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ABSTRACT
Background: Pregnancy induces a cascade of hemodynamic changes that are likely to affect the maternal 

systemic and ocular circulation. 
Objectives: The current study aimed to investigate retinal microvasculature alterations in women with 

preterm and full-term pregnancy using optical coherence tomography angiography (OCT-A).
Design: This was a cross-sectional, comparative, single-center study.
Methods: The present study included 21 women with preterm pregnancy, who were in the early 

postpartum period, and 18 controls with full-term pregnancy. Optical coherence tomography angiography 
imaging was performed to analyze macular microvasculature characteristics at the retinal superficial 
capillary plexus (SCP) and the choriocapillaris (CC).

Results: In females with preterm pregnancy, the mean values of vessel density (VD) at the SCP of the 
total macular area were significantly higher than those in females with full-term pregnancy (p=0.001), and 
the mean values of foveal, parafoveal and perifoveal VD at the SCP were higher, though not statistically 
significant. Similarly, the mean values of perfusion at the SCP of the total macular area were significantly 
higher in females with preterm pregnancy than controls (p=0.023), while the mean values of foveal, 
parafoveal and perifoveal perfusion were higher, though not statistically significant. The mean values of 
foveal avascular zone (FAZ) parameters (area, perimeter, circularity) at the SCP in females with preterm 
pregnancy did not have any significant differences from those of controls. Concerning the measurements of 
choroidal parameters, there were no statistically significant differences in subfoveal choroidal thickness, as 
well as the CC OCT-A characteristics between females with preterm and full-term pregnancy. 

Conclusions: Our study indicates that retinal blood flow alterations may be present in the early 
postpartum period in women with preterm pregnancy. Increased macular vasculature may reflect the 
systemic perfusion changes compensating for placental insufficiency. 

Keywords: microvasculature, retina, prematurity, pregnancy, optical coherence tomography 
angiography.
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KEY MESSAGES 
•  Pregnancy induces a cascade of hemody-

namic changes with resultant alterations 
of the retinal microvasculature.  

•  By carefully considering optical cohe-
rence tomography angiography (OCT-A) 
values, we may identify retinal blood flow 
alterations in the early postpartum period 
in women with preterm pregnancy as 
compared to full-term pregnancy.

•  Increased macular vasculature could be 
associated with systemic perfusion 
changes compensating for placental insuf-
ficiency in preterm pregnancy.

•  Prospective longitudinal studies are 
warranted to outline the accuracy of 
OCT-A parameters in clinical practice. 

INTRODUCTION

Prematurity is a health concern with in-
creasing prevalence, given the im-
proved neonatal survival due to the 
widespread awareness and implemen-
tation of screening guidelines (1-5). 

Despite the well-established evidence on poten-
tial etiological factors of prematurity, there is 
limi ted understanding of the underlying patho-
physiology; a notable aspect to consider is that 
premature birth may be associated with placen-
tal insufficiency and maternal vascular hypoper-
fusion. Indeed, the biological mechanisms in-
volved in the onset of labour at both term and 
preterm need to be further elucidated, while the 
identification of effective predictive and preven-
tive characteristics remains a challenge (1-5). 

In the course of pregnancy, a number of 
physiologic adaptations occur to support the de-
veloping fetus (6, 7). Profound alterations in the 
reproductive, hematologic, cardiovascular and 
endocrine systems occur during the period of 
nine months and are reversed in the months fol-
lowing labour. Hemodynamic changes, which 
occur as a result of increased circulatory de-
mands in pregnancy, are likely to affect the sys-
temic and ocular circulation (6-13). The detailed 
quantification of placental perfusion is not cur-
rently available with routine obstetric examina-
tion, while imaging using contrast dye techniques 
is being avoided during pregnancy and postpar-
tum (14). Similarly, retinal studies in pregnancy 

have been limited due to potential adverse ef-
fects of mydriatics and fluorescein dye. The ad-
vent of optical coherence tomography angiogra-
phy (OCT-A) in recent years has given new 
insights in imaging and automated quantitative 
analysis of retinal microvasculature (15). Optical 
coherence tomography angiography is a novel 
non-invasive technology with depth-resolved ca-
pability to visualize microvessels without phar-
macologic pupil dilation. This advanced imaging 
method has helped discover subtle anatomical 
differences that are otherwise clinically invisible 
(15). 

