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STUDY QUESTION: Can abnormalities in retinal microvasculature representing adverse microcirculatory perfusion and inflammation
shed light on the pathophysiology of female fecundability?

SUMMARY ANSWER: In our prospective study, abnormalities in retinal vascular geometric morphology (i.e. sparser arteriolar fractal
and larger venular bifurcation) during pre-conception phase are temporarily associated with a prolonged time-to-pregnancy (TTP).

WHAT IS KNOWN ALREADY: Suboptimal retinal microcirculatory morphology has been associated with obesity, psychological stress
and hypertension, all of which are known risk factors for reduced female fecundability.

STUDY DESIGN, SIZE, DURATION: A total of 652 women of Chinese, Malay or Indian ethnicity 18–45 years of age and planning to
conceive spontaneously within the next 12 months were recruited during the pre-conception period into the Singapore PREconception
Study of long-Term maternal and child Outcomes (S-PRESTO), from February 2015 to October 2017.

PARTICIPANTS/MATERIALS, SETTING, METHODS: During recruitment, we collected information on socio-demographic fac-
tors, menstrual characteristics and lifestyle behaviors and made anthropometric measurements. We assessed the following retinal mi-
crovascular features: caliber, branching angle and fractal dimension. We conducted follow-up telephone surveys to track each partici-
pant’s pregnancy status at 6, 9 and 12 months after enrolment. We ascertained clinical pregnancies via ultrasonography, with TTP
measured by the number of menstrual cycles required to achieve a clinical pregnancy over a 1-year follow-up. Then, we performed
discrete-time proportional hazards models to estimate the fecundability odds ratio (FOR) and 95% CI for each retinal microvascular
feature in association with TTP, after adjusting for major confounders, including body mass index and fasting glycemic level at study
entry.

MAIN RESULTS AND THE ROLE OF THE CHANCE: Among 652 recruited women, 276 (42.3%) successfully conceived within 1
year of follow-up. The mean (and SD) was 1.24 (0.05) Df for retinal arteriolar dimension fraction and 78.45 (9.79) degrees for retinal
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venular branching angle, respectively. Non-linear relationship testing was performed before multiple adjustment in all associations and a
non-monotonic association was detected between retinal venular branching angle and TTP. Compared with women in the highest tertile
of retinal arteriolar fractal dimension, women in the second tertile had a prolonged TTP (FOR: 0.68; 95% CI: 0.51–0.92), as did women in
the lowest tertile (FOR: 0.73; 95% CI: 0.55–0.98). Compared with women in the middle tertile of retinal venular branching angle, women
in the highest tertile had a borderline prolonged TTP (FOR: 0.75; 95% CI: 0.56–1.02). No other retinal vascular features were significantly
associated with TTP.

LIMITATIONS, REASONS FOR CAUTION: We were unable to adjust for other potential confounding factors such as female sexual
function (e.g. frequency of sexual intercourse), which might introduce a residual bias. Moreover, even though this is a prospective cohort
design, our findings can identify the temporal relationship but not necessarily infer a causal relationship between maternal microvasculature
and TTP. Lastly, our study involving mainly Chinese, Malay and Indian ethnicities might not be generalizable to other races or ethnicities.

WIDER IMPLICATIONS OF THE FINDINGS: Suboptimal microcirculation may lead to reduced female fecundability. In the future, in
addition to conventional ultrasonographic evaluation of ovarian and uterine physiological function, assessing the retinal microvasculature
might be useful for assessment of ovarian age, fertility prediction and endometrial evaluation before assisted reproductive techniques for
fertility treatments.

STUDY FUNDING/COMPETING INTEREST(S): This research is supported by the Singapore National Research Foundation (NRF)
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Introduction
The global fertility has fallen sharply in the past half century, with a
drop in total fertility rate (TFR) of 49.4% from 4.7 live births per
woman in 1950 to 2.4 live births per woman in 2017 (Murray et al.,
2018). In Singapore, the TFR fell to 1.10 in 2020, well below the 2.05
required to maintain a zero population growth (Singapore, 2020). Such
a low TFR would lead to negative population growth in the absence of
reduced mortality or increased immigration, and could further diminish
the working population and adversely affect social and economic de-
velopment over the long term (Murray et al., 2018). As such, it is piv-
otal to identify risk factors of TFR that may contribute to the
prediction of TFR and prevention of low TFR.

One of the major causes of low TFR has been regarded as pro-
longed time-to-pregnancy (TTP) (Murray et al., 2018). Identified female
risk factors of prolonged TTP include advanced age at childbearing,
obesity and systemic disease (hypertension, type 2 diabetes [T2D]), as
well as abnormal menstrual characteristics (Sharma et al., 2013;
McKinnon et al., 2016; Wesselink et al., 2016; Loy et al., 2018; Hong
et al., 2019; Loy et al., 2021). Even though the pathophysiological
mechanisms underlying these risk factors are not always clear, chronic
inflammation, oxidative stress and endothelial dysfunction, as well as
impairment of perfusion in uterine and ovarian circulation, in particular,
have been speculated to disrupt ovulation and implantation (Abulafia
and Sherer, 2000; Smith, 2001; Ou et al., 2012). However, current
studies using Doppler ultrasound to study the uterine and ovarian
blood flow are greatly hindered by the high inter-examiner variability,
while there are very few feasible and reliable examinations assessing in-
flammation and oxidant stress levels in vivo among female subjects
(Dickey, 1997).

