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The aim of this study was to investigate the effects of maternal, hormonal, and fetal factors on early fetal
volume (FV) measurements in mares obtained by three-dimensional (3D) ultrasound. Furthermore,
postpartum parameters were explored in regard to their association with early FV. For this purpose, 149
German warmblood mares that were artificially inseminated and confirmed to be pregnant between
days 14e16 of gestation, were examined transrectally at day 45 ± 1 of gestation with the portable 3D
ultrasound device Voluson® i (GE, Zipf, Austria). FV was calculated by using the extension software
Virtual Organ Computer-aided AnaLysis (VOCAL™). Two different mixed linear models were used to
analyze associations between the investigated maternal and fetal factors and the FV. Explanatory vari-
ables investigated in the first model were: maternal age, parity, maternal weight, and body condition
score, type of pregnancy (recipient or biological mother), barren status (lactating or non-lactating), fetal
sex, progesterone (P4) and equine chorionic gonadotropin (eCG) concentrations; and in the second
model outcome variables such as gestational length, birth weight, placental weight, fetal sex, and
abortion were included in the analysis. The final models revealed a significant relation between FV and
eCG (b ¼ 0.011, P ¼ 0.030), as well as with P4 (b ¼ �0.053, P ¼ 0.016), but interestingly P4 was negatively
related to FV. Fetal sex showed the most prominent effect on FV (b ¼ �0.256, P ¼ 0.039), with female
fetuses being smaller than male fetuses. In the second model none of the investigated parameters were
related to early FV except for fetal sex (b ¼ -0.328, P ¼ 0.047), again with female fetuses being smaller. In
summary, it was found that FV is related with eCG, P4 and fetal sex, but was no suitable predicting factor
for the investigated outcome parameters. Furthermore, the findings suggest that sex specific growth
differences exist already in early gestation. The detailed biological mechanism by which P4 and eCG
affect fetal size has to be investigated in prospective studies.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In human obstetrics low birth weight is associated with an
increased risk of perinatal mortality and diseases later in life [1,2].
The commonly used technique to evaluate the risk for low birth
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weight in infants is the measurement of fetal dimensions such as
the crown-rump length (CRL) throughout pregnancy. Even during
the first trimester a smaller than expected size is correlated with an
increased risk for low birth weight [3,4]. In the past two decades
three-dimensional (3D) ultrasound has become a useful tool for
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assessment of fetal size by measuring the fetal head and trunk
volume [5]. In fact, fetal volume (FV)measurements are superior for
detection of impaired fetal growth in women [6,7] and neonatal
weight prediction than conventional two-dimensional (2D) mea-
surements [8]. With 3D ultrasound, 3D images are recorded and
stored on the ultrasound device and can then be edited and
examined offline at any time. Currently, the most frequently used
software to calculate organ or fetal volumes from 3D images is
Virtual Organ Computer-aided AnaLysis (VOCAL™, GE Healthcare,
Austria). In this software the fetal borders of the head and trunk are
manually contoured in different planes, while the 3D image is
rotated around a fixed axis with a selected rotational angle. The
volume of the fetus can then be calculated from the different
planes. Fetal limbs cannot be included in the total FV, as the soft-
ware is not able to measure several objects in one image [5,7,9].

The ultrasonographic evaluation of the embryo or fetus in
commercial horse breeding is technically limited to verification of
pregnancy during embryonic and early fetal stages. The further
course of the equine pregnancy is commonly not monitored until
the expected foaling date approaches or unless complications such
as placentitis arise. For this purpose biophysical profiles for late
term pregnant mares have been developed to provide information
about fetal well-being [10,11]. The biophysical profile includes the
determination of the fetal aortic diameter, which is an indirect
measure for the fetal size and, furthermore, has been correlated
with neonatal weight in late term pregnant mares [11,12]. Kotoyori
et al. (2011) were the first ones to investigate 3D ultrasound during
the first half of gestation in mares. These investigators showed that
3D ultrasound can be successfully used by transrectal approach
without causing any discomfort or distress to mares [13].

More recently, equine FV measurements were successfully ob-
tained from 3D images and yielded good results for intra- and
interobserver repeatability [14]. In this study, the FVmeasurements
obtained at day 45 ± 1 of gestation were highly variable (mean
3.99 ± 0.79; min 2.32, max 6.32 cm3), it was thus tempting to
speculate if certain maternal or fetal factors influence early fetal
size in mares.