To date, there is limited evidence concerning 
retinal vasculature in normal and pathologic 
pregnancy, while the aspect of retinal microvas-
culature postpartum remains largely unexplored. 
Based on recent evidence, increased circulatory 
demands and hormonal changes during the tran-
sient state of pregnancy seem to result in retinal 
capillary dilation (16-20). Nonetheless, it is un-
known whether further retinal vascular modifica-
tions may occur in terms of prematurity.  

We hypothesized that women with prema-
ture birth may have retinal blood flow alterations 
at the early postpartum period. Therefore, the 
aim of this study was to characterize the retinal 
and choriocapillaris (CC) microcirculation altera-
tions utilizing OCT-A in preterm pregnancy and 
compare them to full-term. q 

METHODS

Study design
The study was conducted in the Department 

of Ophthalmology of the University of Ioannina, 
Greece, between December 2021 and May 
2022. The University Hospital is a regional ter-
tiary center of Northwestern Greece where an 
average of 1500 infants are born annually, while 
almost 150 of them are born prematurely. Our 
sample comprised 10% of the total population 
with a premature birth born annually in this cen-
ter. Approval from the institutional ethics com-
mittee was received. Written informed consent 
was obtained from all participants. The investiga-
tion adhered to the tenets of the Declaration of 
Helsinki. 

Reporting of this study was conducted ac-
cording to the Strengthening the Reporting of 
Observational studies in Epidemiology (STROBE) 
guidelines (21). This was a cross-sectional, com-
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parative, single-center study. Consecutive pa-
tients meeting eligibility criteria were recruited in 
collaboration with the Neonatal Unit. To be in-
cluded, first group of patients should have a his-
tory of a singleton premature birth with a arrange 
from 28 to 36 weeks of gestation. The second 
group, the control group, consisted of women 
with a full-term pregnancy. Women in both 
groups were aged 19-37 years. Exclusion criteria 
for both groups consisted of pre-existing medical 
comorbidity, complications of pregnancy (gesta-
tional diabetes, hypertension, preeclampsia, in-
fection) or any other ocular conditions that could 
affect retinal vascular circulation. A comprehen-
sive ophthalmological examination was per-
formed within two weeks postpartum for both 
groups, including anterior segment and fundus 
examination with slit-lamp biomicroscopy, visual 
acuity and intraocular pressure measurement. At 
the same time, OCT-A was obtained for all pa-
tients in both eyes. Detailed OCT-A imaging 
analysis was conducted based on the protocol 
described below.      

Optical coherence tomography angiography 
imaging protocols
The scanning area was captured using the Zeiss 
Cirrus HD-5000 Spectral-Domain OCT with  
AngioPlex®, Jena, Germany. For each study par-
ticipant, a scan of the macular area was captured 
using the eye tracking system to reduce motion 
artifacts. All angiograms were manually checked 
and corrected if there were segmentation errors. 
Images were reviewed for image quality inclu-
ding artifacts affecting microvasculature analysis, 
decentration of the macula and signal strength 
index (quality was considered sufficient if 
strength index was ≥7/10). 