Retinal microvasculature examination is a routine practice to detect
retinopathy in patients with ocular disease (e.g. age-related macular
denegation) and/or systemic disease (e.g. hypertension, diabetes)

(Fong et al., 2004; Williams et al., 2004; Kanagasingam et al., 2014).
Recent epidemiologic studies suggest a strong link between retinal mi-
crovasculature and chronic inflammation, nitric oxide-dependent endo-
thelial dysfunction and impairment of perfusion or oxygenation (Klein
et al., 2006; Wong et al., 2006; Daien et al., 2013), as well as the pe-
ripheral, cerebral and coronary circulation in general population
(Wong et al., 2002; Cheung et al., 2007, 2013; De Silva et al., 2012;
Wong et al., 2002). Owing to its non-invasive nature, retinal imaging
has become accessible in many populations, including pregnant women
and young children, to study their general microcirculation (Li et al.,
2011, 2012) and provide additional screening and/or prediction values
for chronic diseases (Smith et al., 2004; Cheung et al., 2013, 2014).
For example, retinal vascular abnormalities (i.e. arteriolar narrowing,
venular widening, sparser fractal, and both narrowing and enlargement
in branching angle) have been associated with obesity, hyperglycemia,
psychosocial stress, hypertension and even changes in fetal growth (Li
et al., 2012, 2013, 2015, 2017; Tapp et al., 2020). Retinal microvascu-
lar morphology may, therefore, shed light on the pathophysiology of
female fecundability. In a prospective pre-conceptional and pregnancy
cohort in Singapore, we explored the novel associations of women’s
pre-gravid retinal vascular morphological features, including central vas-
cular equivalence (caliber) and geometry (fractal dimension and
branching angle) and TTP over a 1-year follow-up, to understand the
role of retinal microvasculature underlying reduced female fecundability
and to provide a proof-of-concept.

Materials and methods

Study population
Participants in this study were enrolled in the Singapore
PREconception Study of long-Term maternal and child Outcomes (S-
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PRESTO, ClinicalTrials.gov, NCT03531658) from February 2015 to
October 2017. This prospective cohort study was designed to exam-
ine the influences of events in the pre-conceptional period and early
pregnancy on metabolic and mental health outcomes for both mother
and offspring in later life. Women of Chinese, Malay, or Indian ethnic-
ity aged 18–45 years and planning to conceive spontaneously within
the next 12 months were recruited during pre-conception period into
S-PRESTO. Women with type 1 diabetes or T2D were excluded from
S-PRESTO. To facilitate recruitment, a pre-conception clinic was
established in KK Women’s and Children’s Hospital (KKH). Public re-
cruitment outside the hospital occurred through a variety of
approaches, including distributed brochures, publicly displayed posters
at out-patient clinics in general practices, community/religious centers
and advertisements on social media platforms and the radio. The co-
hort profile has been detailed elsewhere (Loo et al., 2021). The study
was conducted according to the guidelines under the Declaration of
Helsinki and approved by the SingHealth Centralized Institute Review
Board (2014/629/D). All participants provided written informed con-
sent at the study entry.

During recruitment, in-person interviews were used to collect infor-
mation on socio-demographic factors, health history, menstrual charac-
teristics and lifestyle behaviors. Weight, height, skinfold thickness and
body fat percentage were measured by trained research staff at the
clinic of KKH. Participants were asked to undergo pregnancy testing if
their period was 3–4 days late or if 2 weeks had passed after unpro-
tected intercourse at any time, using a urinary pregnancy test kit sensi-
tive to 25 mIU/ml Human Chorionic Gonadotropin (hCG) (Biotron
Diagnostics, Hemet, CA, USA), and to inform the research staff of a
positive result. Once a pregnancy was reported, the last menstruation
period (LMP) date was subsequently documented, and an ultrasound
scan was scheduled to confirm clinical pregnancy. Research staff also
conducted follow-up phone surveys to track each participant’s preg-
nancy status at 6, 9 and 12 months after enrollment.

Of the 1032 eligible women in S-PRESTO, 380 were excluded from
analysis for one or more of the following reasons: (i) have been trying to
conceive for over 12 months (n¼ 148); (ii) had received anticonvulsant
medication, oral steroids or assisted fertility treatment in the month be-
fore the retinal examination (n¼ 1); (iii) were newly diagnosed with T2D
at recruitment via an oral glucose tolerance test (OGTT) (n¼ 17); (iv)
had a missing or unknown date of LMP before the retinal examination
(n¼ 23); (v) had missing, unknown or implausible menstrual cycle length
(n¼ 9); (vi) had a missing or unknown date of LMP before pregnancy
(n¼ 34); (vii) had conceived at or before retinal examination (n¼ 61); or
(viii) did not participate in the retinal examination (n¼ 87). After these
exclusions, 652 participants were included for analysis (Fig. 1).

Examination of retinal microvasculature
Retinal examination was performed by trained photographers using a
45� non-mydriatic retinal camera (Canon CR-1, 40D SLR digital retinal
camera backing, Canon Inc., Tokyo, Japan) at the study entry. Two
retinal photographs centered on the optic disc and macula were taken
on each eye without pharmacological pupillary dilation. Subsequently,
all retinal images were assigned to graders blinded to the participants’
other data, and all retinal microvascular caliber beyond 25mm crossing
through 0.5–2.0 disc diameters (Zone C) from the optic disc margin
were assessed according to a standard protocol (Cheung et al., 2015).

