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STUDY QUESTION: Is there a difference in embryonic morphological development between ongoing pregnancies and live pregnancies
ending in a miscarriage?

SUMMARY ANSWER: Embryonic morphological development, assessed by the Carnegie stages, is delayed in live pregnancies ending in
a miscarriage compared to ongoing pregnancies.

WHAT IS KNOWN ALREADY: Pregnancies ending in a miscarriage tend to have smaller embryos and slower heart rates.

STUDY DESIGN, SIZE, DURATION: Between 2010 and 2018, 644 women with singleton pregnancies, in the periconception
period, were enrolled in a prospective cohort study with follow up until | year after delivery. A miscarriage was registered as a non-viable
pregnancy before 22 weeks gestational age, defined by an absent heartbeat by ultrasound for a previously reported live pregnancy.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Pregnant women with live singleton pregnancies were included and serial
three-dimensional transvaginal ultrasound scans were performed. Embryonic morphological development was assessed by the Carnegie de-
velopmental stages and evaluated using virtual reality techniques. The embryonic morphology was compared to clinically used growth
parameters (i.e. crown-rump length (CRL) and embryonic volume (EV)). Linear mixed models were used to evaluate the association be-
tween miscarriage and the Carnegie stages. Logistic regression with generalized estimating equations was used to calculate the odds of a
miscarriage after a delay in Carnegie stages. Adjustments were made for potential confounders or covariates and include age, parity, and
smoking status.

MAIN RESULTS AND THE ROLE OF CHANCE: A total of 61 | ongoing pregnancies and 33 pregnancies ending in a miscarriage were
included between 7 + 0 and 10 + 3 weeks gestational age, resulting in | 127 assigned Carnegie stages for evaluation. Compared to an ongo-
ing pregnancy, a pregnancy ending in a miscarriage is associated with a lower Carnegie stage (Bcarnegie = —0.824, 95% CI —1.190; —0.458,
P <0.001). A live embryo of a pregnancy ending in a miscarriage will reach the final Carnegie stage with a delay of 4.0 days compared to
an ongoing pregnancy. A pregnancy ending in a miscarriage is associated with a smaller CRL (Bcr. = —0.120, 95% Cl —0.240; —0.001,
P=0.049) and EV (Bgy = —0.060, 95% ClI —0.112; —0.007, P=0.027). The delay in Carnegie stage increases the odds of a miscarriage
by 1.5% per delayed Carnegie stage (ORcarmege = |.015, 95% Cl 1.002; 1.028, P=0.028).

LIMITATIONS, REASONS FOR CAUTION: We included a relatively small number of pregnancies ending in a miscarriage from a
study population that is recruited from a tertiary referral centre. Furthermore, results of genetic testing on the products of the miscarriages
or information on the karyotype of the parents were not available.
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WIDER IMPLICATIONS OF THE FINDINGS: Embryonic morphological development, assessed by the Carnegie stages, is delayed
in live pregnancies ending in a miscarriage. In the future, embryonic morphology may be used to estimate the likelihood of a pregnancy
continuing to the delivery of a healthy baby. This is of crucial importance for all women but in particular for those at risk of a recurrent

pregnancy loss. As part of supportive care, both women and their partners may benefit from information on the prospective outcome of

the pregnancy and the timely identification of a miscarriage.
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Introduction

Approximately 12—15% of all live pregnancies will end in miscarriage,
resulting in an emotional burden for both women and their partners
(Magnus et al., 2019; Quenby et al., 2021). Various genetic and envi-
ronmental factors have been associated with miscarriage but the under-
lying condition remains unknown in nearly 40% of cases (Stephenson,
1996). The presence of an embryonic heartbeat seen during an ultra-
sound examination does not guarantee an ongoing pregnancy (Naert
et al, 2022). Based on 2D first-trimester ultrasound parameters, such
as the size of the gestational sac and embryo and the presence of a
heartbeat, a likelihood of ongoing pregnancy can be estimated (Preisler
et al, 2015). However, overall small size of early pregnancy parameters
and the use of 2D ultrasound equipment and low-frequency transabdo-
minal transducers with concomitant suboptimal resolution may limit
the value of early first-trimester 2D ultrasound imaging. State-of-the-art
imaging techniques may provide novel insight into the understanding of
pregnancies developing into a miscarriage.