Optical coherence tomography angiography 
imaging was performed by acquiring a 6x6 mm2 
scan pattern automatically centered on the fo-
vea. Each B-scan is repeated twice at the same 
position and contains 350 A-scans which are 
equally spaced along the horizontal dimension 
with 17.1 micrometers separation. Similarly, 
350 B-scans are located in the vertical direction. 
The OCT-A system software generates en face 
images of retinal and choroidal vasculature 
which are based on automated layer segmenta-
tion. We examined macular capillary plexus pa-
rameters, in particular vessel density 
(VD) (mm/mm2), perfusion (%) and foveal avas-

cular zone (FAZ) characteristics of the superficial 
capillary plexus (SCP) which were automatically 
calculated. VD is defined as the total length of 
perfused vasculature per unit area and perfusion 
is defined as a percentage of perfused vascula-
ture area per unit area. The 6x6 scan is divided 
into three topographic subfields; the fovea, a 
central circle with a diameter of 1 mm, the para-
fovea, an inner circle with a diameter of 3 mm 
and the perifovea, an outer circle of 6 mm. VD 
and perfusion SCP were calculated at each re-
gion of the 6x6 mm scan area. Concerning FAZ 
parameters, we measured the area (mm2), pe-
rimeter (mm) and circularity (0 - 1). 

In addition, we analyzed vascular changes of 
the CC. Optical coherence tomography angio-
grams were acquired at a 6x6 mm scan pattern; 
en face images of the CC were generated and 
automated layer segmentation was performed 
using a slab between 29 and 49 μm below the 
RPE. Each image was imported to Image J for 
analysis (22). Binarization was conducted by an 
automatic local thresholding with the Otsu 
method (radius, 15 pixels), with selection from 
gray-level histograms (23). The white zones cor-
responded to the lumen of vessels of the CC net-
work and the black zones to the interstitial area. 
We assumed that the percentage of white zones 
was an indirect measure of the choroidal vascu-
lar flow area, therefore the percentage area oc-
cupied by the microvasculature defined perfu-
sion. By this way, we quantified the percentage 
of perfusion in the total area, as well as the total 
number and average size of perfused areas (24). 
Choroidal thickness (μm) was manually mea-
sured at the subfoveal area after acquiring scans 
with the enhanced depth imaging (EDI) mode; 
measurements were performed using as land-
marks the distance from the outer portion of the 
hyper-reflective line which corresponds to the 
Bruch’s membrane, and the inner hyper-reflec-
tive line of the choroid-sclera interface (25).

Statistical analysis 
Continuous variables were expressed as mean 
(standard deviation) and the comparisons of 
continuous variables were performed utilizing 
the student’s unpaired t-test. The normality of 
the distributions of continuous variables was as-
sessed by the Kolmogorov-Smirnov test. All tests 
were two-sided and a p-value less than 0.05 was 
considered statistically significant (alpha 0.05). 

Maternal retinal Microvasculature in PreterM Pregnancy
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The data were analyzed using SPSS Statistics 
(IBM SPSS Statistics for Windows, Version 24.0. 
Armonk, NY, US). q 

RESULTS

A total of 24 females with preterm pregnancy 
were examined. After applying the exclusion 

criteria, a total of 21 women with preterm preg-
nancy (gestational age 29 to 35 weeks and five 
days of gestation, median: 31 weeks of gestation) 
were included in the analysis. The control group 
comprised 18 women with full-term pregnancy 
(gestational ages 39 to 41 weeks of gestation, 
median: 40 weeks of gestation). 

Results of a generalized estimated equation 
analysis of the association between retinal OCT-A 
parameters and females with preterm and 
full-term pregnancy are shown in Table 1. In in-
dividuals with preterm pregnancy, the mean va-
lues of foveal, parafoveal and perifoveal VD at 
the SCP were higher, though not statistically sig-
nificant, than those in individuals with full-term 
pregnancy, while the mean values of the total 
macular area VD were significantly higher in in-
dividuals with preterm pregnancy than in con-
trols (p=0.001). Similarly, in individuals with 

preterm pregnancy, the mean values of foveal, 
parafoveal and perifoveal perfusion at the SCP 
were higher, though not statistically significant, 
than those in individuals with full-term pregnan-
cy, while the mean values of the total macular 
area perfusion were significantly higher in indi-
viduals with preterm pregnancy than in controls 
(p=0.023).  

