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Abstract

Background: Retinal capillary is vulnerable to diabetes, whether gestational diabetes mellitus (GDM) eyes without
clinical retinopathy have capillary abnormalities has not been well studied. To observe the microvasculature
changes in eyes of GDM women compared with normoglycemic pregnant women and non-pregnant women by
optical coherence tomography-angiography (OCT-A).

Methods: GDM women, age-matched normoglycemic pregnant women and non-pregnant women were included
in this study. All subjects were examined by OCT-A, vascular density and macular foveal parameters were measured
automatically.

Results: Thirty eight non-pregnant women (NC group), thirty pregnant women without GDM (PC group), and thirty
one GDM women (GDM group) were included in this study. There was a significant reduction of vascular density in
superficial capillary layer, but an increase in deep capillary layer in PC and GDM groups (P < 0.001). When in terms
of the average vascular density, the difference was insignificant among these three groups. Although all the
measurements were similar between PC and GDM groups, more capillary “dropout” changes were detected in GDM
group. Unexpectedly, the abnormal changes of central macular thickness thinning and foveal avascular zone
enlargement seen during pregnancy were improved when compared to PC group.

Conclusions: The changes of vascular density implied the redistribution of capillary network from superficial to
deep layer under pregnancy and GDM states. Although the transient hyperglycemia aggravates the changes of
capillary “dropout’, GDM group revealed the improvement of central macular thickness thinning and foveal
avascular zone enlargement during pregnancy.
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Background

Gestational diabetes mellitus (GDM) is defined as vari-
able hyperglycemia during the second and third trimes-
ter of pregnancy [1]. The disorder can lead to serious
burdens for both adults and infants, including pre-
eclampsia, Type 2 diabetes, cardiovascular diseases and
neonatal hypoglycemia [2-5]. GDM also causes abnor-
mal changes on eyes such as eyelid chloasma, increased
cornea thickness, refractive change, diabetic retinopathy,
and papilledema [6, 7]. Among the ocular abnormalities,
retinal changes are the most commonly detected as the
microvascular changes were closely related to GDM se-
verity and diabetes courses [6, 8]. Previous studies re-
ported vascular changes in small vessels, displaying
retinal vessels tortuosity [9], narrower retinal vessel cali-
ber, larger retinal vessel branching angle and reduced
vasodilatory response in GDM eyes [8, 10, 11]. However,
most of GDM eyes didn’t show any clinical retinopathy
changes, thus whether those GMD eyes have similar ca-
pillary abnormalities has not been well studied because
of the lack of imaging method.

Optical coherence tomography-angiography (OCT-A)
is the emerging technology to image vascular changes
within different vascular layers in vivo [12]. OCT-A has
shown great advantages in the measurement of capillary
density [13, 14] and visualization of non-perfusion area,
vascular morphology changes and neovascularization
[15, 16]. Recently, studies reported vascular density
changes in normal pregnant eyes [17-19], but there were
no similar studies in GDM eyes.

Furthermore, previous studies found microvascular ab-
normalities in diabetes eyes without clinical retinopathy
by OCT-A, such as the microaneurysms [20—22]. Thus,
we wonder whether GDM eyes without clinical retinop-
athy had similar ocular microvascular changes with the
use of OCT-A. Therefore, the present study aims to ob-
serve the retinal microvasculature changes in eyes of
GDM, when compared to normoglycemic pregnant
women and non-pregnant women by OCT-A.

Methods

Subjects and groups

From September 2019 to April 2020, a total of 99 indi-
viduals were enrolled in this study. The subjects were
separated into three groups: 38 non-pregnant women
as normal controls (NC); 30 pregnant females without
diabetes as pregnant controls (PC); and 31 women with
GDM as GDM group. None of the subjects showed any
ophthalmic (including intraocular pressure higher than
20 mmHg, or any medium opacity) or systemic diseases,
except for GDM in the GDM group. Exclusion criteria
also included diabetes history prior to gestation, high
blood pressure (140/90 mmHg), or albuminuria in
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pregnant women, best-corrected visual acuity (BCVA)
less than 20/20 or ametropic higher than 3 diopters.

GDM definition

GDM was diagnosed by the oral glucose tolerance test
according to World Health Organization criteria: using a
75 g oral glucose tolerance test after overnight fasting (8
to 10 h) at 2628 weeks gestation. While fasting glucose
was 2>7.0 mmol/L and/or 2-h post-glucose was >7.8
mmol/L, GDM was diagnosed [23, 24].

