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Abstract

Purpose To investigate microvascular abnormalities in diabetic patients without conventional clinical signs of diabetic retinop-
athy (DR).

Methods In this cross-sectional observational cohort study, the study group included randomly chosen participants of a
community-based cohort with diabetes type 2 without DR, and the control group consisted of non-diabetic individuals from a
population-based study. All participants underwent optical coherence tomographic angiography (OCTA).

Results Upon OCTA, 118 (40.4%) eyes of the study group (n =292 eyes) showed microvascular abnormalities including foveal
avascular zone erosion (95 (32.5%) eyes), non-perfusion areas in the superficial and deep retinal layers (39 (13.4%) eyes and 19
(6.5%) eyes, respectively), and microaneurysms in the superficial and deep retinal layers (22 (7.5%) eyes and 31 (10.6%) eyes,
resp.). None of these abnormalities was detected in the control group (n = 80). The study group showed a lower vessel density in
the superficial retinal vascular layer in all regions except for the foveal region (P <0.001), and higher vessel density in the
parafoveal region in the deep retinal vascular layer (P =0.01). Higher diabetes prevalence was associated with lower superficial
retinal vascular density (P =0.005) in multivariable analysis. A lower radial peripapillary capillary flow density was correlated
(regression coefficient , 0.62) with higher fasting blood concentration of glucose (P < 0.001) in multivariable analysis.
Conclusions OCTA revealed microvascular abnormalities in 40% of eyes of diabetic patients without ophthalmoscopically
detectable diabetic fundus changes in a community-based population. The early stage of DR may be re-defined upon OCTA.
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is thus not suitable as a routinely performed screening
method for the early detection of DR.

Optical coherence tomography angiography (OCTA) has
recently been introduced as new imaging technology into the
clinical practice and allows the visualization of the microvas-
culature of the retina, stratified between different layers, and
of the choriocapillaris. Several studies have demonstrated its
usefulness to illustrate microvascular changes in the retina in
patients with ophthalmoscopically detectable DR [6, 19-27].
Relatively few investigations, however, have so far been fo-
cused on quantitative measurements of early retinal changes in
patients with diabetes without ophthalmoscopically detected
DR [6-18]. In view of the general importance of diabetes
mellitus in clinics and public health, since the early detection
of a disease or the early detection of a clinically important
marker of an advanced stage of a systemic disease is warrant-
ed, and since previous pilot studies had limitations such as a
relatively small number of study participants and a hospital-
based recruitment of the study participants, we conducted this
study to explore the OCTA-based detectability of microvas-
cular changes in the superficial and deep vascular layers of the
retina in diabetic patients without conventional clinical signs
of DR. To obtain data on the general feasibility of OCTA for
the detection of early, ophthalmoscopically undetected, retinal
diabetic changes, we chose a community-based recruitment of
the study participants, in attempt to reduce the risk of a referral
bias.

Methods

The community-based observational cross-sectional study in-
cluded patients with diabetes type 2 who participated in the
Beijing Community Diabetes Study and who were recruited
between May 2018 and June 2018. They formed the study
group. The individuals of the control group were participants
of the Kailuan Eye Study. The study protocol was approved
by the Medical Ethics Committee of the Beijing Tongren
Hospital and written informed consent was obtained from all
study participants.