Concerning FAZ parameters in the SCP, indi-
viduals with preterm pregnancy did not have any 
significantly changes concerning the mean values 
of FAZ area, perimeter and circularity as com-
pared to those of individuals with full-term preg-
nancy in the 6x6 mm2 OCT angiograms. 

Results of a generalized estimated equation 
analysis of the association between calculated 
choroidal parameters and females with preterm 
and full-term pregnancy are shown in Table 2. 
Concerning the measurements of choroidal pa-
rameters, we did not find any statistically signifi-
cant differences in subfoveal choroidal thickness, 
as well as the CC OCT-A characteristics, namely 
the percentage of perfusion in the total area and, 
the total number and average size of perfused 
areas in individuals with preterm pregnancy as 
compared to those with full-term pregnancy. 

TABLE 1. Retinal OCTA parameters between 
women with preterm and full-term pregnancy

TABLE 2. OCTA choroidal 
parameters at women with 
preterm and full-term and 
pregnancy
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Distribution of statistically significant calcu-
lated parameters (VD and perfusion SCP of total 
macular area) across patients with preterm preg-

nancy and controls are shown in the boxplots of 
Figure 1.

Representative images of the retinal and the 
CC OCT-A characteristics of females with pre-
term and full-term pregnancy are shown in Fi-
gures 2 and 3, respectively. q 

DISCUSSION

The findings of the current study indicated that 
macular subfield vasculature measurements 

were higher in the preterm pregnancy group as 
compared with the full-term, with that of the 
whole macular area being statistically significant. 
The increased flow density was notably not iden-
tified at the CC plexus. To the best of our know-
ledge, this is the first study to assess the relation 
between maternal macular microcirculation pa-
rameters and premature pregnancy utilizing 
OCT-A. 

Pregnancy elicits profound physiologic adap-
tations in multiple systems, namely hematologic, 
vascular, metabolic, endocrine and immunologic 
to accommodate the developing fetus and pre-
pare the mother for labour and delivery (6-13). 
The latter occur during the course of nine months 
with most of them being fully reversible in the 
next six weeks after delivery. Being a status cha-
racterized by increased circulatory demands, 
pregnancy induces a cascade of hemodynamic 
changes. Plasma volume expansion, which is a 
pivotal component of a successful pregnancy 
outcome, starts at six weeks of gestation to in-
crease by 50% to a maximal volume around 
32 weeks and reach a plateau thereafter until 
parturition. Of note, this important rise in plasma 
volume is characterized by increased cardiac 
output, however, with arterial under-filling due 
to 85% of blood volume residing within the ve-
nous circulation. In addition, hormonal altera-
tions considerably upregulate nitric oxide and 
contribute to further decrease of peripheral resis-
tance. Consequently, endothelial cells are likely 
affected promoting changes to the systemic and 
ocular circulation. Despite the temporary nature 
of pregnancy, it has been hypothesized that reti-
nal microvasculature may undergo vasodilation 
due to increased blood volume; these alterations 
conceivably occur during the course of pregnan-
cy and in the early postpartum period, until this 
state is fully reversed in the following months. It 
is noteworthy to mention that the failure of ma-

FIGURE 1. Boxplots showing the distribution of statistically significant 
calculated parameters (VD and perfusion SCP of total macular area) 
across patients with preterm and full-term pregnancy

FIGURE 2. Representative images of the macular area at the superficial 
capillary plexus of a female in preterm and full-term pregnancy, with 
OCT angiograms of macular area showing FAZ, VD and perfusion at 
fovea, parafovea and perifovea. Preterm pregnancy: (a) FAZ; (b) VD; and 
(c) perfusion. Full-term pregnancy: (d) FAZ; (e) VD; and (f) perfusion

FIGURE 3. Representative images after binarization of the macular area 
at the choriocapillaris plexus indicating the perfused area of a female in 
preterm (a) and full-term (b) pregnancy
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ternal plasma volume expansion may be impli-
cated in adverse obstetric outcomes, such as fe-
tal growth restriction and preterm birth (6-13). 
Besides, approximately 30% of individuals with 
preterm labour have placental lesions consistent 
with vascular hypoperfusion, which may be con-
nected to placental insufficiency and in turn in-
duce further systemic vascular adaptations (26). 

