findings of IRMAs observed by OCTA after PRP. (C) Magnified view showing the NPA in which
flow signal is not confirmed (white and yellow arrows), and the remarkable extension and tortuous IRMAs before PRP (yellow dotted square).
(D) Magnified view showing that a new flow signal is recognized in the NPA and tortuous blood vessels varying in caliber have improved
(yellow dotted square). The reperfusion vessels show two vascular patterns; abnormal (dilated, tortuous, and twisted: yellow arrow) and

normal (white arrow) blood vessels.

the B-scan was manually moved at the vitreous cavity, and
the outer border was set at the inner plexiform layer. All
IRMAs in the scanning area were evaluated. We confirmed
the presence of IRMAs using the B-scan OCT images with
overlaid flow signal. We distinguished between IRMAs and
NV according to whether the ILM was exceeded, such that
NV was defined by the disruption of the ILM and growth
into the posterior hyaloid. IRMAs were defined as being
fully retinal and not exceeding the ILM. Evaluations were
performed on images taken before PRP and 3 months after
start of PRP. Although this period was not a long-term obser-
vation, it was sufficiently long to evaluate the morpholog-
ical changes in the IRMAs because the neovascularization
at disk and NVE in our previous study certainly regressed
during this term.'® To evaluate the morphological changes
in IRMAs, the corresponding before and after PRP images
were input into Photoshop (Adobe, San Jose, CA, USA) and
the overlapping ranges cut out (Fig. 2).

In the current study, the morphological changes in the
IRMAs were divided into five subtypes: (1) unchanged type;
(2) tuft-regression type; (3) reperfusion type; (4) mixed type;
and (5) worsening type. The unchanged type was defined as
no change in the morphology of IRMA before and after PRP

(Fig. 3). The tuft-regression type demonstrated that the tufts
(buds of massive new blood vessel) were present in pre-PRP
images but regressed after PRP (Fig. 4). We defined a tuft as
being part of an IRMA, mainly present at the tip of an IRMA
in contact with an NPA, and as having a diameter more than
twice that of capillaries, a closed end, and a bulging shape.
The reperfusion type had no-signal area in pre-PRP images
but showed that capillary perfusion within the NPA was
partially recovered after PRP (Fig. 5). We considered not only
the recovery of normal capillaries but also abnormal (dilated,
tortuous, and twisted) blood vessels as the reperfusion type.
In the no-signal area, it was confirmed that there was no
perfusion even in FA. The mixed type was defined as having
characteristics of both the tuft-regression and reperfusion
types in the same OCTA image (Fig. 6). The worsening type
demonstrated new tufts in NPAs after PRP (Fig. 7). The types
of the IRMAs on the OCTA images were graded by two inde-
pendent retinal specialists (Al and AS). When discrepancies
occurred between the results, they were openly discussed,
and a conclusive decision reached. Any gradings that did
not achieve agreement by discussion were excluded from
the analysis. In this study, we observed IRMAs in a limited
area of 6 x 6 mm, not the entire retina. Moreover, some



Investigative Ophthalmology & Visual Science

Classification of IRMAs in DR Following PRP

IOVS | March 2020 | Vol.61 | No.3 | Article34 | 6

Ficure 6. The morphological changes in IRMAs before and after PRP in the mixed type. (A) The findings of IRMAs in the 6 x 6-mm area
observed by OCTA before PRP. There are NPAs and some IRMAs with tufts (dotted circle). (B) OCTA image showing that reperfusion in NPA
(yellow dotted square) and regression of tufts (yellow dotted circle) exist in different IRMAs within the same 6 x 6-mm OCTA image. (C) The
6 x 6-mm OCTA image of another patient before PRP. There are NPAs and some IRMAs that have tufts at the tip in contact with the NPA
(dotted square). The reperfused vessels are connected to surrounding vessels, and the vessel diameter is normal. (D) In the same IRMA, the
tufts regressed, and the tip of the IRMA extended, so another two properties of reperfusion and tuft-regression type are mixed. Reperfused

vessels are dilated, tortuous, and have a closed end.

IRMAs were isolated but fused each other, so we evaluated
at least one unit of IRMAs in the 6 x 6-mm OCTA images.