The Beijing Communities Diabetes Study (BCDS) is a
prospective study on the relationship between different types
of treatment of diabetes mellitus and the development of com-
plications of the disease in the urban population of Beijing
[28]. The study included 15 communities with their health
care centers selected by a multistage random sampling ap-
proach of five districts in the urban region of Beijing.
Patients with diabetes mellitus type 2, whose age ranged be-
tween 20 and 80 years and who had lived in the community
for at least 5 years, were recruited between August 2008 and
July 2009 and followed-up with yearly systemic and ophthal-
mic examinations. Diabetes mellitus type 2 was defined by a
random plasma glucose concentration of >200 mg/dL
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(11.1 mmol/L) or a fasting plasma glucose concentration of
>126 mg/dL (7.0 mmol/L) or a 2-h posttest plasma glucose
concentration of > 200 mg/dL (11.1 mmol/L) after a 75-g oral
glucose load [28]. We added OCTA as new examination tech-
nique to the series of examinations performed for the partici-
pants of two communities in the study period from May 2018
to June 2018. This group of participants with OCTA exami-
nations eventually included 179 patients with diabetes and had
an age ranging between 36 and 84 years. The control subjects
were recruited from the ongoing and repeatedly performed
Kailuan Eye Study which included a total of 101,510 em-
ployees and retirees of the Kailuan Group company [29].
From March 2017 to June 2017, randomly selected partici-
pants underwent an OCTA examination, out of whom, 80
individuals fulfilled the inclusion criteria for the control group.
Inclusion criteria for the study group were the diagnosis of
diabetes mellitus type 2 made at least 1 year prior to the en-
rollment into the study, a normal appearance of the anterior
segment upon slit lamp-based biomicroscopy, an unremark-
able posterior segment of the eye, no clinical signs of DR as
examined upon assessment of fundus photographs, and an
intraocular pressure within the normal range. Exclusion
criteria were any retinal microaneurysms and retinal hemor-
rhages, any retinal exudation and retinal neovascularization,
and any other sign of DR as detectable on fundus photographs
centered on the optic disc (Diabetic Retinopathy Study stan-
dard field 1) and on the macula (Diabetic Retinopathy Study
standard field 2). Additional exclusion criteria were the histo-
ry of any ocular diseases (except for age-related cataract),
hypertensive retinopathy, and history of any ocular surgeries
(except for cataract surgery). Exclusion criteria for the control
group were history of any ocular diseases or ocular surgeries
except for cataract surgery, and history of diabetes mellitus.
Myopia, incipient cataract, and pseudophakia not affecting the
quality of the OCTA images were no exclusion criteria.

The study participants underwent an ophthalmoscopical
examination including measurement of visual acuity, slit
lamp-based biomicroscopy of the anterior segment, tonome-
try, and ocular biometry applying optical low-coherence re-
flectometry (Lenstar 900 Optical Biometer; Haag-Streit,
Koeniz, Switzerland) for measurement of the axial length,
central corneal thickness, anterior chamber depth, and lens
thickness. We took fundus photographs (Hybrid Digital
Mydriatic Retinal Camera CX-1; Canon Inc., Tokyo, Japan)
and performed a spectral-domain optical coherence tomogra-
phy (OCT) of the posterior segment with a 6 mm x 6 mm
raster scan (ReVue software, version 2017.1; Optovue Inc.,
Fremont, CA, USA). In those eyes, the pupil of which was
too small for obtaining fundus images in sufficient quality, we
medically induced a mydriasis by applying eye drops contain-
ing 0.5% tropicamide and 0.5% phenylephrine hydrochloride.

We performed an OCTA using the RTVue XR Avanti de-
vice (ReVue software, version 2017.1; Optovue Inc.,
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Fremont, CA, USA) with the Angio Retina mode (3 x 3 mm
and 6 x 6 mm) and the Angio Disc (4.5 x 4.5 mm) mode. The
principle of OCTA and the imaging processing technique have
been described in detail recently [6-27]. The macular region
was automatically stratified into four layers: the superficial
retinal vascular layer extending from the inner limiting mem-
brane to the inner plexiform layer with an offset of 10 mm, the
deep retinal vascular layer reaching from the inner plexiform
layer with an offset of 10 mm to the outer plexiform layer with
an offset of 10 mm, the outer retinal layer extending from the
outer plexiform layer to Bruch’s membrane, and the
choriocapillaris layer. Measurements of the foveal avascular
zone (FAZ) were generated based on the Retina slab (inner
limiting membrane to outer plexiform layer + 10 pm), with
automated detection of the FAZ boundary by the AngioVue
software (Fig. 1). The acircularity index (AI) was calculated as
the ratio of the FAZ perimeter divided by the perimeter of a
circle with equal area. The foveal vascular density (FD-300)
was determined as vessel density within a ring of a width of
300 pwm surrounding the FAZ. The foveal area density in the
300-pum ring (FD-300 length density) was calculated by di-
viding the number of vessel pixels by the total number of
pixels then multiplied by 100%. The vascular density was
calculated in the superficial retinal and deep retinal layer sep-
arately in five regions (fovea, temporal, superior, nasal, and
inferior). The radial peripapillary capillaries (RPC) were