Our study demonstrates changes in retinal 
vascular density and blood flow in individuals 
with preterm pregnancy as compared to those 
with full-term; in particular, VD and perfusion 
SCP were significantly higher in the whole macu-
lar area in females with premature births. Exis-
ting evidence indicates the presence of retinal 
changes in the third trimester of pregnancy 
(16-19). A previous study of healthy women 
exhi bited that total macular volume and retinal 
thickness were increased toward the end of 
pregnancy, which was presumably attributed to a 
rise of body fluid and capillary hydrostatic pres-
sure (27, 28). In an attempt to investigate retinal 
and choroidal vasculature during pregnancy, 
Chanwimol et al showed retinal microcirculation 
alterations in healthy pregnant individuals, fur-
ther supporting the normal and compensatory 
changes that are known to occur during this state 
(16). Indeed, increased total body blood volume 
and high levels of progesterone associated with 
this condition may result in retinal capillary dila-
tion (16). The authors notably indicated that per-
fusion density of deep capillary plexus (DCP) 
was significantly increased in pregnant women, 
however, this was not confirmed at the SCP (16). 
Due to physiologic differences in hydrostatic 
pressure, structure and function between the 
SCP and DCP, it may be plausible that they 
would be affected in a different way during preg-
nancy (29, 30). Recently, Su and co-authors 
found that women with small for gestational age 
infants had increases in selective retinal vascular 
layers, hypothesizing that these compensatory 
increases in microcirculation parameters were 
possibly related to placental insufficiency (20). 
Since preterm pregnancy is characterized by ma-
ternal vascular hypoperfusion, we could assume 
that a common pathophysiological basis in both 
cases would account for an apparent increase in 
vascular density and blood flow (20, 26). As pre-
viously supported, this mechanism could involve 
the retinal blood flow autoregulation through the 
release of vasoactive mediating molecules that 

lead to capillaries adaptations to alterations in 
the perfusion pressure and metabolic demands 
of the tissue (31, 32).

Concerning FAZ parameters, we did not ob-
serve any significant differences between fe-
males with preterm and full-term pregnancy. 
Likewise, alterations in FAZ have not been no-
ticed during pregnancy in healthy females (16). 
Possibly, an explanation of undetected changes 
could be that the fovea is relatively devoid of 
vessels making small changes difficult to identify. 
Besides, the measurements in our study were 
made within two weeks postpartum and this fact 
could have concealed minor variations which 
might have been present during pregnancy or 
immediately after labour. 

A number of studies have reported changes 
of choroidal thickness in specific subfields of the 
macula during pregnancy, though their results do 
not serve unequivocal perspectives; some stu-
dies found thickening of the choroid, while oth-
ers mention no differences from non-pregnant 
women (33-35). Unlike choroidal thickness 
which has been widely analyzed, CC blood flow 
needs to be further investigated. Our analysis of 
OCT angiograms by the binarization method fo-
cused on the flow pattern of the CC. The results 
of our study notably indicate a uniform CC flow 
pattern in both preterm and full-term pregnan-
cies. The vasculature of the CC has been pre-
viously evaluated in normal pregnancy by mea-
suring CC flow voids (lack of vessels) on OCT-A 
proposing no evident differences between preg-
nant and non-pregnant women (16). Similarly to 
these findings, our study supports the hypothesis 
that the choroid has a relatively even and con-
stant homeostatic response that differs from the 
complex retinal autoregulatory process. 