This early stage of fetal development is particularly interesting
during equine gestation, as many hormonal changes occur,
involving among others, equine chorionic gonadotropin (eCG)
secretion from the differentiated invasive fetal trophoblast cells
from the chorionic girdle, as well as progesterone (P4) secretion
from ovarian and placental sources.

In this regard, the study had two objectives; 1) investigate the
association of maternal, hormonal and fetal factors with early FV
measurements obtained by 3D ultrasound and; 2) investigate the
relationship between early FV with postpartum parameters of the
foal and possible adverse outcomes.

2. Materials and methods

2.1. Animals

During the breeding season (March to July) of 2016 a total of 153
German warmblood mares were examined in a stud farm in the
northern part of Germany. Data such as maternal age and infor-
mation about the mare's reproductive status, including parity and
barren status (lactating or non-lactating) were obtained from the
breeding records. Mares were inseminated on the day of ovulation
(Day 0) and the age of the fetus was counted in days post ovulation
irrespective of the type of pregnancy (i.e. whether the embryo was
transferred to a recipient or stayed in its genetic mother). Insemi-
nation was performed by a veterinarian and no natural mounting
occurred. Pregnancy was confirmed when mares were first exam-
ined ultrasonographically for pregnancy between days 14e16 of
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gestation using a linear transducer. A manual twin reduction was
performed (Day 14) if two embryonic vesicles were observed.
Mares were kept in large inside pens in groups of approximately 20
mares with their foals until the 3D ultrasound examination was
completed. At the time of the second ultrasound examination (Day
45 ± 1) each mare was weighted by passing a weight tape around
the girth and body condition score (BCS) was assessed based on the
method described by Henneke et al. (1983). A few days after the 3D
ultrasound examination, the mares were turned out and allowed to
graze in larger fields during thewarm summer months. As per farm
protocol all the gravid mares received vaccinations against Equine
Herpes Virus 1 and 4 (Equip® EHV 1, 4, Zoetis, Germany), as well as
for Influenza and Tetanus (ProteqFlu™-Te, Merial, France) during
gestation according to national vaccination recommendations.

Mares foaled indoors in separate stalls under close supervision
of the stud personnel. The newborn foals were weighted (AS-300,
BOSCHE, Damme, Germany) within the first 24 h postpartum and
placentae (amnion and allantois including the umbilical cord) were
placed into a bucket and weighted to the nearest half kilogramwith
a personal scale immediately after the mares expulsed the fetal
membranes. The sex of the foals and the gestational length was
documented.

2.2. Three-dimensional ultrasonography and offline volume
measurements

Three-dimensional (3D) ultrasound was performed as described
in our preliminary study [14]. In brief, each mare was scanned on a
single occasion by a single examiner. Based on known ovulation
dates 35, 77 and 41 mares were examined on day 44, 45 and 46 of
gestation, respectively. The examination was conducted trans-
rectally using the portable ultrasound device Voluson® i (GE
Healthcare, Vienna, Austria) equipped with a 3e9 MHz micro-
convex transducer (RNA5-9-RS). First the fetus was located with 2D
ultrasound and then the examiner changed to 3D mode to obtain
3D images of the fetus. The acquisition of 3D images was continued
until three datasets of adequate quality were obtained.

From the stored 3D images, the best, in terms of image quality,
was chosen. Evaluation of image quality was based on the presence
or absence of motion artefacts; blurry or sharp-edged definition of
the fetal contour and the degree of uterine wall contact of the fetus.
Fetal head and trunk volumes were obtained by using 4D-View™
software v.14 Ext.2 (GE Healthcare, Austria) and the extended
software VOCAL™ (GE Medical Systems, Austria). In brief, the fetus
was positioned in a sagittal view, with the rotational axis trough the
longest axis of the fetus. A rotational angle of 30� was used for FV
measurements and the edges of the fetus were manually contoured
in each plane as previously described [14,15]. Each fetus was
measured once in this manner. In a preliminary study, we investi-
gated the repeatability of FV measurements performed with
different rotational angles (30� and 6�). Measurements completed
with the 30� rotational angle yielded the best results regarding the
repeatability analysis [14] and were therefore used in the analysis
of the present study.