These state-of-the-art imaging methods may include three-
dimensional (3D) ultrasound, obtained with high-resolution transva-
ginal ultrasound probes, and virtual reality (VR) techniques. By gen-
erating a hologram using 3D VR, biometric and volumetric
measurements can be performed with high accuracy and precision
(Rousian et al., 2018). For example, 3D VR provides easy to per-
form semi-automated volumetric measurements, such as the embry-
onic volume (EV), enabling earlier detection of first-trimester
growth restriction in aneuploid foetuses (Rousian et al., 2018).
Next, 3D VR allows an in-depth evaluation of external and internal
structures, such as the position of limbs and development of the
brain cavities (Rousian et al., 2021). The external and internal fea-
tures of the embryo can be related to the embryonic position, pro-
viding the unique opportunity to examine embryonic morphology in
utero. The Carnegie stages are used to assess embryonic morphol-
ogy, partially based on the development and position of upper and
lower limbs, shape and length of the brain, and the curvature of the
embryo (O’Rahilly and Miiller, 2010). Finally, by examining embry-
onic morphology and studying development rather than growth,
reflected by crown-rump length (CRL) and EV, the Carnegie staging
system allows us to combine multiple parameters in a single gesta-
tional age (GA)-independent value (Rousian et al., 2018).
Consequently, 3D VR allows us to study embryonic morphology
from live pregnancies continuing to the delivery of a baby, but also
from live pregnancies ultimately ending in a miscarriage.

At present, data on embryonic morphology of live pregnancies ulti-
mately ending in a miscarriage are absent. However, we hypothesize
that embryonic morphology using the Carnegie staging system and VR
techniques, will provide new understanding in the aetiology of preg-
nancies ending in miscarriage. The aim of this study was to find associ-
ations between the embryonic developmental stages in live
pregnancies ending in a miscarriage, and to compare these develop-
mental stages to the stages in live pregnancies ultimately resulting in
the delivery of a child. Moreover, the embryonic developmental stages
in both groups were compared to previously studied and clinically
used embryonic growth parameters (i.e. CRL and EV). Finally, we
aimed to assess the chance of a live pregnancy to end in a miscarriage
based on the embryonic developmental stages.

Materials and methods

Study population

The data used for this study was collected as part of the Rotterdam
Periconception Cohort (Predict Study). This is an ongoing, prospective,
and tertiary hospital-based study embedded in the outpatient clinic of
the Department of Obstetrics and Gynaecology of the Erasmus MC,
University Medical Centre, Rotterdam, the Netherlands (Steegers-
Theunissen et al., 2016; Rousian et al., 2021). All women attending the
outpatient clinic for preconception or antenatal care before 8 weeks
of gestation with an age of >18 years were eligible to participate in
the Predict Study.

Data collection

For this study, the ultrasound data of participants between 7 40 and
[0+ 3 weeks GA were included. Participants in this study were
recruited between 2010 and 2018.

A non-viable pregnancy before 22 weeks GA, defined by an absent
heartbeat by ultrasound for a previously reported live pregnancy, was
registered a miscarriage (Kolte et al., 2015; ESHRE Working Group on
Ectopic Pregnancy et al., 2020). Pregnancies were considered ongoing
when the pregnancy continued beyond 22 weeks GA and did not end
as a foetal or neonatal death before 28 days of life. Viability was
assessed by a dating scan at 10—12 weeks GA and a structural anat-
omy scan between |8 and 20 weeks GA. Pregnancy outcomes were
collected from obstetric clinics and midwifes. Recurrent pregnancy loss
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is defined as the loss of two or more pregnancies (Bender Atik et dl.,
2018).

Exclusion criteria were pregnancies without available 3D ultrasound
datasets, pregnancies ending in a miscarriage without preceding confir-
mation of viability by the ultrasonographic detection of a heartbeat,
pregnancies with structural anomaly or genetic abnormalities who
underwent a termination of pregnancy, and pregnancies with the fol-
lowing adverse outcomes: foetal death beyond 22 weeks GA, neonatal
death, congenital anomaly, or small for GA (SGA) foetuses. Finally, on-
going pregnancies were excluded in case of a self-reported irregular
cycle (<21 or >35 days), unknown last menstrual period (LMP) or
if the GA based on LMP differed more than 6 days from GA based
on CRL.