These features included central retinal arteriolar and venular equiva-
lence (CRAE and CRVE) and vascular geometry (i.e. fractal dimension
and branching angle), each evaluated quantitatively using a semi-
automated computer-based program (Singapore I Vessel Assessment
[SIVA] version 4.0, Singapore Eye Research Institute, Singapore,
Singapore). Fractal dimension quantifies the complexity of the
branching pattern of the retinal vascular tree, which was calculated
from the outlined retinal vessels using the ‘box-counting method’
(Li et al., 2016). Branching angle with its unit (degrees) is defined as
the first angle subtended between two daughter vessels at each bifurca-
tion (Li et al., 2016). The inter- and intra-grader intraclass correlation co-
efficient (ICC) achieved at least 0.8 for all retinal vascular features in a
randomly selected 10% subset of re-graded retinal photos.

Assessment of TTP
Pregnancy was determined by a positive urinary pregnancy test and later
confirmed by a dating ultrasound scan (>6 weeks of gestation) via the
presence of an intrauterine gestational sac. In the event where an ultra-
sound scan was not available or inconclusive, the diagnosis of pregnancy
was made clinically. TTP was defined as the number of menstrual cycles
required to achieve a clinical pregnancy over 1-year follow-up, calculated
as the total number of cycles at pregnancy risk. The total number of
cycles at pregnancy risk was calculated with the following formula:

Total number of cycles at pregnancy risk ¼ INT
�

a�bð Þþ cð Þ½ �
b

�
INT: the integer portion of the quotient
a: number of months attempting to conceive before the study entry
b: average cycle length, i.e. the usual number of days between the start of one
menstrual cycle and the start of the next menstrual cycle.
c: number of days between the date of LMP before conception or the most re-
cent follow-up and date of LMP immediately before the study entry.

For women who became pregnant, one more conception cycle was
added, assuming that the actual conception took place in a 0.5–
1.0 cycle after the documented LMP (Zhao et al., 2019). For example,
consider a woman with an average cycle length of 28 days who had
been trying to conceive for 3 months at study entry and who success-
fully conceived during our observational window phase of 1 year. We
archived her date of LMP before conception (say, 2 October 2015)
and the date of LMP before study entry (say, 2 February 2015). The
difference between these two LMPs is 242 days. Her total number of
cycles equals to INT 3 � 28ð Þþ 242ð Þ½ �

28

� �
þ 1 ¼ 13.

Covariates
Personal medical history, lifestyle data and socio-economic information
were obtained via interviews at study entry. Covariates collected at
study entry included: maternal age, ethnicity (Chinese vs Malay vs
Indian vs others), college education (yes vs no), parity (nulliparous vs
parous), cycle length, cycle regularity (regular vs irregular [variation of
menstrual interval >5 days]), age at menarche (<12, 12–13, >13 years),
number of months attempting to conceive before study entry, body
mass index (BMI) at study entry (underweight [BMI< 18.5 kg/m2] vs
normal weight [18.5 kg/m2 � BMI� 22.9 kg/m2] vs. overweight
[23.0 kg/m2 � BMI< 27.4 kg/m2] vs obese [BMI� 27.5 kg/m2])
(Consultation, 2004; Loy et al., 2018), systolic blood pressure (SBP) and
diastolic blood pressure (DBP), physical activity in the past 7 days classi-
fied based on the International Physical Activity Questionnaire guidelines

Retinal vessels and female fecundability 2937
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..(inactive vs minimally active vs HEPA [health-enhancing physical activity]
active) (IPAQ Research Committee, 2005), smoking (never vs past or
current), alcohol intake (never vs past or current), micronutrient supple-
ments intake in the past 3 months (yes vs no), anxiety status in the past
7 days (State-Trait Anxiety Inventory [STAI] score within cohort distribu-
tion: �75th vs <75th percentile) (Teixeira et al., 1999), and depression
status in the past 7 days (Edinburgh Postnatal Depression Scale [EPDS]
score: �14 vs <14 points) (Gibson et al., 2009). A 2-h 75 g two-
timepoint OGTT was performed at the clinic during the first pre-
conception visit, and the fasting and 2-h plasma glucose concentra-
tions were retrieved from medical records. Fasting glucose level

was categorized into two groups by setting the threshold at
5.1 mmol/L, as in our prior publication (Loy et al., 2021).

Statistical analysis
Student’s t-test, Wilcoxon–Mann–Whitney tests, Chi-square test or
Fisher’s exact test were used to describe the maternal characteristics:
(i) between participants included and excluded in the study, (ii) be-
tween eligible participants with complete and missing data of retinal in-
dices, (iii) between pregnant and non-pregnant participants within 1
year, and (iv) across the tertiles of retinal arteriolar fractal dimension
and venular branching angle. In order to show the natural pregnancy

Figure 1. The flowchart of study participants’ recruitment.

2938 Huang et al.
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rate during the 12 months’ follow-up, we applied life-time table
method to calculate cumulative percentage, among 270 couples with
0–1 month of attempt time in conception.