Statistical Analyses

The distribution of numeric variables was assessed by
inspecting histograms and using the D’agostino-Pearson
normality test. All data were expressed as the mean + SD.
The Fisher’s exact test was used for categorical variables. To
assess reliability for grading of IRMA between the graders
(AS and AD), Cohen’s Kappa was calculated. To evaluate
whether tufts could be predictors of progression to PDR,
the data were divided into two groups of with and without
tufts before treatment, and the proportions in SNPDR and
PDR were analyzed. Paired #-tests were used to compare the
mean signal strength in the OCTA images between the before
and after PRP images. SPSS v25 (IBM Corporation, Armonk,
NY, USA) and Prism 7 (GraphPad Software, Inc., La Jolla, CA,
USA) were used for statistical analysis, and a P value <0.05
was considered to be indicative of statistical significance.

REsuULTS
Baseline Characteristics

The study included 46 eyes of 29 patients (19 men, 10
women). The patients ranged in age from 29 to 78 years,
with a mean age of 60.7 years. Twenty-six eyes were diag-
nosed as having SNPDR, and 20 eyes were diagnosed as
having PDR. Table 1 presents the demographic and clinical
characteristics of the study patients.

Difference Between Visualization in FA and OCTA

First, FA confirmed the presence of IRMAs, NPA, and NV,
and activity of DR in all eyes. Later, the same lesions were
confirmed by using OCTA guided by FA images. Pre-PRP
FA images allowed visualization of the degree of DR sever-
ity and localization of NPA, active NV, and IRMAs; however,
they could not clearly visualize details of NV and IRMAs
because of fluorescein leakage from NV. Post-PRP FA images
could not clearly demarcate the NPA because of PC spots.
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Ficure 7. The morphological changes in IRMAs before and after PRP in the worsening type. (A) The findings of IRMAs in the 6 x 6-mm
area observed by OCTA before PRP. (B) IRMAs observed by OCTA after PRP. (C) Magnified view showing IRMAs in the NPA (yellow dotted
circle). (D) Magnified view showing the formation of a new tuft at the tip of the IRMA in contact with the NPA.

OCTA images, however, allowed visualization of all neces-
sary image components (Fig. 8).

Morphological Changes in IRMAs Before and
After PRP

Using the en face whole-layer OCTA images, we performed
the IRMA grading. The mean signal strength (maximum
value of 10) in OCTA images was not significantly differ-
ent before (8.4 + 1.0; range, 6-10) and after (8.2 £+ 1.1;
range, 6-10) PRP. Table 2 shows the proposed subclassifi-
cation of IRMAs focusing on the presence of tufts, recovery
of capillary perfusion, and ratio of subtypes in each stage of
DR. The IRMA grading between the two examiners showed
a high rate of agreement (Cohen’s kappa = 0.817). In
SNPDR-diagnosed eyes, the unchanged type was observed
in 15 eyes, accounting for the majority, whereas in PDR-
diagnosed eyes, only two eyes were observed. Before treat-
ments, tufts were more frequently observed in eyes with PDR
(15/20 eyes, 75%) than in eyes with SNPDR (8/26 eyes, 31%)
(P = 0.003; Table 2). In tuft-regression type patients with
PDR, the tufts originating from IRMA in the full retina tended
to exceed ILM in two eyes before PRP, and those tufts

regressed after PRP (Figs. 4E, 4F). The worsening type was
observed in 3 eyes (1/26 SNPDR eyes and 2/20 PDR eyes,
the average number of shots was 4233 burns [range, 3000-
5800]) for 46 eyes and seemed to be rare events. The reper-
fusion type was observed in three eyes (2/26 SNPDR eyes
and 1/20 PDR eyes). However, the phenomenon of reperfu-
sion was observed in 11 eyes (7/26 SNPDR eyes and 4/20
PDR eyes), including the mixed type.