Pregnancy dating

GA in natural pregnancies was calculated from the first day of the
LMP. Pregnancies achieved after |UI, artificial insemination with donor
sperm or by means of controlled ovarian stimulation and hormone
treatment were classified into the subgroup of natural pregnancies. In
case of Ul or donor insemination, GA was calculated using the insemi-
nation date. In IVF and ICSI pregnancies achieved after fresh embryo
transfer (ET), GA was calculated from the oocyte retrieval day plus 14
days. In IVF or ICSI pregnancies achieved after frozen—thawed ET, GA
was calculated from the day of ET plus |9 days. The calculation of the
GA of cryopreserved embryo transfers depended on the number of
days between oocyte retrieval and embryonic cryopreservation.

Ultrasound measurements

All women received serial transvaginal 3D ultrasound examinations
performed by trained examiners using a 6—12 MHz high-resolution
probe of a GE Voluson E8 ultrasound machine (GE, Zipf, Austria).
From 2010 to 2013, weekly scans were performed between 6 and 12
weeks GA. After 2013, 3D ultrasound examinations were performed
at 7, 9, and || weeks GA (Steegers-Theunissen et al., 2016; Rousian
et al, 2021). All 3D ultrasound data were transformed into Cartesian
(rectangular) volumes to enable offline analysis. The V-Scope software
(Erasmus MC, Rotterdam, the Netherlands) is used for the rendering
of the embryonic holograms in the BARCO I-Space, a VR room, offer-
ing real depth perception using stereoscopic glasses (Rousian et dl.,
2018). First, the morphology was assessed with 3D VR by determining
the Carnegie stages based on the development and position of upper
and lower limbs, curvature of the embryo and morphological features
of the pros-, mes-, and rhombencephalon, as described previously
(O’Rahilly and Miiller, 2010). Morphological development was visually
compared to the Carnegie stages 13-23 described by O’Rahilly and
Miiller (2010). Supplementary Table S| provides an overview and de-
scription of the Carnegie stages |3-23. The Carnegie stages are repre-
sented by images created for the Human Atlas project (with
permission of de Bakker et al. (2016)). Also, 3D VR images of the
Carnegie stages are depicted. Second, the growth parameters CRL
and EV were assessed in the same first-trimester 3D ultrasound data-
sets, using previously described methods (Rousian et al., 2009, 2021).

Questionnaires

At enrolment, all participants filled in a self-administered general ques-
tionnaire on maternal characteristics, providing details of age, ethnic
background, education level (according to Dutch classification
(Statistics Netherlands (CBS), 2016)), medical and obstetric history,
BMI, and lifestyle behaviours (i.e. smoking, alcohol consumption, folic
acid supplement use). During the intake visit at the outpatient clinic,
experienced researchers and research nurses check the questionnaires
in a standardized manner for completeness and consistency (Steegers-
Theunissen et al., 2016).

General data

At enrolment, blood pressure, weight, and height were measured.
Trained researchers registered the anthropometric measurements.
Data on the infant’s birth outcomes, including GA at delivery and
birthweight, were obtained from medical records.

Statistical analysis

Baseline maternal characteristics between ongoing pregnancies and
pregnancies ending in a miscarriage were compared using Student’s t-
test or Mann—Whitney U-test for continuous variables and Chi-square
or, when appropriate, Fisher’s exact test for categorical variables.
Potential confounders were identified from recent studies. Variables
considered as confounders or covariates are based on previously iden-
tified factors with possible influence on the pregnancy outcome and in-
clude parity, ethnicity, socio-economic status, alcohol use, smoking,
folic acid/multivitamin supplement use, maternal age, BMI, and mode
of conception (Rousian et al., 2018).