2.3. Blood samples, eCG and progesterone assays

Blood was obtained by jugular venipuncture for routine blood-
work at the day of 3D ultrasound examination. Excess serum
samples were centrifuged within 3 h of collection and the excess
serum was pipetted and stored at �20 �C until determination of
equine chorion gonadotropin (eCG) and progesterone concentra-
tions. Progesterone and eCG concentrations of blood samples were
analyzed at the Endocrinology Laboratory, University of Veterinary
Medicine Hannover, Foundation, Germany.
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Concentrations of eCG were measured using a solid phase
enzyme-linked immunosorbent assay (ELISA) based on the sand-
wich principle (PMSG ELISA, DRG Instruments, Marburg, Germany).
The intra-assay coefficient of variance (CV) was 7.4 %, which was
tested by measuring 20 undiluted samples of a within test routine.
Formeasurements of eCG samples were diluted either 1:10 (n¼ 65)
or 1:100 (n ¼ 84) in order to measure concentrations above the
standard curve. The dilutions were done with assay specific zero-
standard. Inter-assay coefficient of variance was not determined.

Progesterone was determined using a commercially available
competitive chemiluminescence-immunoassay (Immulite 1000,
Siemens Diagnostics, CA, USA). This assay cross reacts 6.6 % with
5b-Dyhydroprogesterone and <1 % with other progestogens such
as Pregnenolone, 17a-Hydroxyprogesterone and 20a-Dihy-
droprogesterone. The minimum detectable concentration was
0.09 ng progesterone/ml serum. Intra- and inter-assay coefficients
of variance were 6.3 %e8.1 % and 5.8 %e10.0 %, respectively.

2.4. Statistical methods

Data were analyzed using SPSS version 23.0 (SPSS Inc., Chicago,
Il, USA) and P < 0.05 was considered statistically significant.
Shapiro-Wilk test revealed a non-normal distribution of the
measured FV. Non-lactating mares (n ¼ 14) were treated as one
group, as the barren time only ranged from one (n ¼ 12) to two
(n ¼ 2) years.

Before the models were created, univariate testing using non-
parametric tests (Mann-Whitney U test, Kruskal Wallis) were per-
formed to assess significant effects of independent variables on the
outcome variable (FV). The only factor with a significant influence
on the measured FV was the day of examination (i.e., 44, 45, and
46); FV measurements performed on days 44 and 45 of gestation
were smaller compared to those carried out on day 46 (P < 0.001).
Furthermore, to assess interactions between variables, univariate
testing and correlations were examined: Pearson or Spearman
correlation coefficients were applied to assess correlation between
maternal age and parity, eCG and maternal age, eCG and parity, P4
andmaternal age, P4 and parity, P4 and eCG, as well as birth weight
and placental weight, gestational length and maternal weight.
Mann-Whitney U test was used to detect differences in birth-
weight, eCG and P4 concentrations in regard of the fetal sex.

In the final step, linear mixed models were used to assess re-
lations between FV and the explanatory variables. Explanatory
variables included maternal age, parity, maternal weight, barren
status, maternal BCS, fetal sex, birth weight, placental weight,
gestational length, eCG and P4 concentrations, whether abortion
occurred or not, foal birth weight, placental weight and gestational
length. In order to simplify the models, five groups for parity were
established as follows; primiparous mares (n ¼ 6), parity of 1 to 2
(n ¼ 40), 3 to 5 (n ¼ 48), 6 to 8 (n ¼ 41) and > 9 (n ¼ 14). Regarding
the age, mares were categorized as follows: young from 3 to 6 years
(n ¼ 24), middle aged from 7 to 10 years (n ¼ 64), older from 11 to
14 years (n ¼ 39) and old from 15 to 22 years (n ¼ 22). Non-
lactating mares (n ¼ 14) were treated as one group, as the barren
time only ranged from one (n ¼ 12) to two (n ¼ 2) years. The day of
examination was included as a random effect (random intercept).
Thus, the inclusion of this random effect takes into account the
variance of the fetal size across the different days of examination. A
stepwise backward selection of the explanatory variables was
performed, by including all the fixed effects at first and removing
one by one based on the least significant P-value and the Akaike's
Information Criterion (AIC) [16].

Due to the different nature of the explanatory variables
included, two different models were created. The first model
investigated maternal and hormonal factors on FV. These factors
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included parity, maternal BCS and weight, pregnancy type (recip-
ient or genetic mother), barren status (lactating or non-lactating),
eCG concentration, P4 concentration, fetal sex and the interaction
term eCG*fetal sex.