To date, there is limited evidence concerning 
retinal vasculature in normal and pathologic 
pregnancy (16-20). Conceivably, this informa-
tion may be considered relevant for clinical prac-
tice, as blood flow changes could serve as a pre-
dicting factor for the prognostication of the status 
of systemic circulation and the possibility of a 
premature birth. Given that hemodynamic 
changes resolve slowly after delivery within a pe-
riod of several months, we speculate that our 
measurements that were taken in the early post-
partum period, may reflect the vasculature status 
towards the end of pregnancy (6-13). Thus, reti-
nal microcirculation alterations may comprise 
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predicting factors that are associated with pre-
mature labour. An interesting point that should 
be underlined is that we evaluated the retinal 
microvasculature of women with preterm preg-
nancy in comparison to those with full-term, 
demonstrating that apparent vascular alterations 
may possibly be associated with placental insuf-
ficiency. The aforementioned parameters along 
with the design may add strength to our study. In 
any case, our study contributes to a little-studied 
issue which undoubtedly warrants further inves-
tigation. Inevitably, the results of the current 
study should be interpreted with certain limita-
tions. Firstly, our patients were examined in the 
postpartum period. One could suggest that 
e xamination during pregnancy could provide 
more specific evidence regarding the vasculature 
changes, however, even examination at this time 
point enabled the detection of significant differ-
ences between women with preterm and 
full-term labour. Moreover, hemodynamic reso-
lution occurs within the following months and, 
due to strict inclusion criteria, we analyzed OCT 
angiograms of cases that were imaged promptly. 
Secondly, we should not ignore the intrinsic limi-
tations of the imaging technology used. It can be 
argued for instance, that that a swept-source sys-
tem would offer more detailed analysis than a 
spectral-domain device; they are considered 
comparable for measurements of the superficial 
retinal layers, but they may differ for the visua-
lization of the CC (36). Thirdly, the present study 
was performed in a single center, therefore more 
controlled evidence should be available before 
generalizing. Fourthly, sample size/power analy-
sis was not performed for this study. Lastly, it 
should be noted that our results regarding CC 
vasculature were produced using a well-known 
image-processing software and a procedure (bi-
narization) that has been used for other studies. 
Theoretically, employing different imaging plat-
forms could have produced different results. q 

CONCLUSIONS

The current study points out that retinal blood 
flow alterations may be present at the early 

postpartum period in women with preterm preg-
nancy; in particular, increased macular vascula-
ture could be associated with systemic perfusion 
changes compensating for placental insufficien-
cy. Additional prospective longitudinal studies 
are warranted to validate our findings, correlate 
the retinal microvasculature with uteroplacental 
or systemic circulation and determine the accu-
racy of OCT-A characteristics as predicting fac-
tors for preterm births in clinical practice. q

Ethics statement: All authors meet the 
International Committee of Medical Journal Editors 
(ICMJE) criteria for authorship for this article, take 
responsibility for the integrity of the work as a 
whole, and have given their approval for this 
version to be published. 

Conflicts of interest: none declared.
Financial support: none declared.
Ethical approval: The study was approved by 

the institutional ethics committee of the  
University Hospital of Ioannina  
(e.s.13/14-6-2021 θ.6), Greece on 22-6-2021. 

Author contributions: Evita Evangelia Christou 
– conceptualization, data curation, investigation, 
methodology, project administration, and writing 
the original draft;

Dimitrios Rallis – data curation, methodology, 
project administration, supervision, and writing, 
including review and editing;  
Paraskevas Zafeiropoulos – data curation, 
investigation, methodology, visualization; 
Christoforos Asproudis – data curation, 
investigation, methodology, visualization;  
Maria Stefaniotou – data curation, methodology, 
project administration, supervision, and writing, 
including review and editing;  
Vasileios Giapros – conceptualization, 
methodology, project administration,  
supervision, writing, including review and editing; 
Ioannis Asproudis – conceptualization,  
data curation, methodology, project 
administration, supervision, and writing, including 
review and editing.



630 Maedica
  

A Journal of Clinical Medicine, Volume 18, No. 4, 2023

Maternal retinal Microvasculature in PreterM Pregnancy

1. Di Renzo GC, Tosto V, Giardina I. The 
biological basis and prevention of 
preterm birth.  
Best Pract Res Clin Obstet Gynaecol 
2018;52:13-22.