The Carnegie stages were treated as a continuous variable with
stage 23 reflecting the final stage of embryonic morphologic develop-
ment. Student’s t-test was used to compare Carnegie stages between
ongoing pregnancies and pregnancies ending in a miscarriage. With lin-
ear mixed models, Carnegie stages, CRL and EV were compared be-
tween ongoing pregnancies and in pregnancies ultimately ending in a
miscarriage. With a linear mixed model, repeated measurements of
the same participant can be included in one analysis, and correction
for multiple confounders or covariates is allowed. At first, a model
analysis (Model |) with GA and miscarriage (yes/no) was performed.
Finally, the complete model (Model 2) additionally included all known
confounders or covariates, as previously described. All confounders
were entered simultaneously into the model together with a random
intercept. Since embryonic growth differs according to the conception
method, a subgroup analysis with stratification for conception method
was performed (Berntsen et al., 2019). An interaction term for miscar-
riage (yes/no) and GA was introduced in the linear mixed model to
calculate the difference in GA between ongoing pregnancies and preg-
nancies ending in a miscarriage. The calculated difference can be
expressed as a delay in reaching the final Caregie stage, Stage 23.

The odds of a miscarriage per Carnegie stage were calculated using
a two-step approach. First, we fitted a mixed model for the longitudi-
nal Carnegie scores. Using this model, we were able to generate pre-
dictions of the Carnegie stage for given GAs given all observations
before this time point. This predicted Carnegie stage is now used in
a logistic regression model estimated with generalized estimating
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equations (GEE) with an independent working correlation to predict
the event of a miscarriage. The GEE is used to assess the odds of a
miscarriage. The GEE analysis was performed for Model | and the fully
adjusted Model 2.

A joint model was used to assess the chance of a miscarriage based
on the delay of Carnegie stage per pregnancy. A joint model incorpo-
rates multiple longitudinal measurements and time-to-event outcomes
(Papageorgiou et al., 2019). The joint longitudinal model utilizes all the
repeated measurements on pregnancy, irrespective of timing and num-
ber of observations, without using imputed data. The model combines
linear mixed modelling and survival analysis, and is expressed as a haz-
ard ratio (HR) for the event miscarriage. First, a linear mixed model is
constructed for Carnegie stages as a predictor for miscarriage. Then
the time-to-event is incorporated into the joint model. The random
effects in the linear mixed model account for both the association be-
tween the longitudinal repeated measurements and the time-to-event
outcome (Papageorgiou et al., 2019). This analysis was performed for
Model | and the fully adjusted Model 2 using |50 000 iterations.

All statistical analyses within this study were performed using IBM
SPSS Statistics for Windows, version 24.0 (SPSS Inc., Chicago, IL,
USA) and R-Studio, version 3.6.1 (The R Foundation for Statistical
Computing). A P-value <0.05 was considered to indicate statistical
significance.

Ethical approval

The study protocol was approved by the Erasmus MC Institutional
Review Board (MEC-2004-227) and all participating women and their
partners signed written informed consent at enrolment.

Results

In Fig. I, the flowchart of the study population is depicted. In total,
716 out of 1360 pregnancies with available 3D ultrasound datasets
were excluded from analysis. A total of 644 live pregnancies, of which
611 ongoing pregnancies and 33 pregnancies ending in a miscarriage,
were included in the final analysis. Of the 611 ongoing pregnancies,
1068 3D ultrasound datasets were available to assign Carnegie stages.
Of the 33 pregnancies ending in a miscarriage, a total of 59 3D ultra-
sound datasets were available to assign Carnegie stages. Baseline char-
acteristics for both groups are shown in Table I. At baseline, significant
differences were noted between the ongoing pregnancies and the
pregnancies ending in a miscarriage for maternal age (32.5 years versus
34.7 vyears, respectively, P=0.010), history of recurrent pregnancy
loss (16.8% versus 39.4, respectively, P=0.001), and mode of concep-
tion (P=0.017).

The Carnegie stages were different between the ongoing pregnan-
cies and the pregnancies ending in a miscarriage (P<0.001). In
Table Il, the association between miscarriage and Carnegie stages is
demonstrated. Compared to an ongoing pregnancy, a pregnancy end-
ing in a miscarriage is associated with a lower than expected score of
the Carnegie stages in Model | (Bcamege = —1.061, 95% CI —1.354;
—0.768, P<0.00l) and in Model 2 (Bcamege = —0.824, 95% Cl
—1.190; —0.458, P < 0.001).