In the second model associations between FV with postpartum
parameters or parameters associated with the outcome of the
pregnancy were studied. Fixed factors included abortion, foal birth
weight, placental weight, gestational length and sex of the foal.

3. Results

3.1. Animals and pregnancy outcome

A complete and utilizable 3D image dataset was available for
analysis from 149 mares (94 Oldenburg international, 22 Old-
enburg, 11 Zangersheide, 8 Hanoverian, 5 Selle francais, 4 Meck-
lenburger, 3 Holsteiner, 1 Westphalian, 1 Anglo-Arabian). Details
about the study population (e.g., maternal characteristics), the
gestation and parturition, as well as information about the neonatal
foals are summarized in Table 1.

Four mares (2.7 %) were excluded retrospectively due to poor 3D
image quality of their fetuses. The exclusion of the 3D images was
due to blurry fetal edges (n ¼ 3) or the fetus lied partially at the
uterine wall to an unacceptable degree (n ¼ 1).

Eight of the mares showed premature mammary gland devel-
opment and vaginal discharge. Therefore, they were treated for
placentitis according to literature [17]. During the course of the
study 17 mares aborted. Causes identified for the abortions were
placentitis (n ¼ 1), umbilical cord torsion (n ¼ 1) and systemic
disease with chronic weight loss (n ¼ 1). In 4 mares the reasons for
abortion were unknown, although a necropsy of the fetus was
performed (n ¼ 4). In the other ten mares the aborted fetuses were
not found, due to the large areawhere they were turned out during
the summer. Therefore, abortion date and cause of abortion
remained unknown in these mares. The collected samples from
aborted fetuses (n ¼ 7) included fetal lung tissue as well as vaginal
swabs from the mares. These samples were all tested negative for
EHV 1 and 4, and equine viral arteritis (Labor Dr. B€ose GmbH,
Harsum, Germany).

3.2. eCG and progesterone assays

Mean eCG concentration was 14.12 ± 11.86 IU/ml with a wide
range of 0.76e75.29 IU/ml. The 10 and 90 percentiles for eCG
concentration were 4.17 and 31.11 IU/ml, respectively and were
therefore in an expected range. Only one mare showed an unusual
high eCG concentration of 75.29 IU/ml. Progesterone concentra-
tions were less variable with 9.2 ± 3.0 ng/ml and a range of
3.7e20.3 ng/ml.

3.3. Offline volume measurement, univariate analysis and
correlations

The mean FV (mean ± SD) was 3.99 ± 0.79 cm3 and ranged from
2.32 to 6.32 cm3. Univariate testing using non-parametric tests
were performed to assess significant effects of independent vari-
ables on FV measurement. The only factor with a significant in-
fluence on themeasured FVwas the day of examination (i.e., 44, 45,
and 46); FV measurements performed on days 44 and 45 of
gestation were smaller compared to those carried out on day 46
(P < 0.001). Univariate testing did not reveal any difference in FV in
regard to maternal age, weight, BCS, parity, barren status of the
mare or whether the mare was a recipient or the genetic mother of
the fetus. Furthermore, there was no effect of twin reduction on FV.
Significant correlations and significant differences are summarized



Table 1
Characteristics of mares, gestation, parturition, and foals.

Characteristics Values; given in mean ± SD (range), median (range) or n (%)

Age of mares (years) 10.1 ± 3.9 (3e22)
Weight of mares (kg) 533 ± 41 (415e640)
BCS 5 (3e8)
Reproductive status
Parity (number of foals) 4.5 ± 2.9 (0e12)
Lactating/non-lactating (n) 129 (90.2 %)/14 (9.8 %)
Recipient/genetic mother (n) 63 (42.3 %)/86 (57.7 %)

Hormone levels
Progesterone (ng/ml) 9.2 ± 3.0 (3.7e20.3)
eCG (IU/ml) 14.12 ± 11.86 (0.76e75.29)

Characteristics of gestation
Twin reduction (n) 14 (9.4 %)
Placentitis (n) 8 (5.4 %)
Abortion (n) 17 (11.4 %)

Characteristics of parturition and foals
Stillborn foals (n) 2 (1.3 %)
Dystocia (n) 6 (4.0 %)
Sex of the foal: colt/filly (n ¼ 130) 62 (47.7 %)/68 (52.3 %)
Placental weight (n ¼ 99) (kg) 6.3 ± 1.4 kg (4.0, 10.0)
Birth weight (n ¼ 112) (kg) 57.3 ± 6.2 kg (43, 75)
Gestational length (n ¼ 132) (days) 336 ± 8 (319e360)
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in Table 2.
3.4. Model 1: maternal, fetal and hormonal effects on FV