2. Goldenberg RL, Culhane JF, Iams JD, 
et al. Epidemiology and causes of 
preterm birth.  
Lancet 2008;371:75-84.

3. Ville Y, Rozenberg P. Predictors of 
preterm birth.  
Best Pract Res Clin Obstet Gynaecol 
2018;52:23-32.

4.	 Suff	N,	Story	L,	Shennan	A.	The 
prediction of preterm delivery:  
What is new?  
Semin Fetal Neonatal Med 2019;24:27-32.

5. Menon R. Spontaneous preterm birth, a 
clinical dilemma: etiologic, 
pathophysiologic and genetic 
heterogeneities and racial disparity.  
Acta Obstet Gynecol Scand 2008;87:590-600.

6.	 Vora	N,	Kalagiri	R,	Mallett	LH,	Oh	JH,	
Wajid	U,	Munir	S,	Colon	N,	Raju	VN,	
Beeram MR, Uddin Mn et al. Proteomics 
and Metabolomics in Pregnancy-An 
Overview.  
Obstet Gynecol Surv 2019;74:111-125.

7. McKeating DR, Fisher JJ, Perkins AV. 
Elemental Metabolomics and Pregnancy 
Outcomes.  
Nutrients 2019;11:73. 

8.	 Ouzounian	JG,	Elkayam	U. Physiologic 
changes during normal pregnancy and 
delivery.  
Cardiol Clin 2012;30:317-29.

9. Greer C, Troughton RW, Adamson PD, 
et al. Preterm birth and cardiac function 
in adulthood.  
Heart 2022;108:172-177.

10.	 de	Haas	S,	Ghossein-Doha	C,	 
van Kuijk SM, et al. Physiological 
adaptation of maternal plasma volume 
during pregnancy: a systematic review 
and meta-analysis.  
Ultrasound Obstet Gynecol 2017;49:177-187.

11. Vargas M, Vargas E, Julian CG, et al. 
Determinants of blood oxygenation 
during pregnancy in Andean and 
European residents of high altitude.  
Am J Physiol Regul Integr Comp Physiol 
2007;293:R1303-312.

12. Vricella LK. Emerging understanding 
and measurement of plasma volume 
expansion in pregnancy.  
Am J Clin Nutr  
2017;106(Suppl 6):1620S-1625S.

13. Aguree S, Gernand AD. Plasma volume 
expansion across healthy pregnancy: a 
systematic review and meta-analysis of 

longitudinal studies.  
BMC Pregnancy Childbirth 2019;19:508.

14.	 Siauve	N,	Chalouhi	GE,	Deloison	B,	 
et al. Functional imaging of the human 
placenta with magnetic resonance.  
Am J Obstet Gynecol  
2015;213(4 Suppl):S103-S114.

15.	 Spaide	RF,	Fujimoto	JG,	Waheed	NK,	 
et al. Optical coherence tomography 
angiography.  
Prog Retin Eye Res 2018;64:1-5.

16. Chanwimol K, Balasubramanian S, 
Nassisi	M,	et	al. Retinal Vascular 
Changes During Pregnancy Detected 
With Optical Coherence Tomography 
Angiography.  
Invest Ophthalmol Vis Sc  
2019;60:2726-2732.

17.	 Hepokur	M,	Gönen	B,	Hamzaoğlu	K,	 
et al. Investigation of Retinal Vascular 
Changes during Pregnancy Using Optical 
Coherence Tomography Angiography. 
Semin Ophthalmol 2021;36:19-27.

18.	 Kızıltunç	PB,	Varlı	B,	Büyüktepe	TÇ,	 
et al. Ocular vascular changes during 
pregnancy: an optical coherence 
tomography angiography study.  
Graefes Arch Clin Exp Ophthalmol 
2020;258:395-401.