Ocular examinations

All subjects underwent a complete ophthalmic examin-
ation including BCVA, slit lamp biomicroscopy, intraoc-
ular pressure, fundus photography and OCT-A. We
used a 45° non-mydriatic retinal camera (Canon CR-1,
Canon Inc., Japan) to get digital fundus photographs in a
darkened room without pharmacologic dilation.

OCT-A (Optovue Inc. Fremont, CA) with a light
source spectrum of 840 nm, a bandwidth of 45 nm and
axial resolution of 5 um was used in the study. The
module of “Angio Retina” centered on the fovea within a
3 x 3 mm area was chosen to image macular microvascu-
lature through horizontal and vertical scans in both eyes.
The software of algorithm of split-spectrum amplitude-
decorrelation angiography (SSADA) was used to
segment the capillary system into two layers automatic-
ally: superficial retinal capillary plexus and deep retinal
capillary plexus.

The superficial retinal capillary plexus starts from
inner limiting membrane to 9mm beneath the inner
plexiform layer, and deep retinal capillary plexus starts
from inner plexiform layer with an offset of 9 um to the
outer boundary at 9 mm beneath the outer plexiform
layer. High imaging quality was obtained through using
“Follow-up” and “Tracking-on” modes during OCT
examination process. Motion correction technology was
used to remove motion artifacts through horizontal and
vertical scans. Images with quality signal strength index
[SSI] higher than 80 were included in the following data
analysis.

Measurements of vascular density

Vascular density was defined as the proportion of the
examined area occupied by retinal vessels. Fovea
within 1.0 mm ring, parafovea between 1.0 mm and
3.0 mm, and whole-image area within 3.0 mm around
the fovea were evaluated, respectively. The vascular
density in superficial and deep layers was automatic-
ally quantified using flow density map software of
AngioAnalytics (version 2017.1.0.155).
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Measurements of the macular fovea area

Foveal avascular zone (FAZ) was defined by the borders
of the vascular area, and the area size was measured
automatically using “nonflow area” pattern. Central
macular thickness (CMT) was the average thickness
within central 1 mm area from inner limiting membrane
to retinal pigment epithelium layer. Acircularity index
(AI) was the index to evaluate macular circular regular-
ity; foveal density (FD) was defined as the vascular dens-
ity within a 300 um width ring surrounding the FAZ.

Statistical analysis

The statistical analysis was performed with the Statistical
Package for the Social Sciences (SPSS) for Windows
(version 27.0; IBM Inc.). Differences of vascular density,
FAZ area, CMT, Al and FD among three groups were
tested by One-way ANOVA, with a post hoc comparison
performed using the Dunnett’s test. Values were pre-
sented as the mean + standard deviation, the criterion
significance was assessed at P < 0.05 level.

Results

Demographics

Among the 99 Chinese women, there were 38 non-
pregnant women (NC group), 30 pregnant women with-
out GDM (PC group), and 31 pregnant women with
GDM (GDM group) were enrolled in this study. Among
them, 14 eyes in NC group, 2 eyes in PC group and 3
eyes in GDM group were excluded because of the poor
imaging quality mainly due to the motion artifacts and
lower ISS less than 80. Thus, a total of 62 eyes in NC
group, 58 eyes in PC group, and 59 eyes in GDM group
were included for analysis in this study. The difference
of mean age was insignificant among the three groups,
which was 30.6 + 4.9 years (range, 24—41 years) in NC
group, 30.7 + 4.9 years (range, 20—43 years) in PC group,
and 30.6 + 2.8 years (range, 25—41 years) in GDM group.
The mean pregnancy duration was 34.9 + 6.4 weeks in
PC group, and 33.2 + 6.2 weeks in GDM group, respect-
ively (P=0.199). None of the GDM group had the his-
tory of pre-pregnancy diabetes. The average GDM
duration was 96.6 +28.3 d and the GMD women were
able to control blood sugar well through diet or insulin
therapy. Among the GDM group, four GMD women
were treated with insulin injections, and the others were
under diet control.

Measurements of vascular density

The whole-image vascular density in superficial retinal
capillary network was significant difference among the
three groups (P<0.001, Table 1). While the superficial
vascular density in NC group was higher than both PC
and GDM group (P<0.001, Fig. la), there was no
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Table 1 Values of vascular density measurement

Density(%) NC PC GDM P

Whole image (5) 504 £15 485 + 24 482 + 26 <0.001
Whole image (D) 506 + 3.5 539+ 26 533+ 31 <0.001
Average Whole 505+ 22 512+19 50.7 +23 =0.246
Fovea (S) 240 £ 63 145 + 43 165 = 6.1 <0.001
Fovea (D) 322+69 279+ 68 303+ 75 =0.004
ParaFovea (S) 532+ 16 518+28 515+26 <0.001
ParaFovea (D) 530+ 36 571 £27 562 £ 2.7 <0.001

S superficial capillary layer, D deep capillary layer

significant difference between PC and GDM group (P =
0.917, Fig. 1a).