Table Il shows the association between miscarriage and embryonic
growth parameters reflected by CRL and EV. Compared to an ongoing
pregnancy, a pregnancy ending in a miscarriage is associated with a
smaller CRL in Model | (Bcr. = —0.273, 95% CI —0.367; —0.179,
P <0.001) and in the fully adjusted Model 2 (Bcr. = —0.120, 95% Cl
—0.240; —0.001, P=0.049). In addition, EV is smaller in pregnancies
ending in a miscarriage, expressed as a lower than expected measure-
ment of EV in Model | (Bgy = —0.122, 95% ClI —0.163; —0.081,
P <0.001) and in the fully adjusted Model 2 (Bgy = —0.060, 95% ClI
—0.112; —0.007, P=0.027).

In Fig. 2A, the delay in Carnegie stages is displayed, comparing on-
going pregnancies and pregnancies ending in a miscarriage. A live em-
bryo of a pregnancy ending in a miscarriage will reach the final
Carnegie stage with a delay of 4.0 days compared to an ongoing preg-
nancy. Supplementary Fig. S| shows that the Carnegie stages of indi-
vidual cases ranged from +3.| days (i.e. advanced morphology) to
—7.8 days (i.e. delayed). For 16 (48%) of the pregnancies ending in
miscarriage, the first measurement of morphological development,
reflected by the Carnegie stage, is below the 95% CI of the ongoing
pregnancies. Using repeated measurements, approximately half of the
pregnancies ending in miscarriage show a normal morphological devel-
opment, whereas the remaining embryos demonstrate deviated mor-
phological development, reflected by a delayed or advanced
development or they started (far) below the 95% CI of the ongoing
pregnancies. Figure 2B and C, respectively, the CRL and EV growth
trajectories of the ongoing pregnancies compared to the pregnancies
ending in a miscarriage. In Supplementary Fig. SIA-C, the curves of
the Carnegie stages and the growth trajectories of the individual preg-
nancies ending in a miscarriage are shown.

The odds ratio (OR) for miscarriage according to Carnegie stage is
shown in Table IV. In Model |, the delay in Carnegie stage increased
the odds of a miscarriage by 2.7% per delayed Carnegie stage
(ORcarnege = 1.027, 95% CI 1.001; 1.044, P=0.004). For the fully ad-
justed Model 2, the odds of a miscarriage increased by 1.5% per
delayed Carnegie stage (ORcamege = 1.015, 95% CI 1.002; 1.028,
P=0.028).

Supplementary Table SII depicts an HR according to delay in
Carnegie stages. The HR did not show an association between a delay
in Carnegie stages and the chance of a miscarriage in Model |
(HRcamegie = 1.180, 95% CI 0.891; 1.549, P=0.130) but could not
be estimated for the fully adjusted model because model convergence
could not be achieved.

Discussion

This is the first study to examine morphological development in utero
using Carnegie stages of live pregnancies ending in a miscarriage. We
have shown that embryonic development differs between ongoing
pregnancies and live pregnancies ending in a miscarriage. Using the
Carnegie staging system, we show a 4.0-day delay (range +3.1;
—7.8 days) in reaching the final stage of embryonic morphological de-
velopment in pregnancies ending in a miscarriage. Furthermore, em-
bryonic growth, expressed by serial CRL and EV, in pregnancies
ending in a miscarriage is decreased in the unadjusted model. In this
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with 1st trimester ultrasound
data (N = 1360)

Enrolled participants 2009-2018

Exclusion:
Withdrawal from study (N = 7)
Loss to follow up (N = 4)
No Carnegie stages available

1 Carnegie stage available
(N =1004)

Participants with a minimum of

(N = 345)

Exclusion:
Termination of pregnancy (N = 8)
IUFD >22 weeks’ GA (N = 2)
Neonatal death (N = 2)

Pregnancies included in
analysis
(N =644)

|

Congenital malformation (N = 17)
Irregular menstrual cycle (N = 204)
Unknown LMP (N = 35)
SGA (N =92)

Ongoing pregnancies
(N=611)

Pregnancies ending in
miscarriage
(N =33)

l

1068 Carnegie stages

59 Carnegie stages

Figure |. Flowchart of total study population. |IUFD, intrauterine foetal demise; GA, gestational age; LMP, last menstrual period; SGA, small-

for-gestational age.

small cohort of miscarriages, we showed that the delay of one
Carnegie stage increased the odds of a miscarriage by 1.5%.