Fig. 1 Optical coherence tomographic angiographic image of the macula.
Measurements of the foveal avascular zone (FAZ) were generated based
on the Retina slab (inner limiting membrane to outer plexiform layer +

10 pm), with automated detection of the FAZ boundary by the AngioVue
software (Fig. 1). The acircularity index (Al) was calculated as the ratio of
the FAZ perimeter divided by the perimeter of a circle with equal area.
The foveal vascular density (FD-300) was determined as vessel density
within a ring of a width of 300 um surrounding the FAZ

measured based on the RPC slab which extended from the
inner limiting membrane to the posterior border of the retinal
nerve fiber layer. The automatically performed segmentations
of all examinations were interactively checked before any
measurements were performed. Exclusion criteria were a poor
image quality based on the criteria of a low-quality index (<
5), presence of blink artifacts, motion or doubling artifacts
caused by poor fixation, and media opacities obscuring the
view of the vasculature. Two readers evaluated the presence
of the morphological features of FAZ erosion,
microaneurysms, tissue non-perfusion, vascular loops, and
capillary tortuosity on the OCTA images in the superficial
and deep retinal layers (Fig. 2). To assess the intraobserver
and interobserver variability, OCTA images of 50 participants
with diabetes were randomly selected. For the determination
of the intraobserver variability, each picture was evaluated
three times by each reader, making the diagnosis of a “patho-
logic OCTA finding” versus “a normal OCTA finding.” The
intraclass correlation coefficient (ICC) was 0.959 and 0.949,
respectively. For the determination of the interobserver vari-
ability, the images were evaluated once by both readers, and
we calculated Cohen’s kappa coefficient, which was 0.915.

The statistical analysis was performed using a commercial-
ly available statistical software program (SPSS for Mac, ver-
sion 25.0; IBM/SPSS, Chicago, IL, USA). First, we calculated
the means and standard deviations of the main outcome pa-
rameters, before we applied the Student ¢ test for unpaired
samples to evaluate the statistical significance of differences
between the study group and the control group. A linear re-
gression analysis was performed to examine potential associ-
ations between the ocular and general parameters. A logistic
regression analysis was carried out to calculate odds ratios
(ORs) and their 95% confidence intervals (CI). A two-tailed
P value of <0.05 was considered statistically significant.

Results

The study included 292 eyes from 179 patients with diabetes
and 80 healthy eyes from 80 participants of the control group
(Table 1). We excluded 66 eyes of diabetic subjects due to
clinical signs of DR on the fundus photographs. Study group
and control group did not differ significantly in gender (P =
0.06) or age (68.6£8.2 years versus 66.8 +7.8 years; P=
0.08) (Table 1).

In the study group, OCTA demonstrated microvascular ab-
normalities in the superficial retinal layer and deep retinal
layer in 118 (40.4%) of 292 eyes and in 76 (42.5%) out of
the 179 patients with diabetes. These abnormalities included
an erosion of the FAZ in 95 (32.5%) eyes, non-perfusion areas
in 39 (13.4%) eyes and microaneurysms in 22 (7.5%) of 292
eyes in the superficial retinal layer, non-perfusion areas in 19
(6.5%) eyes and microaneurysms in 31 (10.6%) in the deep
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Fig. 2 Optical coherence
tomographic angiographic
(OCTA) images (3 x 3 mm) of
eyes of diabetic patients without
ophthalmoscopically detected
microvascular retinal changes. a
OCT angiogram of the deep reti-
nal layer showing an erosion of
the foveal avascular zone (green
arrow). b OCTA of the superficial
retinal layer showing a
microaneurysm (red arrow) and
an area with tissue non-perfusion
(yellow arrow). ¢ The
microaneurysm can also be visu-
alized in the deep retinal layer; the
red stars show an abnormal en-
largement of vessels in the deep
retinal layer. d The superficial
retinal layer shows a vascular
loop (red circle)

retinal layer, vascular loops in 3 (1%), and a capillary tortuos-
ity in 1 (0.3%). None of these microvascular abnormalities
was detected in the eyes of the control group, and the differ-
ence in their prevalence between the study group and control
group was significant (all P < 0.001, except for the prevalence
of vascular loops and capillary tortuosity).