The whole-image vascular density both in PC and
GDM groups was much higher than NC group (P<
0.001, Fig. 1b), but without significant difference
between PC and GDM groups (P =0.618, Fig. 1b). In
terms of the average vascular density, there was no sig-
nificant difference among the three groups (P =0.246,
Fig. 1c), which was 50.5 + 2.2% in NC group, 51.2 + 1.9%
in PC group, and 50.7+23% in GDM group,
respectively.

In accordance with whole-image vascular density in
superficial layer, foveal and parafoveal vascular density
in NC group was much higher than that in PC (P<
0.001 for both, Fig. 2a) and GDM groups (P < 0.01 for
both, Fig. 2c). And the difference of foveal and parafo-
veal vascular density in PC and GDM groups was still
insignificant (P=0.119, Fig. 2a; P=0.180, Fig. 2c¢
respectively).

The foveal vascular density in deep layer was higher in
NC group than that in PC group (P = 0.002, Fig. 2b), but
without significant difference when compared to GDM
group (P =0.415, Fig. 2b). (However, the parafoveal vas-
cular density in PC and GDM groups was much higher
than that in NC group (P < 0.001 for both, Fig. 2d). The
difference of both foveal and parafoveal vascular density
in deep layer was insignificant between PC and GDM
groups (P =0.18, Fig. 2b; P = 0.459, Fig. 2d).

Measurements of FAZ and CRT

In PC and GDM groups, there were no significant
vascular abnormality found within macular circular
area, but the FAZ size in PC group was larger than
NC group (P<0.001, Fig. 3a). Unexpected, hypergly-
cemia state mitigated the difference with insignificant
difference between GDM group and PC group (P =
0.125, Fig. 3a). Conversely, the PC group showed
smaller CRT when compared to NC group (P =0.007,
Fig. 3b). But the differences between GDM groupand
NC group or PC group were insignificant (P=0.191,
P =0.44, respectively; Fig. 3b). The detailed values of
FAZ and CMT are listed in Table 2.
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Fig. 1 Measurements of whole-image vascular density among non-pregnant women (NC group), pregnant women without GDM (PC group), and
pregnant women with GDM. The measurement of superficial vascular density in PC and GDM groups was lower than NC group (P < 0.001, (a)),
but the vascular density in deep layer was significantly higher than NC group (P < 0.001, (b)). The average vascular density was calculated by the
measurements of vascular density in superficial and deep layers. There was no significant difference of average vascular density among the three
groups (P> 0.05, (c)). And all the values were similar between PC and GDM groups (P > 0.05)

Measurements of Al and FD difference of Al and FD was insignificant among the three
In addition to FAZ and CMT, Al was the index to evalu-  groups (P = 0.880 for Al Fig. 3c; P = 0.258 for FD, Fig. 3d).
ate macular circular irregularity, and FD was used to as- Apart from the difference of vascular density in superfi-

sess the foveal density within 300 um width ring cial and deep layers, we detected capillary “dropout”
surrounding the FAZ. Unlike FAZ and CMT, the changes exclusively in superficial capillary layer, but without

-
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Fig. 2 Measurements of foveal and parafoveal vascular density in superficial and deep layers among NC, PC and GDM groups. The foveal vascular
density in PC and GDM groups was lower than NC group both in superficial and deep layers (a, b). While the parafoveal vascular density in PC
and GDM groups was lower than NC group in superficial layer (c), the measurement was higher than NC group in deep capillary layer (d). All the
measurements were similar between PC and GDM groups (P > 0.05)
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Fig. 3 Measurements of foveal avascular zone (FAZ), central macular thickness (CMT), acircularity index (Al) and foveal density (FD) among NC, PC
and GDM groups. PC group showed larger FAZ size and thinner CMT, but the difference between NC and GDM groups was insignificant (a, b).
There was no significant difference of the measurements of Al and FD among three groups (c, d)
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any other pathological microvascular changes, such as
microaneurysm, hemorrhagic spot or exudate.

Examples of eyes from NC, PC and GMD groups

An example of NC eye with regular capillary morphology
both in superficial and deep layers was depicted in Fig. 4a-
c. An example of PC eye showed relatively loosened vas-
cular branches in superficial layer, but dense vascular
branches in deep layer, and irregular macular circular ring
(Fig. 4d-f). There were no clinical changes on the fundus
of the two eyes from a GMD female (Fig. 5a, €), but we de-
tected capillary “dropout” in superficial layer (Fig. 5b, f) by
OCT-A, and vertical branches in deep layer originating
from superficial layer (Fig. 5c, g). But the full capillary
plexus were relatively normal (Fig. 5d, h).