Studies in ART have shown that accelerated and delayed cell divi-
sion is associated with a lower pregnancy rate (Pennetta et dl.,
2018). In our study, we solely found delayed embryonic morphology
in pregnancies ending in a miscarriage. However, we cannot exclude
a miscarriage is preceded by accelerated morphological develop-
ment as we only included live pregnancies from 7 4 0 weeks of ges-
tation onwards. Direct inspection of miscarriages by transcervical
embryoscopy, performed following confirmed non-viability,
has shown that up to 91% of embryos have morphological abnor-
malities (Rajcan-Separovic et al, 2010; Feichtinger et al., 2018).
Morphological abnormalities included growth disorganization or ex-
ternal defects but did not describe embryonic morphology using the
Carnegie staging system. In this study, we used the Carnegie stages
to assess morphological development and did not take the evalua-
tion of external defects into account.

In a previous study, investigating the embryonic curvature using 3D
VR ultrasound, our group showed the curvature of live embryos end-
ing in a miscarriage was not significantly different from ongoing preg-
nancies (Bogers et al., 2018). As far as we know, Bogers et al. (2018)

were the first to investigate morphology of live embryos ending in a

miscarriage using in vivo measurements (Bogers et al., 2018). In their
cohort of 33 miscarriages and 202 ongoing pregnancies, embryonic
curvature, a component of the Carnegie staging system, was com-
pared to CRL. In contrast to the study by Bogers et al. (2018), we did
not quantify solely the curvature of the embryos but considered all
components of the Carnegie staging system when performing our
morphologic assessment. By assessing all components of the Carnegie
classification, we were able to find a significant difference between
pregnancies ending in miscarriage and ongoing pregnancies.

Our findings for decreased embryonic growth in miscarriages are in
line with the previous study by Bogers et al. (2018) and other studies
using 2D ultrasound data. Shaamash et al. (2020) have studied foetal
heart rate, CRL and gestational sac diameter to predict miscarriage.
They show that a smaller CRL, a smaller gestational sac and slower
heart rate are associated with miscarriage. In a study by Preisler et al.,
a smaller CRL is also associated with miscarriage (Preisler et al., 2015).
Both studies used transvaginal ultrasound examination, with only 2D
ultrasonography. In our study, using 3D VR, on average we show
smaller CRL values for pregnancies ending in miscarriage. We also ob-
served embryos with increased volume and size, which may be indica-
tive of hydropic changes, suggesting a miscarriage is likely to occur in
the near future. Two studies have shown that an increased nuchal
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Table | Baseline characteristics of ongoing pregnancies and pregnancies ending in a miscarriage.

Maternal characteristics Ongoing pregnancies Missing Pregnancies ending Missing P
N=611 in miscarriage
N=33
Maternal age, years, median (IQR) 32.5(29.3-35.6) 0 34.7 (29.5-37.7) 0 0.010"
Nulliparous, n (%) 326 (53.4) I (0.1%) 13 (40.5) 0 0.131
Recurrent pregnancy loss,T n (%) 102 (16.8) 7 (1.1%) 13 (39.4) 0 0.001"
Geographical origin 0 0 0.052
Western, n (%) 525 (85.9) 24 (72.7)
Non-Western, n (%) 86 (14.1) 9 (27.3)
Education level 13 (2.1%) 8 (24%) 0.142
High, n (%) 360 (60.1) I'l (44.0)
Intermediate, n (%) 196 (32.7) 10 (40.0)
Low, n (%) 43(7.2) 4 (16.0)
BMI, kg/m?, median (IQR) 24.1 (21.8-27.8) 0 24.(22.0-27.3) 0 0.737
Periconceptional alcohol use, n (%) 193 (31.6) 0 6(18.2) 0 0.141
Periconceptional smoking, n (%) 76 (12.4) 0 309.1) 0 0.606
Periconceptional folic acid, n (%) 529 (86.6) 0 27 (81.8) 0 0.328
Vitamin use, n (%) 408 (67.1) 3 (0.5%) 20 (62.5) | (4%) 0.590
Mode of conception 0 0 0.017"
Natural, n (%) 304 (49.8) 24 (72.7)
IVE/ICSI, n (%) 297 (48.6) 8(24.2)
Oocyte donation, n (%) 10 (1.6) I 3.0)

Birth outcomes

Birthweight (g), median (IQR) 3440 (3160-3736) 55 (9.0%) -
GA at birth (wk), median (IQR) 3941 (38 + 1 to40 + 2) 54 (8.9%) -
Males, n (%) 296 (49.8) 17 (2.8%) -
Preterm birth, n (%) 40 (7.1) 54 (8.9%) -

IQR, interquartile range; GA, gestational age.