Since our analysis was hypothesis-driven based on prior findings
(Liew et al., 2011; Cheung et al., 2017; Huang et al., 2020), we used
crude models including restricted cubic splines with three knots (10th,
50th and 90th percentiles) to assess non-linear relationships between
retinal vascular features and TTP (Steenland and Deddens, 2004). The
P-value for linear trend was assessed across tertiles of individual retinal
microvascular feature in monotonic association. The discrete-time pro-
portional hazards models were applied to estimate the fecundability
odds ratios (FORs) and 95% CIs in all associations with tertiles of reti-
nal microvascular measurements (Spira, 1998; Wilcox, 2010). FOR <1
denotes reduced fecundability (a longer TTP), whereas FOR >1
denotes increased fecundability (a shorter TTP) (Wise et al., 2010).

To account for differences in individual durations of attempting to con-
ceive before study entry, the Andersen–Gill data structure was applied
to reduce left truncation bias (Wise et al., 2010). For example, if a
woman conceived after her 4th cycle and she had two cycles attempt-
ing to conceive before study entry, the model used only two cycles
(4–2¼ 2) for analysis. For participants who did not conceive within 1
year after the baseline recruitment or who were lost to follow-up or
initiated fertility treatment, TTP was censored in our model.
Covariates were tested in a forward stepwise manner for all associa-
tions between retinal microvascular features and TTP. We included all
confounders previously reported and then selected a parsimonious
model containing confounders that changed the FOR by at least 10%.
Of the three adjustment models, Model 1 adjusted for maternal age,
ethnicity (Chinese vs Malay vs Indian vs others), college education (yes
vs no) and EPDS score (�14 vs <14); Model 2 additionally adjusted

............................................................................................................................................................................................................................

Table I. Comparison of maternal characteristics across the tertiles of retinal arteriolar fractal dimension and retinal venular
branching angle.

Characteristics DF-a T1
(N 5 217)

DF-a T2
(N 5 216)

DF-a T3
(N 5 219)

P† BA-v T1
(N 5 217)

BA-v T2
(N 5 218)

BA-v T3
(N 5 217)

P†

Mean (SD)
or N (%)

Mean (SD)
or N (%)

Mean (SD)
or N (%)

Mean (SD)
or N (%)

Mean (SD)
or N (%)

Mean (SD)
or N (%)

Age (years) 31.2 (3.4) 30.6 (3.6) 30.1 (3.9) 0.01 30.3 (3.6) 30.4 (3.4) 31.1 (4.0) 0.04

Ethnicity 0.02 0.02

Chinese 179 (82.5%) 163 (75.5%) 151 (68.9%) 170 (78.3%) 161 (73.9%) 162 (74.7%)

Malay 17 (7.8%) 25 (11.6%) 41 (18.7%) 22 (10.2%) 38 (17.4%) 23 (10.6%)

Indian 13 (6.0%) 22 (10.2%) 19 (8.7%) 16 (7.4%) 18 (8.3%) 20 (9.2%)

Others 8 (3.7%) 6 (2.7%) 8 (3.7%) 9 (4.1%) 1 (0.5%) 12 (5.5%)

Maternal college degree 0.02 0.65

Yes 160 (73.7%) 139 (64.4%) 134 (61.2%) 149 (68.7%) 144 (66.1%) 140 (64.5%)

BMI at study entry 0.27 0.85

<18.5 kg/m2 109 (50.5%) 98 (45.6%) 114 (52.1%) 112 (51.6%) 108 (49.6%) 101 (47.0%)

18.5–22.9 kg/m2 21 (9.7%) 18 (8.4%) 25 (11.4%) 22 (10.1%) 21 (9.6%) 21 (9.8%)

23.0–27.4 kg/m2 50 (23.1%) 67 (31.1%) 45 (20.5%) 54 (24.9%) 50 (22.9%) 58 (27.0%)

�27.5 kg/m2 36 (16.7%) 32 (14.9%) 35 (16.0%) 29 (13.4%) 39 (17.9%) 35 (16.2%)

SBP, mmHg 105.5 (10.1) 104.7 (8.5) 102.7 (8.9) 0.004 103.5 (9.1) 103.6 (8.6) 105.7 (9.8) 0.02

DBP, mmHg 69.3 (8.8) 68.5 (7.4) 66.3 (7.3) <0.001 67.7 (8.0) 67.6 (7.6) 68.7 (8.3) 0.25

Fasting plasma glucose level at study entry �5.1 mmol/L 0.64 0.35

Yes 34 (15.7%) 41 (19.0%) 36 (16.6%) 38 (17.5%) 31 (14.3%) 42 (19.4%)

Physical activity 0.70 0.44

Inactive 36 (16.6%) 31 (14.5%%) 33 (15.1%) 32 (14.8%) 41 (18.9%) 27 (12.5%)

Minimally active 115 (53.0%) 108 (50.5%) 105 (48.2%) 112 (51.9%) 106 (48.8%) 110 (50.9%)

HEPA active 66 (30.4%) 75 (35.0%) 80 (36.7%) 72 (33.3%) 70 (32.3%) 79 (36.6%)

Micronutrient dietary supplements intake 0.61 0.63

Yes 145 (67.1%) 146 (67.6%) 139 (63.5%) 138 (63.6%) 147 (67.7%) 145 (66.8%)

Anxiety (STAI score � 75th percentile) 0.23 0.47

Yes 47 (23.5%) 46 (22.7%) 57 (29.5%) 56 (28.0%) 44 (22.7%) 50 (24.8%)

Depression (EPDS score �14) 0.01 0.98

Yes 15 (7.4%) 13 (6.3%) 29 (14.8%) 19 (9.4%) 18 (9.2%) 20 (9.8%)

T1, the lowest tertile; T2, the middle tertile; T3, the highest tertile; SBP, systolic blood pressure; DBP, diastolic blood pressure; HEPA, health enhancing physical activity; STAI, state
trait anxiety inventory; EPDS, Edinburgh postnatal depression scale; DF-a, fractal dimension-arteriole; BA-v, branching angle-venule.
†Student’s t-test for parametric test while Wilcoxon rank-sum test for non-parametric.