Based on significant differences among the explanatory vari-
ables an additional interaction term was included in the model to
account for varying eCG levels between female and male fetuses
(eCG*fetal sex; Table 2). Furthermore, a strong linear correlation
between maternal age and parity was found, potentially con-
founding the model due to underestimation of the other variables.
It was accounted for this correlation by running the model once
including parity only and once including maternal age only. Both
models performed separately for parity and maternal age, yielded
the same outcome and neither parity nor maternal age was
significantly associated (P > 0.05) with FV.

Barren status (lactating or non-lactating), type of pregnancy
(recipient or genetic mother), maternal weight and BCS were not
found to be related to fetal size (FV) in early pregnant mares. A
significant association between FV and eCG, P4 and fetal sex was
found in the final model. The fetal sex significantly influenced FV,
with female fetuses measuring in average 0.26 cm3 (95 %
CI, �0.500, �0.013) less than male fetuses (b ¼ �0.256, P ¼ 0.039).
Table 2
Significant correlations and differences between the investigated variables.

Variables Correlations and differences

Maternal age, parity r ¼ 0.867**
eCG, maternal age r ¼ -0.259**
eCG and parity r ¼ -0.246***
P4, maternal age r ¼ -0.210**
P4, parity r ¼ -0.243**
P4, eCG r ¼ 0.23**
eCG, fetal sex Female: 16.2 ± 13.1 IU/ml

Male: 12.8 ± 11.2 IU/ml *
Birth weight, placental weight r ¼ 0.513***
Birth weight, gestational length r ¼ 0.272**
Birth weight, maternal weight r ¼ 0.194 *
Birth weight, sex fillies: 55.9 ± 6.4 kg (43, 75)

colts: 59 ± 5.6 kg (46, 75) **

Spearman or Pearson correlation coefficient (r) describes the correlation between
the variables; differences between the variables are displayed as values in
mean ± SD (range). Significance level is outlined by an asterisk as follows; * sig-
nificance level P< 0.05, ** significance level P< 0.01, *** significance level P< 0.001.
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The effect of P4 on fetal size was negative (b ¼ �0.053 (95 %
CI, �0.095, �0.010), P ¼ 0.016); while eCG had a positive effect
(b ¼ 0.011 (95 % CI, 0.001, 0.021), P ¼ 0.030). The inclusion of the
interaction term of eCG*fetal sex did not improve the model, thus,
no significant association between sex specific levels of eCG
(P > 0.05) on early FV in horses was present. Based on the b-esti-
mate the effects of eCG and P4 were relatively weak compared to
the effects of sex which was 5- to 23-fold more.

3.5. Model 2: relation between pregnancy outcome variables and
FV

The interaction term of fetal sex*birth weight was included in
the secondmodel to account for significant differences between the
birth weight of colts and fillies (see Table 2).

No relation (P > 0.05) was found between fetal measurements
and whether the mare developed complications during her
ongoing pregnancy (i.e. abortion). Foal birth weight, placental
weight, gestational length and the interaction term fetal sex*birth
weight were not related (P > 0.05) to early FV. The foal's sex
remained to show a significant relationwith the FV with b ¼ -0.328
(95 % CI, -0.633, -0.004), P ¼ 0.047, again with female fetuses being
smaller.

4. Discussion

This study demonstrated that the FV during early gestation in
mares is relatively variable; we observed an almost 3-fold differ-
ence (2.32e6.32 cm3) of the FV at day 45 ± 1 of pregnancy among
the examined mares. Fetal sex, P4 and eCG concentrations were
found to be related to early FV, whereas maternal age, parity,
maternal weight and BCS, type of pregnancy (recipient or genetic
mother), barren status (lactating or non-lactating) and twin
reduction in earlier gestation did not have an influence on the fetal
size. Furthermore, FV was not found to be a predicting factor for the
birth weight of foals, placental weight, gestational length, or sex of
the foal. Nor did FV predict an adverse outcome such as abortion.