Table 2 Comparisons of FAZ, CRT, Al and FD among three
groups

Parameters  NC PC GDM P

FAZ (mm?) 031 £0.11 039+ 0.10 035+0.12 = 0001
CMT (um) 2473 £ 245 2359 + 143 240.1 £ 181 = 0.007
Al 113+ 004 112+ 003 1.13 £ 0.04 =0.880
FD (%) 527 +29 535+25 529+29 =0.258

FAZ Foveal avascular zone, CMT Central macular thickness, Al acircularity index,
FD foveal area density within 300 um width ring, NC non-pregnant women, PC
pregnant women without GDM, GDM Gestational diabetes mellitus

Discussion

The current study aimed to evaluate the macular micro-
vascular changes in GDM eyes compared with normogly-
cemic pregnant women and non-pregnant women by
OCT-A. Previously, clinical studies revealed microaneur-
ysms in diabetic eyes without clinical retinopathy on
OCT-A images [20-22]. Although most GDM individuals
can recover from high blood glucose levels after delivery,
whether this transient hyperglycemia state causes micro-
vascular abnormalities were little known until now.

Our results detected a significant decrease of vascular
density and capillary dropout in superficial vascular layer
both in PC and GDM groups, but without any other micro-
vascular changes related to diabetic retinopathy in GDM
eyes, such as microaneurysm, hemorrhagic spot or exudate
changes on both OCT-A and fundus photographs.

Two reasons accounting for the lack of microaneur-
ysm in GDM eyes was the short duration of diabetes
and well controlled blood glucose. Most of the GDM fe-
males were able to control blood sugar well through diet
control or insulin therapy. As a result, the transient
GDM duration and mild hyperglycemia state could not
cause obvious capillary abnormalities. Another possible
explanation was the disadvantage of OCT-A to detect
microaneurysm that the algorithm has blood flow re-
quirement to discern the changes [25].
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A

irregular macular circular ring in full capillary layer from PC group

Fig. 4 Retina capillary in eyes of NC and PC groups. a-c An example of eye with regular capillary morphology both in superficial, deep and full
capillary layers from NC group. d-f An example with sparse capillary network in superficial layer, denser vascular branches in deep layer, and

Although we detected similar vascular measurements
in superficial capillary layer of PC and GDM groups, the
capillary “dropout” was more common in GDM group.
With respect to the vascular density in deep layer, we
detected opposite results. Both PC and GDM groups
had higher vascular density than that in NC group. More
specifically, the increase was found in the parafoveal
area, but with a lower vascular density in the foveal area.

Similarly, all the difference of deep measurements was
insignificant between PC and GDM groups.

Previously, the changes of vascular density in pregnant
women have been reported, that whole macula vascular
density both in superficial and deep layers were signifi-
cantly higher in Kiziltunc’s study [19], or lower superfi-
cial vascular density and higher deep vascular density in
healthy pregnant women by OCT-A in Chanwimol’s

Fundus picture

Superficial capillary plexus

Fig. 5 Retina capillary from a GMD female. a, e Fundus pictures show tortuous retinal arterioles without any microaneurysms, intraretinal

Deep capillary plexus  Full capillary plexus

hemorrhages, cotton wool spots or hard exudated abnormalities. b, f Capillary “dropout” was shown in superficial layer (yellow dotted line box).
¢, g The capillary branches within the corresponding area originating from superficial layer could be detected in deep capillary layer (red dotted
arrows). d, h Relatively normal capillary network (yellow solid line box) was found in full capillary plexus image
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study [18]. The reasons accounting for the variable re-
sults were different inspection equipment and variable
inclusion criteria, such as imaging quality. One of the
studies used images with SSI higher than 30 [19], which
was not accurate enough for density measurement.
Image artifacts are the common index to cause incorrect
interpretations and lead to inaccurate measurement of
vascular density [26, 27]. But our study only used pic-
tures with a SSI higher than 80 to analyze measurements
to guarantee the quality of pictures.

Likewise, there were studies that explained the changes
of vascular density in pregnant women, mainly on the
increase of blood volume and elevated hydrostatic retinal
pressure during pregnancy [18, 28, 29]. The high
hydrostatic pressure could cause the constriction of
retinal vessels resulting in a decrease of vascular density
[18, 30]. However, the similar mechanism cannot explain
the paradoxical results of increased vascular density in
deep capillary layer. We assumed the mechanism of
blood flow autoregulation to explain the opposite results
through blood flow redistribution.