Retinal vessels and female fecundability 2939
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Table II. Comparison of maternal characteristics between pregnant and non-pregnant participants within 1 year.

Characteristics Failed to conceive within 1 year (N 5 376) Conceived within 1 year (N 5 276) P†

Mean (SD) or
N (%)

Mean (SD) or
N (%)

Age, (years) 31.0 (3.9) 30.0 (3.3) <0.001

Ethnicity

Chinese 286 (76.1%) 207 (75.0%) 0.22

Malay 50 (13.3%) 33 (12.0%)

Indian 32 (8.5%) 22 (8.0%)

Others 8 (2.1%) 14 (5.1%)

Maternal college degree

Yes 241 (64.1%) 192 (69.6%) 0.17

Nulliparity

Yes 246 (65.4%) 166 (60.1%) 0.19

Cycle length, days

<28 20 (5.3%) 8 (2.9%) 0.09

28–30 182 (48.4%) 120 (43.5%)

>30 174 (46.3%) 148 (53.6%)

Cycle regularity (variation of menstrual interval � 5 days),

Yes 247 (65.7%) 185 (67.0%) 0.79

Age at menarche, years 12.5 (1.6) 12.2 (1.3) 0.01

Age at menarche

<12 years 88 (23.7%) 86 (31.4%) 0.05

12–13 years 196 (52.8%) 140 (51.1%)

>13 years 87 (23.5%) 48 (17.5%)

BMI at study entry

<18.5 kg/m2 170 (45.3%) 151 (54.9%) 0.06

18.5–22.9 kg/m2 44 (11.7%) 20 (7.3%)

23.0–27.4 kg/m2 100 (26.7%) 62 (22.5%)

�27.5 kg/m2 61 (16.3%) 42 (15.3%)

SBP, mmHg 104.6 (9.8) 103.8 (8.3) 0.24

DBP, mmHg 68.4 (8.3) 67.5 (7.4) 0.14

Fasting plasma glucose level at study entry �5.1 mmol/L

Yes 75 (19.9%) 36 (13.1%) 0.03

Physical activity

Inactive 52 (13.9%) 48 (17.5%) 0.13

Minimally active 202 (53.9%) 126 (46.0%)

HEPA active 121 (32.3%) 100 (36.5%)

Micronutrient dietary supplements intake

Yes 245 (65.3%) 185 (67.0%) 0.71

Smoking exposure

Past or current 34 (9.0%) 20 (7.2%) 0.50

Alcohol intake

Past or current 272 (72.3%) 186 (67.4%) 0.20

Anxiety (STAI score � 75th percentile)

Yes 88 (26.0%) 62 (24.0%) 0.64

Depression (EPDS score �14)

Yes 37 (10.8%) 20 (7.7%) 0.26

SBP, systolic blood pressure; DBP, diastolic blood pressure; HEPA, health enhancing physical activity; STAI, state trait anxiety inventory; EPDS, Edinburgh postnatal depression scale.
†Student’s t-test for parametric test while Wilcoxon rank-sum test for non-parametric.
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.for maternal STAI score (�75th vs <75th percentile), SBP, physical ac-
tivity (inactive vs minimally active vs HEPA active) and micronutrient
supplements intake (yes vs no); and Model 3 further adjusted for BMI
at study entry (underweight vs normal weight vs overweight vs obese)
and fasting glucose at study entry (�5.1 vs <5.1 mmol/L).

Of the total study sample, 583 (89.4%) were complete cases. Most
of the missing data were anxiety and depression scores (8.6%).
Considering the potential bias due to missingness, we performed mul-
tiple imputation (MI) and addressed the issue of missing covariates
(10.6%) in our cohort. We created 20 imputed datasets to reduce

sampling variability from the imputation process. We included all cova-
riates from the analysis model (maternal age, ethnicity, college educa-
tion, EPDS score, STAI score, SBP, physical activity, micronutrient
dietary supplements intake, BMI and fasting plasma glucose at study
entry) in the imputation model. The results were pooled over 20 im-
puted datasets using Rubin’s rules (Rubin, 2008). In a sensitivity analy-
sis, we repeated the analysis above with data on complete cases
(n¼ 583).

Potential interactions between retinal vascular features and major con-
founders in our model (i.e. age, ethnicity, education, BMI, EPDS score,

............................................................................................................................................................................................................................

Table III. Association between retinal microvasculature (in tertiles) and time to pregnancy after multiple imputation.