*P < 0.05 (bold text).

YThe loss of two or more pregnancies. Baseline characteristics were compared using Student’s t-test or Mann—Whitney U-test for continuous variables and Chi-square or Fisher’s exact
test for categorical variables.

Table Il Association between miscarriage and Carnegie stages.

Miscarriage Model I* P Model 2° P
Effect estimate (), Effect estimate (f)
95% Cl (95% CI)
No 0 (Reference) 0 (Reference)
Yes —1.061 (—1.354; —0.768) <0.001" —0.824 (—1.190; —0.458) <0.001"

Carnegie stages were compared to ongoing pregnancies.

?Crude model with gestational age as time predictor.

bFuIIy adjusted model with gestational age as time predictor; adjusted for alcohol use, educational level, ethnicity, folic acid supplement use, maternal age, maternal BMI, mode of con-
ception, parity, smoking, and vitamin use.

*P < 0.05 (bold text).

translucency and/or a reversed blood flow in the ductus venosus, as identify pregnancies at risk of a miscarriage embryonic growth as a
proxies for genetic abnormalities, were associated with an increased : sole marker is insufficient. The combination of embryonic growth and
risk of miscarriage (Akolekar et al., 2011; Yan et al., 2022). Hence, to : morphology may offer a solution. With the availability of additional
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Table Il Association between miscarriage and embryonic growth parameters.

Miscarriage Model I? P Model 2° P
Effect estimate (f) Effect estimate (f})
95% ClI 95% ClI
Crown-rump length No 0 (Reference) 0 (Reference)
Yes —0.273 (—0.367; —0.179) <0.001" —0.120 (—0.240; —0.001) 0.049"
Embryonic volume No 0 (Reference) 0 (Reference)
Yes —0.122 (—0.163; —0.081) <0.001" —0.060 (—0.112; —0.007) 0.027"

Crown-rump length and embryonic volume were compared to ongoing pregnancies.
“Crude model with gestational age as time predictor.

PFully adjusted model with gestational age as time predictor; adjusted for alcohol use, educational level, ethnicity, folic acid supplement use, maternal age, maternal BMI, mode of con-

ception, parity, smoking, and vitamin use.
*P < 0.05 (bold text).

information on morphological development, we can distinguish two
entities within the group of pregnancies ending in a miscarriage. We
identify a group with a smaller CRL and concomitant delayed mor-
phological development, and another group showing a CRL within
normal ranges developing delayed morphology during later stages.
Unfortunately, we were unable to predict the time-to-miscarriage
by HRs for ongoing pregnancies. We did find an increased OR for
miscarriages in pregnancies with a delayed morphological develop-
ment. For example, the odds for a miscarriage would increase by
4.6% (1.015%) if the development is three Carnegie stages delayed.
Further, it would have been interesting to predict the chance of a
miscarriage in ongoing pregnancies, especially in the group with
smaller CRL and concomitant delayed morphological development,
and to compare this to the group with normal CRL and delayed
morphological development to identify pregnancies at risk of miscar-
riage. The identification of these two entities in which growth and
development seem to be regulated differently, may represent differ-
ent causes of miscarriage for which future research may elucidate
additional details. However, the group sizes were limited, and addi-
tional analyses could not be performed. The limited group sizes may
serve as an explanatory factor for the insufficient statistical power
to predict the risk of a miscarriage by HRs.