The fetal growth potential during early pregnancy was thought
to be primarily determined by its genetic potential, since at this
stage an oversupply of nutrients is available to the fetus [18]. As the
fetus grows its requirements for oxygen and nutrients increase and
any imbalance can have a limiting effect on fetal growth and
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maturation [19]. However, there is a growing body of evidence in
human reproductive medicine that the origin of fetal growth
retardation is established during early pregnancy [20]. In women it
was found that FV measurements during the first trimester of
pregnancy are superior for detection of impaired fetal growth [6,7]
and moreover correlate better with birth weight than CRL mea-
surements [8]. One explanation for this observation might be that
the CRL reflects only the growth of the head and the vertebral
column [21], whereas FV measurements include muscles and other
soft tissues for fetal size measurement.

In contrary to the findings in human medicine [8], the present
study has demonstrated that early FV is no suitable predictor for
neither gestational length nor birth weight or placental weight of
foals. Considering the highly variable gestational length in horses
and the relatively late occurring maturation of the equine fetus
(within the last 5 days antepartum) [22,23], it appears reasonably
difficult to predict parturition date during early gestation. On the
other hand, inmares near term it is possible to identify approaching
parturition by ultrasonographic measurement of the fetal orbit
diameter [24]. Our findings indicated that birth weight prediction
in foal is not possible bymeasuring the FV in early gestation. It must
be reasonably assumed that throughout the relatively long gesta-
tion period many other factors influence fetal growth, thus enable
small fetuses to catch up in their growth, while others experience
growth retarding effects.

It has been shown by the very early work of Walton and Ham-
mond (1938) that maternal size and hence uterine size, strongly
effects birth weight of foals [25]. Other researcher [26] supported
these findings and demonstrated that the in utero growth of the
fetus is influenced by the total area of fetomaternal contact across
the placental interface [27,28]. Similarly, we observed a weak cor-
relation between maternal weight and birth weight, although not
with early FV. This is in accordance with earlier findings of Ginther
et al. (1979) who found no influence of thematernal size (i.e. ponies
vs. riding horses) on CRL measurements up until day 100 of
gestation [29]. Recently it has been shown that maternal obesity
and BCS, but not weight per se, affects foal birth weight [30], but we
did not observe a relationship between fetal size and BCS.

Adverse outcomes in this study were defined as abortions,
however no relation to early FV was found. Among the studied
mares 17 (11.4 %) aborted and in 14 of them the cause of abortion
remained unknown or the aborted fetuses were not found due to
the large area where they were turned out during the summer. FV
did not differ between mares that aborted or maintained their
pregnancy. This is in contrast with a recent study, where differences
in CRL measurements in early gestation revealed smaller sized
embryos/fetuses when early pregnancy loss occurred [31].
Furthermore, in our study no differences were found between
mares that aborted or maintained their pregnancy regarding the
variables studied in the first model including maternal age, parity,
barren status, maternal weight, maternal BCS, fetal sex, measured
eCG or P4 concentrations. We have no reason to assume that
abortions were provoked by the 3D ultrasound examination, as the
mares were carefully monitored before they were turned out to the
summer pastures.

The influence of the foal's sex on birth weight, placental weight
and gestational length has been shown from different investigators
[32e34] and is in part in accordance with our findings; Colts were
heavier than fillies (P ¼ 0.007) and were carried longer than fillies,
although this finding was not statistically significant. Gestational
length was 335.6 days for fillies and 337.0 days for colts (P ¼ 0.38).
Earlier studies have shown that within the first 89 days of gestation,
no sex specific length (embryonic vesicle diameter or CRL) differ-
ences between male and female fetuses are present [29]. This is in
contrary to our findings. However, fetal sex appeared to be related
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to FV only when hormone concentrations (i.e. eCG and P4) were
included in the model. When fetal sex was analyzed in relation to
the effect of hormone concentrations, there was an association
between hormone concentrations and FV (5-to-23-fold higher FV).
On the other hand, inclusion of the interaction term fetal sex*eCG
did not improve the model. Thus, suggesting that no direct effect of
sex specific levels of eCG is seen on FV in horses. In other words,
each factor remaining in the model (eCG, P4 and fetal sex) was
associated with FV, but we ruled out sex specific size differences of
the fetus that are based on eCG concentrations. Our findings sup-
port the generally held view that fillies are lighter at birth and
moreover those sex specific growth differences exist already in
early gestation.