Retinal vascular features Time to pregnancy

Model 1 Model 2 Model 3

FOR (95% CI) FOR (95% CI) FOR (95% CI)

Retinal arteriolar features

CRAE

T1 0.96 (0.71, 1.28) 0.95 (0.70, 1.29) 0.93 (0.69, 1.27)

T2 0.93 (0.70, 1.25) 0.92 (0.69, 1.24) 0.91 (0.68, 1.23)

T3 Ref. Ref. Ref.

P for trend 0.76 0.75 0.66

DF-a

T1 0.76 (0.57, 1.02) 0.76 (0.57, 1.02) 0.73 (0.55, 0.98)

T2 0.70 (0.52, 0.94) 0.70 (0.52, 0.94) 0.68 (0.51, 0.92)

T3 Ref. Ref. Ref.

P for trend 0.06 0.07 0.04

BA-a

T1 0.84 (0.63, 1.13) 0.84 (0.63, 1.13) 0.81 (0.60, 1.08)

T2 0.89 (0.66, 1.18) 0.88 (0.66, 1.18) 0.85 (0.63, 1.13)

T3 Ref. Ref. Ref.

P for trend 0.25 0.25 0.15

Retinal venular features

CRVE

T1 Ref. Ref. Ref.

T2 1.05 (0.78, 1.41) 1.04 (0.77, 1.40) 1.02 (0.76, 1.38)

T3 1.17 (0.87, 1.58) 1.18 (0.87, 1.58) 1.17 (0.87, 1.59)

P for trend 0.29 0.29 0.30

DF-v

T1 0.84 (0.62, 1.13) 0.85 (0.63, 1.15) 0.83 (0.61, 1.12)

T2 1.03 (0.78, 1.38) 1.04 (0.78, 1.38) 0.96 (0.72, 1.28)

T3 Ref. Ref. Ref.

P for trend 0.25 0.31 0.30

BA-v

T1 0.76 (0.56, 1.01) 0.76 (0.57, 1.01) 0.77 (0.57, 1.02)

T2 Ref. Ref. Ref.

T3 0.73 (0.54, 0.98) 0.73 (0.54, 0.98) 0.75 (0.56, 1.02)

FOR, fecundability odds ratio; T1, the lowest tertile; T2, the middle tertile; T3, the highest tertile; CRAE, central retinal arteriolar equivalent value; CRVE, central retinal venular equiva-
lent value; DF-a, fractal dimension-arteriole; DF-v, fractal dimension-venule; BA-a, branching angle-arteriole; BA-v, branching angle-venule, value.
Model 1: Adjusted for maternal age, ethnicity (Chinese vs Malay vs Indian vs Others), college education (yes vs no) and EPDS score (�14 vs <14) collected at study entry.
Model 2: Model 1 and maternal STAI score (�75th vs <75th percentile), systolic blood pressure, physical activity (inactive vs minimally active vs HEPA active) and micronutrient dietary
supplements intake (yes vs no) at study entry.
Model 3: Model 2 and additionally adjusted for BMI at study entry (underweight vs normal weight vs overweight vs obese) and fasting plasma glucose (�5.1 vs<5.1 mmol/L) at study entry.

Retinal vessels and female fecundability 2941
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STAI score, SBP, physical activity, micronutrient supplements intake and
fasting glucose) on TTP were also examined in the fully adjusted model.

All statistical analyses used IBM SPSS software version 25.0
(SPSS, IBM, Chicago, IL, USA) and STATA software version 14.0
(StataCorp, College Station, TX, USA), based on two-tailed signif-
icant P-values of 0.05.

Results

Maternal characteristics
Supplementary Table SI shows the maternal characteristics between
women included (n¼ 652) and excluded (n¼ 380) from our analysis.
Most baseline variables were comparable between the two groups ex-
cept for age, micronutrient supplement intake, fasting plasma glucose
and conception rate within 1 year. Supplementary Table SII shows the
maternal characteristics between eligible participants with complete
data of retinal indices (n¼ 739) and missing data of retinal indices
(n¼ 87). Most of the characteristics were similar between the two
groups, except physical activity and micronutrient supplement intake.

The mean (SD) was 1.24 (0.05) Df for retinal arteriolar dimension
fraction and 78.45 (9.79) degrees for retinal venular branching angle,
respectively. Table I compares maternal characteristics across the ter-
tiles of retinal arteriolar fractal dimension and retinal venular branching
angle. Maternal characteristics including age, ethnicity, blood pressure
and EPDS score were different across the tertiles of retinal arteriolar
fractal dimension and venular branching angle.

Among 652 recruited women, the pregnancy proportion within
12 months of follow-up period was 42.3% (n¼ 276). After restrict-
ing the cohort to couples with 0–1 month of pregnancy attempt
time at study entry (n¼ 270), the cumulative pregnancy rate within
12 months was 56.2% (Supplementary Table SIII). Table II

compares maternal characteristics between participants who con-
ceived within 1 year of follow-up time and those who did not.
Women who conceived within 1 year were younger (30.0 vs
31.0 years) and less likely to have fasting plasma glucose concen-
tration �5.1 mmol/l (13.1% vs 19.9%) than those who failed.
Other characteristics were similar between these two groups.