This is the first prospective cohort study to describe repeated meas-
urements of embryonic morphological development in ongoing preg-
nancies ultimately ending in miscarriage. Pregnancies without a live
embryo were excluded because information on the exact timing of the
demise was lacking. Furthermore, non-viable embryos may decrease in
size and volume, or become hydropic: either way this may have signifi-
cant influence on our measurements of embryonic size and evaluation
of morphology. Hence, we strictly included parameters of live preg-
nancies in the final analysis. Another strength of this study is the cer-
tainty of the pregnancy dating owing to exclusion of pregnancies with
irregular menstrual cycles or uncertain LMP. Lastly, the serial, longitudi-
nal assessment of embryonic morphology and growth using 3D VR, a
validated technique with high accuracy and reproducibility of measure-
ments of embryonic growth, can also be seen as an important strength
(Rousian et al., 2018).

In many miscarriages, aneuploidy of the embryo is the reason for
the event (Bender Atik et al., 2018). Unfortunately, we do not have in-
formation on the results of genetic testing on the products of the mis-
carriages or on the karyotype of parents, as such investigations are not

routinely performed according to existing guidelines. The in vivo 3D VR
assignment of the Carnegie stages is performed using the same criteria
used by O’Rahilly and Miller (2010). We are limited to examine the
external morphological development and internal development of the
brain, compared to ex vivo studies that may include histological confir-
mation. Another limitation was the small sample size of this study. The
sample size was not sufficient to predict the event of a miscarriage,
based on embryonic morphology, or to allow correction for different
confounders or covariates. Women included in this study were mainly
recruited from a tertiary referral hospital also including many women
with a high level of education and who used folic acid supplementa-
tion. External validity is therefore limited. Finally, the study is embed-
ded in the outpatient clinic, therefore it is not feasible to record
participation rate, and this may be a potential risk for confounding
caused by selection bias.

Our advanced non-invasive imaging technique, 3D VR ultrasound,
may be of value for parents in terms of acquiring early information on
delayed morphological development of the embryo and providing sup-
port to prepare for an early adverse pregnancy outcome. Managing
expectations and thus including reliable counselling regarding prognosis
as part of supportive care, especially for couples with recurrent mis-
carriages, is considered of utmost importance for women and their
partners during early pregnancy (van den Berg et al., 2018). Future re-
search should focus on a larger cohort to study the value of embryonic
morphology in the understanding of miscarriages. In a previous study,
our group showed that delayed morphological development was asso-
ciated with delayed growth in the second trimester (Parisi et al.,
2019). Perhaps the in utero assessment of growth and the Carnegie
stages may contribute to the etiologic understanding of a miscarriage.

In conclusion, embryonic morphological development, expressed by
the Carnegie stages, is delayed in live pregnancies ending in a miscar-
riage. Interestingly, the delay in embryonic morphology was indepen-
dent of embryonic growth. In the future, embryonic morphology may
be used as a parameter for estimating the likelihood of a pregnancy
continuing to the delivery of a healthy baby, which is of crucial impor-
tance for all women but in particular for those at risk of a recurrent
pregnancy loss. As part of supportive care, both women and their
partners may benefit from information on the prospective outcome of
the pregnancy and the timely identification of pregnancies at risk of
miscarriage.
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Figure 2. Characteristics of ongoing pregnancies and pregnancies ending in miscarriage. Embryonic morphological development (A:
Carnegie stages), growth trajectories (B: crown-rump length: (CRL)), and embryonic volume (C: EV) of the included pregnancies depicted by gesta-
tional age. The pink coloured line indicates the ongoing pregnancies (N = 61 I) and the blue lines indicate the pregnancies ending in a miscarriage (N

= 33), with their 95% CI.
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Table IV Odds ratio of delay in Carnegie stages and miscarriage.

Miscarriage Model I?
Odds ratio, 95% CI
No 0 (Reference)
Yes 1.027 (1.001-1.044)

P Model 2° P

Odds ratio, 95% CI

0 (Reference)
1.015 (1.002-1.028) 0.028

Odds ratio of miscarriage per delay in Carnegie stage compared to ongoing pregnancies.
?Crude model with gestational age as time predictor.

bFully adjusted model with gestational age as time predictor; adjusted for alcohol use, educational level, ethnicity, folic acid supplement use, maternal age, maternal BMI, mode of con-
ception, parity, smoking, and vitamin use. A linear mixed model and logistic regression with generalized estimating equations were used to calculate the odds.

*P < 0.05 (bold text).
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