The study group as compared with the control group
showed a significantly (P<0.001) lower vessel density in
the superficial retinal vascular layer in all regions except for
the foveal region (Table 2). Additionally, the vascular density
in the 300-um wide ring surrounding the FAZ (FD-300) was
significantly (P =0.001) lower in the study group than in the

Table 1 Patient characteristics of

the study group and control group Diabetes study group Control group P value
Eyes (n) 292 80 -
Age (years) 68.6+8.2 66.8+7.8 0.08
Men/women 107:185 39:41 0.057
Blood glucose concentration (mmol/L) 7.11+1.47 5.36+£0.68 <0.001
HbAlc (%) 6.67+0.76 - -
Diabetes mellitus duration (years) 15.1+£5.2 - -
Systolic blood pressure (mmHg) 125+£73 136+£19.5 <0.001
Diastolic blood pressure (mmHg) 74.5+5.7 81+10.8 <0.001
Body height (m) 1.62+£0.08 1.66 +0.07 <0.001
Body weight (kg) 66.4+8.8 69.4+99 0.039
Axial length (mm) 2331+£1.22 23.28+0.95 0.85
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Table 2 Optical coherence tomographical angiographic findings in patients with diabetes mellitus without ophthalmoscopical signs of diabetic

retinopathy and non-diabetic individuals of a control group

Study group Control P value
group
Superficial retinal layer (%) (3 mm x 3 mm field)

Whole image 424 +5.09 45.04 +432 <0.001
Superior hemi 42.63 +5.12 4528 +43 <0.001
Inferior hemi 42.17 +£5.27 44.78 +4.56 <0.001
Whole image (Early Treatment of Diabetic Retinopathy Study Scheme) 41.87 £ 5.05 4424 £422 <0.001
Fovea 1442 £595 1552+655  0.15
Para fovea 4535+ 541 4791 £4.49 <0.001

Deep retinal layer (%) (3 mm % 3 mm field)
Whole image
Para fovea

Foveal avascular zone area

Foveal region (300-pm diameter)

FD-300 length density (vessel density within a ring of a width 0o£ 300 pm surrounding the foveal avascular zone)

Superficial retinal layer (%) (6 mm X 6 mm area)
Whole image
Superior hemi
Inferior hemi
Whole image (Early Treatment of Diabetic Retinopathy Study Scheme)
Fovea
Peri fovea
Radial peripapillary vascular density; whole image (%)

50.16 £3.99 4943 £322  0.09
5275 +£4.05 5138 +542  0.01
042+0.75 034+0.13 033
46.72 £5.67 4878 £4.28  0.001
14.85 +£3.27 1693 £2.15 <0.001

45.93 +4.61 48.46 +4.03
46.2 £ 4.67 4899 +4.14
45.67+4.77 479 £4.16
46.04 £ 4.81 4847 +4.21
16.58 £ 7.38 17.58 +7.25
46.53 +4.78 49.06 + 4.26
47.75 £ 437 4923 £3.1

<0.001
<0.001
<0.001
<0.001
0.30
<0.001
0.008

control group (Table 2). In the deep retinal vascular layer, the
retinal vascular density in the parafoveal region (3 mm x
3 mm region) was higher (P=0.01) in the study group than
in the control group (Table 2). The size of the FAZ did not
differ significantly (P =0.33) between both groups.

If only one eye per study participant was included into the
statistical analysis, similar results were obtained. The vessel
density in the superficial retinal vascular layer in all regions
except for the foveal region (whole field, 41.63 +5.15 versus
45.09+4.32; P<0.001) and the vascular density in the
300-um wide ring surrounding the FAZ (FD-300) (46.28 =
5.58 versus 48.82 +£4.3, P < 0.001) were significantly lower in
the study group as compared with the control group. In the
deep retinal vascular layer, the retinal vascular density in the
parafoveal region was higher (52.99 +£4.05 versus 51.44 +
5.43, P=0.01) in the study group than in the control group.
In a similar manner, the radial peripapillary vascular density

was lower in the study group (whole image, 47.48 +4.97 ver-
sus 49.24+3.12, P=0.007).