Associations between retinal vascular
features and TTP
The results after MI showed that women in the second tertile of arterio-
lar fractal dimension had a lower FOR of 0.70 (95% CI: 0.52–0.94) than
women in the highest tertile. This association remained significant after
further adjustments in Model 2 (FOR: 0.70; 95% CI: 0.52–0.94) and
Model 3 (FOR: 0.68; 95% CI: 0.51–0.92) (Table III and Fig. 2). Women
in the lowest tertile of arteriolar fractal dimension also had a lower FOR
of 0.73 (95% CI: 0.55–0.98) in Model 3 compared with women in the
highest tertile. Owing to the inverted V-shape relationship between
retinal venular branching angle and TTP (Supplementary Table SIV and
Fig. S1), the middle tertile was set as the group reference for that fea-
ture, rather than the highest tertile. Compared with women in the
middle tertile, women in the highest tertile had a lower and signifi-
cant FOR of 0.73 (95% CI: 0.54–0.98), as did women in the lowest
tertile (FOR: 0.76, 95% CI: 0.56–1.01). The estimates remained sig-
nificant for women in the highest tertile in Model 2 (FOR: 0.74;
95% CI: 0.54–0.98) but were attenuated slightly in Model 3 (FOR:
0.75; 95% CI: 0.56–1.02) (Table III and Fig. 2). We observed no
significant associations between any other retinal vascular features
and TTP (Table III).

No significant interactions between retinal vascular features were
observed in any of our analyses (Supplementary Table SV). In our sen-
sitivity analysis based on complete cases without missing data, the

Figure 2. Association between retinal vascular features in tertiles and fecundability odds ratio. (A) and (B) show the fully adjusted
association between DF-a in tertiles, BA-v in tertiles, and FOR, respectively. The reference level for FOR is the first tertile in DF-a and the second ter-
tile in BA-v. DF-a, retinal arteriolar fractal dimension; BA-v, retinal venular branching angle; FOR, fecundability odds ratio.
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associations between retinal vascular geometric indexes and TTP were
similar (Supplementary Table SVI).

For illustrative purposes, retinal images of two subjects one who
conceived and one who failed to conceive within 1 year are shown in
Fig. 3. The subject who failed to conceive showed a lower retinal arte-
riolar fractal dimension (11.1 vs 13.5 � 10�1 Df) and a larger retinal
venular branching angle (86.2 vs 74.6 degrees) than the subject who
conceived on the 314th days after the study entry.

Discussion
In this prospective pre-conceptional cohort, among 652 multi-ethnic Asian
women in Singapore, we found that women with a sparser retinal arterio-
lar fractional dimension and a relatively larger retinal venular branching

angle had a longer TTP. After further adjusting for pre-pregnancy BMI and
pre-conception fasting plasma glucose, the association of retinal arteriolar
fractal dimension and TTP remained significant, while that of retinal venu-
lar branching angle and TTP attenuated.

Infertility, which is traditionally defined as failing to conceive within
12 months after unprotected sexual intercourse, affects 15–25% cou-
ples (Slama et al., 2012). In this S-PRESTO cohort, only 42.3% of
women conceived naturally within a 1-year follow-up and it is much
lower than the natural conception rate reported in the USA (62.4%)
(Wesselink et al., 2017) and Australian (85.3%) (Grieger et al., 2019)
studies that monitored pregnancies within 12 menstrual cycles after
unprotected intercourse. As mentioned above, many factors (i.e. ad-
vanced age, hypertension, diabetes, stress, obesity) have been associ-
ated with reduced female fecundability (Loy et al., 2018; Hong et al.,

Figure 3. Examples of retinal fundus photographs from a participant who conceived and a participant who failed to conceive
within one year. (A) and (C) respectively show a participant’s retinal arteriolar fractal dimension as 13.5 � 10�1 Df and retinal venular branching
angle as 74.2�. This participant conceived on the 314th days after the study entry. (B) and (D) show a participant’s retinal arteriolar fractal dimension
as 11.1 � 10�1 Df and retinal venular branching angle as 86.2�. This participant did not conceive within 1 year.
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2019; Zhao et al., 2019; Loy et al., 2021) but the pathophysiology un-
derlying these associations is largely unknown.

Vascularization of the human endometrium plays an important role
in conception (Roberts and Redman, 1993). Studies in humans and
animals have reported that vascular endothelial growth factor (VEGF),
a critical angiogenic factor, is associated with changes in ovarian and
uterine Doppler blood flow, and its level is reduced in the subjects
who conceived (Agrawal et al., 1999; Chiumia et al., 2020). Other
studies have observed higher pulsatility index values (i.e. higher vascu-
lar resistance) in ovarian arteries and uterine arteries in the luteal
phase amongst infertile women compared with healthy/fertile women
(Goswamy et al., 1988; Tinkanen et al., 1994). Moreover, a lower en-
dometrial vascularization index and a lower flow index have been
reported in women with unexplained infertility compared with parous
controls (El-Mazny et al., 2013).

However, it remains unknown how circulatory features might change
during implantation, owing to limited accurate measurements of the
uterine and ovarian vasculature during this early period of human con-
ception. The retinal microvasculature provides an opportunity to di-
rectly visualize the systemic microcirculation and indirectly reflects a
range of pathophysiological processes, including endothelial dysfunction,
impairment of perfusion or oxidative stress and systemic inflammation
(Wong et al., 2006). Suboptimal retinal microcirculation has been asso-
ciated with maternal obesity, gestational diabetes mellitus (GDM), hy-
pertensive disorders during pregnancy (HDP) and psychological stress
in pregnant women, as well as with slower fetal growth during preg-
nancy and lower birthweights (Li et al., 2012, 2013, 2015, 2017). In
other words, the retinal microcirculation may reflect overall female
cardio-metabolic health and uteroplacental circulation. We speculate
that changes in retinal vascular morphology might mirror the endome-
trial and ovarian environment that affects female fecundability.