DiscussION

In this study, we compared the morphological changes in
IRMAs in DR before and after PRP by using OCTA images to
better delineate the detailed structure of the IRMAs. To our
knowledge, this is the first study to investigate the patho-
physiology of IRMAs in detail. FA is an important imaging
method and is particularly useful for evaluating the degree
of macular edema and as an adjunct for classifying the sever-
ity of DR.!8-20 Although the leakage of fluorescein can be an
indicator of NV activity, it can be difficult to distinguish IRMA
from small or faintly leaking NVs. Furthermore, fluorescein
leakage and PC scars interfere with the observation of NV,
IRMA, and NPA. However, OCTA is a noninvasive technique
and can provide clearer structural details of NVs and IRMAs
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Ficure 8. Comparison of findings of NV, IRMAs, and the NPA between FA and OCTA before and after PRP. (A) FA images of NV (arrow),
IRMA (arrowbead), and NPA (asterisk) before PRP. There is a remarkable fluorescence leakage from the NV, and mild fluorescence leakage
from IRMAs, so the details of these morphologies cannot be seen clearly. (B) In the FA image after PRP, there is no obvious change in the
degree of leakage from the NV. The localization of the IRMA and the extent of the NPA are not clear by laser scar. (C) OCTA findings in
the 6 x 6-mm area at the same location as the FA before PRP. The white arrow indicates the NV with irregular proliferation of fine vessels.
Without being affected by fluorescence leakage, the detailed morphology of IRMA and the extent of the NPA can be clearly confirmed. (D)
OCTA findings of the 6 x 6-mm area after PRP showing a pruned and contracted NV (arrow). In contrast, there is no obvious change in the

IRMA and NPA.

without obscuration by PC scars and FA leakage.'* Addition-
ally, wide-field OCTA has high sensitivity and specificity for
the detection of the NPA and NVs.'#21-23 In our study, OCTA
clearly visualized NV, IRMAs, and the NPA without being
affected by PC scars. Moreover, it was possible to distinguish
NVs from IRMAs by confirming B-scans.'?

All NVs observed on OCTA images exhibited signs of
pruning, and the heavily developed, fine abnormal vessels
within NVs were regressed, as reported previously (Fig. 8).1°
This finding has suggested that NV activity was decreased
because of reduction by PRP of the intraocular VEGF
concentration.?* However, some of the IRMAs in the SNPDR
eyes, which we defined herein as the unchanged type,
showed no morphological changes before and after PRP.
This finding would suggest that IRMAs might represent
vascular remodeling of existing capillaries without NV.

In the reperfusion type, blood flow was restored in
areas where a flow signal was not detected by OCTA,
and where IRMAs appeared to have improved (Fig. 5).
Several mechanisms underlying vascular occlusion in DR

have been demonstrated. VEGF has a particularly impor-
tant role in vascular occlusion in DR by inducing hypertro-
phy of vascular endothelial cells®® and leukostasis caused
by adhesion molecules, such as ICAM-1.2°-3! PC in reti-
nal ischemia destroys photoreceptors that require a large
amount of oxygen, which yields areas of increased oxygena-
tion that reduces the ischemic retinal area, and lowers
VEGF production by the ischemic retinal tissue. Additionally,
OCTA cannot detect the blood flow signal at low perfusion
levels. Thus the reduction of intraocular VEGF concentra-
tion following PC should hypothetically improve leukosta-
sis and vascular endothelial cell hypertrophy and ultimately
correct the reversible vascular occlusion. However, Powner
et al.>® in their study suggested that an en face OCT signal
originates from the vessel wall with progressive loss of
vascular cells (endothelial cells and pericytes) over time.
The remaining acellular basement membrane tubes (ghost
vessels) were preserved for many years. In the current study,
the ghost vessels may have been present in accordance
with the regions that were reperfused after PRP. However,
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TaBLe 1. Patients Characteristics and Ocular Parameters of the
Enrolled Eyes

Variables Mean + SD (Range)
All patients, n 29
Age,y 60.7 + 12.3 (29—78)
Sex, 1 (%)
Male 19 (65.5%)
Female 10 (34.5%)

Body mass index 25.5 4+ 5.0 (17.2—-37.3)

Blood pressure, mm Hg

Systolic 140.7 + 17.3 (111-175)
Diastolic 77.3 £ 11.0 (55-97)
Mean 98.4 + 11.2 (73.7—115.3)

History of hypertension, 7 (%) 14 (48.3%)

Type of diabetes mellitus, 7 (%)