After adjusting for age, gender, and systolic blood pressure,
a higher prevalence of diabetes was significantly (P <0.001)
associated with a lower superficial retinal vascular density
(Table 3). In a reverse pattern, the presence of diabetes was
significantly associated with a lower superficial retinal vascu-
lar density (P =0.005) after adjusting for older age
(P<0.001), female gender (P =0.005), and systolic blood
pressure (P <0.001). In multivariable linear regression, a
higher vascular density in the parafoveal deep retinal layer
was significantly associated (regression coefficient r, 0.24)
with the presence of diabetes (P =0.01), younger age (P =
0.003), and female gender (P =0.007) (Table 4). In multivar-
iable linear regression analysis (regression coefficient 7, 0.62),
alower RPC flow density was associated with a higher fasting
blood concentration of glucose (P < 0.001) after adjusting for

Table 3 Associations

P value Odds ratio 95% confidence interval

(multivariate analysis) between Parameter
diabetes and superficial retinal

vascular density of 3 x 3 mm Age (years)
macular cube Gender

Systolic blood pressure (mmHg)

Superficial retinal vascular density—whole image

<0.001 1.21 1.11,1.31

0.005 0.29 0.12, 0.69
<0.001 0.90 0.87,0.94
0.005 0.85 0.76, 0.95
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Table4 Associations (multivariable analysis) between the deep retinal vascular density in the parafoveal region, measured in 3 x 3 mm macular cube,

and diabetes

Parameter P value Standardized regression Non-standardized regression 95% confidence interval Variance inflation factor
coefficient beta coefficient B

Age (years) 0.003 -0.15 -0.09 —0.14,-0.03 1.02

Gender 0.007 0.14 1.25 0.35,2.16 1.01

Diabetes 0.01 0.13 1.38 0.30, 2.46 1.02

older age (P<0.001), longer axial length (P <0.001), and
higher blood concentration of creatinine (P < 0.001) (Table 5).

Discussion

Our study revealed that 118 (40%) out of 292 of eyes of
diabetic patients without ophthalmoscopically detected signs
of conventionally defined DR showed microvascular abnor-
malities as assessed by OCTA. These microvascular abnor-
malities included an erosion of the FAZ, presence of non-
perfusion areas and microaneurysms in the superficial retinal
layer and deep retinal layer, vascular loops, and capillary tor-
tuosity. Correspondingly, the retinal vessel density in the su-
perficial retinal vascular layer in all regions (except for the
foveal region) was significantly lower in the study group than
in the control group, while the retinal vessel density in the
deep retinal vascular layer in parafoveal region was higher
in diabetic patients. As a corollary, a higher prevalence of
diabetes was associated with a lower superficial retinal vascu-
lar density in a multivariable analysis. A lower radial
peripapillary capillary flow density was associated (r, 0.62)
with a higher fasting blood concentration of glucose
(P<0.001) in multivariable analysis.

The findings obtained in our study agree with observations
made in previous investigations [6—18]. To cite an example,
Simonett and colleagues found a significant (P < 0.001) lower
parafoveal vessel density in the eyes without DR of patients
with diabetes mellitus type 1 as compared with non-diabetic
controls, while there was however no significant difference
between the groups in the parafoveal vessel density in the
superficial and deep capillary plexus or in the FAZ area [9].
It also agrees with previous investigations which examined
eyes with DR. Durbin and associates, evaluating 50 eyes from

26 participants with diabetes and 50 healthy eyes from 25 non-
diabetic participants, reported that the retinal vessel density in
the superficial retinal vascular layer had the highest area under
the receiver operating characteristic curve to separate both
groups, followed by the perfusion density in the superficial
retinal layer, the FAZ area, and finally the vessel density in the
deep retinal layer [24]. In Durban’s study, a lower visual acu-
ity was associated with a lower retinal vessel density in the
superficial retinal layer and with the severity of DR. In the
study by Lee and colleagues on 56 eyes of 34 subjects with
DR and 21 age-matched controls of 12 individuals, a wide
range of vascular changes in eyes with DR were identified
upon OCTA, including retinal microaneurysms, vascular
loops, non-perfusion areas, neovascularization, an erosion of
the FAZ, and venous beading within multiple distinct capillary
beds. In the study by Tang and coworkers, examining 434
eyes of 286 patients with diabetes, the severity of DR was
associated with an increase in the FAZ and a decrease in the
FAZ circularity [12].