We observed that suboptimal retinal vascular geometry (sparser arte-
riolar fractal dimension and wider venular bifurcation) was associated
with a prolonged TTP. In the retina, a sparser arteriolar fractal dimen-
sion indicates rarefaction or collapsing of vessels resulting from hypoxia
(Cheung et al., 2012, 2014), which has been associated with hyperten-
sion, diabetes and ischemic stroke in previous studies (Li et al., 2012,
2017; Ong et al., 2013). Moreover, we found a non-monotonic relation-
ship between retinal venular branching angle and TTP. Both ends of the
retinal venular branching angle showed an association with prolonged
TTP. Epidemiological evidence has shown that both wider and narrower
retinal venular branching angles are associated with inflammation-related
systemic diseases. For instance, a larger retinal venular branching angle
has been associated with the risk of diabetic retinopathy in individuals
with T2D, which may reflect inflammation and endothelial dysfunction
(Cheung et al., 2017). In contrast, a smaller retinal venular branching an-
gle is indicative of increased levels of oxidative stress (Ikram et al.,
2004), which has been linked to poorer left ventricular function (i.e. a
decrease in peak systolic septal mitral annular velocity) (Huang et al.,
2020). Taken together, our findings suggest that microcirculatory abnor-
malities coupled with reduced blood flow, hypoxia and oxidative stress,
as well as inflammation might contribute to reduced female fecundability.
Previous studies have suggested that increasingly compromised
microcirculation around the leading ovarian follicle could result in re-
duced oxygen levels in the follicular fluid, which could in turn affect the
development of a healthy oocyte for fertilization (Van Blerkom et al.,
1997). Additionally, inflammatory-induced changes in blood supply and

immune responses might disrupt the circulation and function of the
uterus and ovaries, ultimately affecting embryo development and implan-
tation (Smith, 2001; Robertson et al., 2018). Ovarian and endometrial
function are important for female fecundability, and may be affected by
suboptimal microcirculation and inflammation in vivo.

Retinal imaging-based deep learning algorithms have been used to
detect and/or predict a range of cardiovascular risk factors (i.e. hyper-
tension, hyperglycemia, dyslipidemia) and major adverse cardiac events
(Poplin et al., 2018; Cheung et al., 2021). In the future, in addition to
conventional ultrasonographic evaluation of ovarian and uterine physio-
logical function, assessing the retinal microvasculature might be useful
for assessment of ovarian age, fertility prediction and endometrial eval-
uation before assisted reproductive techniques for fertility treatments.
The association between the retinal microvasculature and circulation in
female reproductive organs should be explored in future studies.

To our knowledge, ours is the first epidemiological study to explore
the relationship of retinal microvascular features with fecundability, as
measured by TTP, among women planning for a pregnancy. Retinal
microvascular features and all covariate data were comprehensively
and systematically collected according to standardized protocols.
Nevertheless, our study is not without limitations. First, we did not re-
cord the exact number of each participant’s menstrual cycles. Instead,
we calculated an estimated cycle count through the couple’s actual
waiting days of pregnancy divided by the average menstrual cycle
length. Although this is a common approach for studying TTP, some
misclassification may have occurred, especially among women with ir-
regular menses. Second, we were unable to adjust other potential con-
founding factors such as female sexual function (timing and frequency
of intercourse), which might introduce residual confounding bias.
Third, about 12% of eligible women did not participate in the retinal
examination due to religious considerations, time commitments or
other reasons. Although we cannot rule out selection bias, we found
no significant differences in baseline characteristics between partici-
pants with and without retinal imaging (Supplementary Table SII).
Fourth, even though this is a prospective cohort design, our findings
can only identify the temporal relationship instead of a causal inference
between maternal microvasculature and TTP. Fifth, our analyses were
performed in Asian women with relatively high socio-economic status
and educational attainment, so our results might not be generalizable
to other populations. Lastly, we did not correct for multiple compari-
sons (corresponding to multiple features of the retinal vasculature)
since all investigated associations were hypothesis-driven based on
prior evidence on retinal microvasculature and systemic disease (Li
et al., 2016). However, since our findings on retinal vascular features
in relation to TTP were marginal, further exploration and validation
with such research schemes are warranted. In summary, suboptimal
retinal vascular geometric morphology (sparser arteriolar fractal dimen-
sion and larger venular bifurcation) was associated with reduced fe-
male fecundability in a cohort of multi-ethnic Asian women in
Singapore. Future studies should be conducted to confirm our findings
and may help provide novel assessment of female reproductive poten-
tial and suggest additional treatment indicators for female infertility.

In summary, suboptimal retinal vascular geometric morphology
(sparser arteriolar fractal dimension and larger venular bifurcation) was
associated with reduced female fecundability in a cohort of multi-
ethnic Asian women in Singapore. Future studies should be conducted
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to confirm our findings that retinal examination may be a useful marker
to predict female fecundability.

Supplementary data
Supplementary data are available at Human Reproduction online.
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with the required information.
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