Type 1 1 (3.4%)
Type 2 28 (96.6%)
HbAlc, % 7.9+ 1.6 (5.2—-11.4)

Duration of diabetes, y 11.9 + 10.6 (0.2—50)
History of insulin treatment, 7 (%) 11 (37.9%)

All eyes, n 46

BCVA, logMAR 0.10 £ 0.3 (—0.08 to 1)
IOP, mm Hg 15.7 + 4.0 (10—25)
Central macular thickness, um 308.5 + 83.8 (176—597)
Severity of DR, 7 (%)
SNPDR

PDR

26 (56.5%)
20 (43.5%)

BCVA, best-corrected visual acuity; IOP, intraocular pressure.

capillary-level ghost vessels may be hardly observed in en
face OCT images obtained by OCTA. Therefore further study
is needed to investigate the relationship between the reper-
fusion type of IRMA and ghost vessels.

Alternatively, reperfusion could be related to IRNVs.!
Takahashi et al.!? in their study reported that reperfusion
of occluded capillary beds was observed in DR without
treatment, noting two distinct patterns of reperfusion distin-
guished by the presence of abnormal (IRNVs) or normal
(recanalization) blood vessels. They indicated that the vascu-
lar pattern of the recanalized capillary beds was similar to
that of adjacent intact capillary beds. In contrast, IRNVs
formed a dilated, coarse, and zigzag-running new capillary
networks by slowly growing of buds into the NPA. The
IRNVs differed from the vascular pattern of the adjacent
capillary beds and showed that, in some cases, the remod-
eling of capillaries, venules, and arterioles occurred for
several years in the area of reperfused capillary beds. In our
study, Figure 5 shows the new capillary beds in the NPA after
PRP. The reperfusion vessels showed two vascular patterns;
abnormal (dilated, tortuous, and twisted: yellow arrow) and
normal (white arrow) blood vessels. Also, Figure 6 shows
that reperfused vessels are dilated and tortuous and have
a closed end, and NPA are reperfused incompletely. These
characteristics are consistent with the two distinct patterns
of reperfusion observed in the study by Takahashi et al.!?
When observed over longer periods, these may be a remod-
eling process as in the previous report.

In the tuft regression type, some of the IRMAs had tufts
at the tip of the IRMA in the area adjacent to the NPA,
similar to those observed in rodent models of the oxygen-
induced retinopathy.>> IRMAs with tufts were found in 75%
of the PDR eyes before treatment, which was significantly
more than those found in SNPDR (Table 2). Additionally,
all tufts regressed after PRP, as did NV (Fig. 4). Some of
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the regressed tufts might be indistinguishable from microa-
neurysms; however, the tufts not only regressed but also
exhibited a distinct ring shape after PRP, which was different
from that of a microaneurysm. This ring shape was believed
to reflect the inability of OCTA to detect the signal of blood
flow due to congested circulation in the tuft. Additionally,
the tuft has several different morphological characteristics
from those of a microaneurysm. Tufts existed at the tip
of the IRMA in contact with the NPA and has a diameter
more than twice that of capillaries, a closed end, and has a
bulging shape. Lee et al.’? in their study reported that IRMAs
followed longitudinally progressed to NVs, and the transi-
tion from IRMA to NV commenced with an initial outpouch-
ing of the ILM without disruption of this layer. It has been
suggested that once there is disruption of the ILM, the early
neovascular complex grows into the potential space between
the ILM and posterior hyaloid."> The underlying mechanism
is thus thought to be attributable to leakage from the vessels
that then create a focal detachment of the vitreous fluid
into which new vessels can grow.333% Lee et al.'® in their
study reported progression of IRMAs in the vertical direction
toward the vitreous side based on the spectral-domain-OCT
images, but progression in the horizontal direction toward
the NPA was not clear. We revealed that two of the tufts
progressed in the direction of the NPA and tended to exceed
the ILM in the area that is in contact with the posterior
hyaloid before PRP. These tufts were regressed after PRP
(Figs. 4E, 4F). Additionally, in rare cases new tufts formed
after PRP (Fig. 7). The worsening type was observed in one
SNPDR and two PDR eyes. These eyes received insufficient
PRP and were active as shown on FA image even after PRP.
Pan et al.!° in their study reported the presence of NV as
originating from IRMA. However, Takahashi et al.!? in their
study reported that the NV was initiated as budding from
venules, and the projected buds slowly grew into the NPA.
They also reported that some IRNVs developed into prereti-
nal NV.!? Therefore some of these buds they described may
have become tufts. These results suggest that some types of
IRMAs and IRNVs can develop into NVs. Formation of tufts
may be an indicator of progression from SNPDR to PDR.
However, a prospective study is necessary to prove this.