19. Lin BR, Lin F, Su L, et al. Relative 
Postpartum Retinal Vasoconstriction 
Detected With Optical Coherence 
Tomography Angiography.  
Transl Vis Sci Technol 2021;10:40.

20. Su L, Lin BR, Lin F, et al. Maternal 
Optical Coherence Tomography 
Angiography Changes Related to Small 
for Gestational Age Pregnancies.  
Transl Vis Sci Technol 2020;9:4.

21. von Elm E, Altman DG, Egger M, et al, 
STROBE	Initiative. The Strengthening 
the Reporting of Observational Studies in 
Epidemiology (STROBE) statement: 
guidelines for reporting observational 
studies.  
J Clin Epidemiol 2008;61:344-349.

22.	 Schindelin	J,	Arganda-Carreras	I,	 
Frise E, et al. Fiji: an opensource platform 
for biological-image analysis.  
Nat Methods 2012;9:676-682.

23.	 Otsu	N. A threshold selection method 
from gray-level histograms.  
IEEE Trans Syst Man Cybern 1979;9:62-66.

24. Spaide RF. Choriocapillaris Flow 
Features Follow a Power Law 
Distribution: Implications for 
Characterization and Mechanisms of 
Disease Progression.  
Am J Ophthalmol 2016;170:58-67.

25. Branchini LA, Adhi M, Regatieri CV,  

et al. Analysis of choroidal morphologic 
features and vasculature in healthy eyes 
using spectral-domain optical coherence 
tomography.  
Ophthalmology 2013;120:1901-1908.

26. Kim YM, Bujold E, Chaiworapongsa T, 
et al. Failure of physiologic 
transformation of the spiral arteries in 
patients with preterm labour and intact 
membranes.  
Am J Obstet Gynecol 2003;189:1063-1069.

27.	 Cankaya	C,	Bozkurt	M,	Ulutas	O.  
Total macular volume and foveal  
retinal thickness alterations in healthy 
pregnant women.  
Semin Ophthalmol 2013;28:103-111.

28.  Gyselaers W. Hemodynamic pathways 
of gestational hypertension and 
preeclampsia.  
Am J Obstet Gynecol 2022;226:S988-S1005.

29. Garrity ST, Paques M, Gaudric A, et al. 
Considerations in the understanding of 
venous outflow in the retinal capillary 
plexus.  
Retina 2017;37:1809-1812.

30. Spaide RF. Retinal vascular cystoid 
macular edema: review and new theory. 
Retina 2016;36:1823-1842.

31.	 Pournaras	CJ,	Rungger-Brändle	E,	 
Riva CE, et al. Regulation of retinal blood 
flow in health and disease.  
Prog Retin Eye Re 2008;27:284-330.

32. Yu DY, Cringle SJ, Yu PK, et al.  
Retinal capillary perfusion: spatial and 
temporal heterogeneity.  
Prog Retin Eye Res 2019;70:23-54.

33.	 Dadaci	Z,	Alptekin	H,	Oncel	Acir	N,	 
et al. Changes in choroidal thickness 
during pregnancy detected by enhanced 
depth imaging optical coherence 
tomography.  
Br J Ophthalmol 2015;99:1255-1259.

34.	 Roskal-Wałek	J,	 
Laudańska-Olszewska	I,	Biskup	M,	 
et al. Choroidal Thickness in Women 
with Uncomplicated Pregnancy: 
Literature Review.  
Biomed Res Int 2017;2017:5694235.

35.	 Kara	N,	Sayin	N,	Pirhan	D,	et	al. 
Evaluation of subfoveal choroidal 
thickness in pregnant women using 
enhanced depth imaging optical 
coherence tomography.  
Curr Eye Res 2014;39:642-647.

36.	 Ledesma-Gil	G,	 
Fernández-Avellaneda	P,	Spaide	RF. 
Swept-source optical coherence 
tomography angiography imaging of the 
choriocapillaris.  
Retina 2021;41:1373-1378.

References