Our study confirming the results of the previous investiga-
tions extends their qualitative observations to quantitative
measurements of the vascular density in the deep vascular
plexuses and of the FAZ area. Unexpectedly, our study re-
vealed that the eyes of diabetic patients without
ophthalmoscopically detected DR had a significantly in-
creased vessel density in the deep vascular layer in the
parafoveal region (Table 3). If future studies confirm this find-
ing, it would go along with the theory formulated by Spaide
that, at a later stage of DR, a reduction in the vascular density
in the deep retinal vascular layer may lead to a decrease in the
re-absorption of intraretinal fluid in that layer and secondarily
to an intraretinal edema [30].

The results of our study also indicated that eyes without
ophthalmoscopically detected DR of patients with diabetes

Table 5  Associations (multivariable analysis) between the radial peripapillary capillary density and fasting blood glucose concentration

Parameter Pvalue Non-standardized Standardized regression  95% confidence  Variance
regression coefficient B coefficient beta interval inflation factor

Age (years) <0.001 -0.15 -0.24 -0.22,-0.08 1.08

Axial length (mm) <0.001 -1.51 -0.40 —1.93,-1.09 1.05

Blood concentration of creatinine (mmol/L) <0.001 -0.07 -0.31 -0.19,-0.05 1.07

Fasting blood concentration of glucose (mmol/L) <0.001 —0.62 -0.20 —0.95,-0.28 1.05
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showed a lower density of the radial peripapillary capillaries
as compared with healthy controls, and this reduction in the
vascular density was correlated with a higher fasting blood
glucose concentration. This finding goes along with the ob-
servations made in the other retinal vascular layers and may be
of interest to explain the development of cotton-wool spots as
microinfarcts in the retinal nerve fiber layer in later stages of
DR. The finding that the reduction in the radial peripapillary
capillaries density was associated with an increased blood
creatinine concentration as surrogate for an impaired kidney
function furthermore supports the notion that OCTA is able to
detect microvascular changes in patients with diabetes in as-
sociation with other vascular sequelae of diabetes mellitus.
Future studies may explore whether the OCTA-detected
changes in the retinal and optic nerve head microvascular
may serve as a rough surrogate for the impairment of the
kidney function in patients with diabetes.

Our study revealed that OCTA demonstrated a wide range
of microvascular changes seen in both the superficial retinal
layer and deep retinal layer in 40% of 292 eyes without con-
ventional signs of DR. Based on these findings, one may raise
the question whether the definition of DR should be re-formu-
lated, with ophthalmoscopically detectable retinal
microaneurysms being no longer the first microvascular sign
of DR.

When the results of our study are discussed, its limita-
tions should be considered. First, we did not exclude non-
capillary blood vessels from the analysis, so that the inclu-
sion of the large retinal vessels usually not showing marked
changes in the early or mediate advanced stage of DR might
have reduced the sensitivity to detect differences. Despite
this limitation, however, the differences between the study
and control group in the retinal vessel density were statisti-
cally significant strengthening the conclusions drawn.
Second, although we could reduce a part of the projection
of the superficial retinal vasculature by the projection artifact
removal algorithm, the artifact might still have affected the
assessment of the deep retinal vascular density. Third, our
study had a cross-sectional study design so that associations
between parameters cannot automatically be considered to
be causal relationships. Fourth, the study population
consisted of Chinese so that the results of our study may
not directly be transferred to other ethnicities. Fifth, we
assessed only the central region of the retina so that changes
in the peripheral area of the retina remained undetected. The
diabetic changes in the retinal periphery maybe examined in
future studies applying wide-field OCTA [31, 32].

In conclusions, OCTA revealed typical microvascular ab-
normalities in 40% of eyes without ophthalmoscopically de-
tectable diabetic fundus changes. OCTA-assessed retinal vas-
cular density decreased with higher prevalence of diabetes and
higher fasting blood glucose concentration. The early stage of
DR may be defined upon OCTA.
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