We here defined a type with both tuft-regression and
reperfusion characteristics in the same OCTA image as the
“mixed type.” In the mixed type, two types were found in
different IRMAs within the same 6 x 6-mm OCTA image
(Figs. 6A, 6B). However, we found that there are some
cases in which two properties coexist in the same IRMA
(Figs. 6C, 6D). Even though these are defined as the same
mixed type, they are considered to be different. Especially
in the type with two properties in the same IRMA, the
reperfused vessels had abnormally running and morphol-
ogy, which suggested the possibility of IRNV. In the current
study, there were no cases in which the worsening type and
other types existed in the same retina.

There were several limitations in our study. First, selec-
tion bias cannot be completely eliminated. Because the
part of the retina is selected and evaluated manually,
the whole retina was not evaluated. However, in our
study, we confirmed that the IRMA type in the selected
6 x 6-mm image had the same tendency as the IRMA type
existing in other regions of the same retina, and therefore
the effect of selection bias seemed to have been minimal.
To further minimize the selection bias as much as possi-
ble, it is necessary to use the wide-field OCTA in a future
study. Next, there is a limit to the OCTA technique for
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TasLE 2. Proposed Subclassification of IRMAs and the Ratio of Subtypes in Each Stage of DR

Type of IRMA Characteristic SNPDR PDR P Value
Unchanged No change after PRP 15 (57) 2 (10

Tuft regression Tufts are not visible or diminished after PRP 3(12) 12 (60) 0.003"
Reperfusion Capillary perfusion within NPA is partially recovered after PRP 2 105

Mixed Tuft-regression + reperfusion 519 3 (15)

Worsening New tufts appear after PRP 1@ 2 (10)

Data show the total number and percentage of total number in each stage.
* P value is for the comparison between the ratio of IRMA with (tuft-regression and mixed) and without (others) tuft before treatment in

each stage of DR.

detection of subtle changes in IRMAs. OCTA cannot detect
signals below the detection sensitivity at low perfusion rates.
Therefore we confirmed that there was no perfusion, even
in FA images in the same area as OCTA images. Addition-
ally, evaluation of IRMA changes may be affected by signal
strength. If the signal strength is low, details of IRMA cannot
be observed. Even if there is perfusion, it cannot be detected,
so it may appear as if reperfusion has occurred by improv-
ing the signal strength. Therefore we used only OCTA images
with a signal strength >6/10 and confirmed that the mean
signal strength in OCTA images was not significantly differ-
ent before and after PRP. In our study, we did not observe
long-term changes in IRMAs. Therefore regarding the stage
of IRMA, further examination is necessary to determine if it
is an independent process or a transition from the remod-
eling process to the angiogenic process. A future prospec-
tive study including more long-term observation over several
years is essential to investigate the changes in IRMAs in
detail. Another limitation of our analysis was that we did not
directly measure intraocular VEGF concentration. We esti-
mated the degree of the FA leak and NV reduction. Addi-
tionally, the all-scanned areas that included IRMAs were
treated with a conventional laser. A pattern-scanning laser
was also used in the peripheral retina, and there were vari-
ations in the number of laser shots. Therefore it was diffi-
cult to evaluate the effect of the number of laser shots on
the IRMAs. As such, a more detailed investigation is needed
on the relationship between changes in IRMAs and VEGF
concentration.

CONCLUSIONS

This study demonstrated that OCTA can clearly visualize
morphological changes in IRMAs before and after PRP,
which enabled classification of IRMA into more detailed
types. Additionally, this study suggested that IRMA might
have developed via both remodeling and NV. Observing
morphological changes in IRMAs may enable earlier detec-
tion of severe DR signs and potentially lead to earlier
treatment.
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