The autoregulation theory has been widely reported in
previous studies: retinal blood flow could remain rela-
tively stable under the changes of blood pressure, phys-
ical exercise or body position changes [31-33]. When it
comes to the results in this study, the insignificant
changes of average whole-image vascular density sup-
ports the theory of blood flow autoregulation that whole
macular blood flow kept relatively stable, regardless of
the decreased vascular density in superficial capillary
layer and increase in deep capillary layer.

The related studies reported the inconsistent changes
of vascular density within different capillary layers under
elevated intraocular pressure [34, 35], and found more
pronounced vasodilation in the deep capillary layer when
compared to the superficial layer [34, 36]. Significant
vasodilation has been found in deep capillary layer in re-
sponse to the elevated intraocular pressures [37, 38] and
flicks stimulus [34, 36]. So the concept of capillary regu-
lation has been proposed that retinal capillary without
smooth muscle also has the capacity to regulate blood
flow positively. The mechanism mainly relies on the
pericytes and astrocytes that induce capillary regulation
through cell constriction [39-41].

The higher vasodilation in the deep capillary layer was
consistent with the results in our present study that
lower vascular density in superficial layer but higher vas-
cular density in deep layer in PC and GDM groups. In
addition, excess sex hormones could decrease intraocu-
lar pressure during pregnancy [7, 42], thus higher ocular
perfusion pressure was caused by elevated hydrostatic
pressure and lower intraocular pressure. Then the theory
of blood flow redistribution can well explain the results
that the average vascular density in PC and GDM groups
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were unchanged, but the vascular density in superficial
layer was decreased with the increase of vascular density
in deep layer under the circumstance of elevated ocular
perfusion pressure.

Although we detected a decrease of the foveal capillary
density both in PC and GDM groups, the changes of FD
were insignificant among the three groups. The variable
results were mainly due to different measured areas that
foveal region refers to the area within 1.0 mm ring, while
ED region refers to the area within the 300 pm width
ring surrounding the FAZ. As the greater FAZ size has
been found in PC and GDM groups, the proportion
within foveal region occupied by retinal vessels was less.

Although we detected irregular macular ring in PC
and GDM groups, the difference of Al was insignificant
among these three groups. But the PC and GDM groups
showed larger FAZ size and thinner CMT when com-
pared to the NC group. The negative correlation be-
tween FAZ and CMT has been investigated in our
previous study [43], so a larger FAZ size combined with
thinner CMT was expected. The enlargement of FAZ
size can possibly be attributed to the decrease of foveal
vascular density both in superficial and deep capillary
layers. Unexpectedly, the expanded FAZ and thinned
CMT were mitigated under hyperglycemia state that
similar FAZ and CMT were acquired in GDM group
when compared to the NC and PC groups.

In addition to the decrease of vascular density, the ca-
pillary “dropout” area has been exclusively detected in
superficial layer both in PC and GDM groups. But the
capillary “dropout” was different from the avascular area
shown in diabetic retinopathy, which was the capillary
occlusion both in superficial and deep capillary layers
[44, 45]. While the capillary “dropout” in PC and GDM
groups was supposed to be the vascular remodeling from
superficial capillary layer to deep capillary layer, as the
relatively regular capillary branches were found on full
capillary plexus layer. Regardless of the similar changes
of superficial vascular density between PC and GDM
groups, more capillary “dropout” was detected in GDM
groups.

Therefore, pregnant state changes the distributed pat-
terns of capillary layers that the vascular densities of
superficial and deep layers were similar in NC group,
but the vascular density in deep vascular layer was much
higher than that in superficial layer in both PC and
GDM groups. Although no clinically pathological
changes related to diabetic retinopathy were found in
GDM group, the transient hyperglycemia lead to more
capillary “dropout” changes in superficial layer.

There were limitations worth noting in the current
study. In spite of the fact that most of the retinal abnor-
malities can recover after delivery of a baby, changes of
vascular density were not followed up after pregnancy.
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Although it is well known that increasing estrogen and
progesterone were the factors causing vasoconstriction
[46, 47], we didn’t measure hormone levels among the
three groups.

Conclusion

The current study provides the evidence that the preg-
nancy state profoundly impacts the distributions of ca-
pillary branches from superficial capillary layer to deep
capillary layers. The redistribution caused -capillary
“dropout” changes in superficial capillary layer which
was aggravated by transient hyperglycemia state. These
findings contribute to the understandings of retinal ca-
pillary auto-regulated mechanism that facilitates retina
to cope with hemodynamic changes under pregnancy or
GMD states.
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