The early stage of fetal development is particularly interesting
during equine gestation, as the fetal nutrition is changing from sole
histotrophic (uterine gland secretion) to additional haemotrophic
nutrition by the development of the allantochorionic microvillous
contact with the maternal epithelium of the endometrium [35].
Coincident with the beginning of placentation, differentiated
invasive fetal trophoblast cells from the chorionic girdle invade the
maternal endometrium to initiate the endometrial cup formation.
Endometrial cups are the source of eCG and one of its main function
is to stimulate the development of secondary and accessory corpora
lutea (CL) to ensure progesterone secretion before the fetal-
placental unit takes over progesterone production.

With the initiation of endometrial cup formation, between days
36 and 38 of gestation a subsequent surge of eCG can be detected in
the maternal blood, which reaches peak concentrations between
Day 50 and 85, but is variable among mares [36e38]. Various fac-
tors have been found to influence eCG levels including; fetal sex
[39], parity [37], maternal size [40], BCS and exercise [37], among
others. In the present study, we have shown an inverse, although
weak, correlation of eCG with increasing maternal age and parity.
Additionally, eCG concentrations varied between male and female
fetuses (Table 2), which is partly in accordance with the findings of
M€onke and Franz (1985), who demonstrated that eCG concentra-
tions were higher in female fetuses between days 60e66 and
85e92 of pregnancy. However, they did not find significant differ-
ences of hormone levels at day 45 of gestation [39]. We demon-
strated that eCG was positively related to FV measurements,
although the effect was small. On the other hand, no correlation of
eCG and birth weight was detected. Because of the close timely and
local correlation between endometrial cup formation, eCG secre-
tion and the beginning of placentation, it seems tempting to
speculate that eCG might have angiogenic or mitogenic activity,
similarly to the human chorion gonadotropin (hCG). The growth
stimulating properties of hCG have been associated with enhanced
trophoblast differentiation as well as the direct activation of
endothelial cells and the activation of the vascular endothelial
growth factor (VEGF) which is known as the prime regulatory factor
for endothelial growth [41,42]. In the late first trimester low hCG
concentrations are associated with small-for-gestational-age (SGA)
fetuses [43], decreased fetal growth during the second half of
pregnancy and low birth weight in infants [44]. Allen et al. (2007)
investigated the localization of VEGF and its two receptors
throughout pregnancy in mares [45]. They found an increased
density of VEGF and its two receptors in the girdle cells that had
already begun to invade and transform into endometrial cup cells
[45].

Progesterone, widely known as the “pro-pregnancy hormone”,
is essential for maintenance of pregnancy by ensuring quiescence
of the myometrium and stimulating uterine gland secretion, in this
way providing the sole nutrition to the conceptus before it is able to
take advantage of heamotrophic nutrients and oxygen [46]. Below
threshold levels of progesterone histotrophe secretion may
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decrease to an extent where the growing embryo is inadequately
provided with nutrients [47]. Willmann et al. (2011) showed a
protective effect of exogenous treatment with progestin on delayed
conceptus development in older mares around the beginning of
placentation [48]. Altogether, endogenous progesterone may in-
fluence embryonic growth by altering uterine secretions, but this
remains speculative and warrants further studies. The negative
effect of P4 on FV in the present study was an unexpected finding
and to our knowledge no clear biological explanation could be
attributed for this negative association. One limitation of this study
was that no endometrial biopsies were available from the mares;
therefore, the effect of possible endometrosis could not be deter-
mined. However, FV seemed not to be influenced by increasing
maternal age or parity which are both associated with the devel-
opment of endometrosis [49]. Other limitations of the study
include; incomplete data regarding birth weight of the foals,
placental weight, sex of the foal and gestational length, which was
available in 112, 99, 130 and 132, respectively. Although VOCAL™ is
the most frequently used software for fetal organ and fetal volume
measurements in pregnant women, it has some limitations. Three-
dimensional volume measurements tend to overestimate true
volumes due to limited resolution, especially in small objects or
deeper layers [50e53]. Furthermore, limbs cannot be included in
the total FV, as the software is not able tomeasure several objects in
one image [5,7,9]. Moreover, exact placement of the fetal contour is
subject to individual variation [51,53]. In the present study, large
variation in FV measurements were observed. This variation was
thought to originate from true biological variation in growth, rather
than measurement variation. To address potential measurement
variation, volume measurements were conducted by one examiner
only. Nevertheless, in a previous study we could show that intra-
and interobserver variability was low for FV determination in ma-
res between day 45 and 47 of gestation [14].

5. Conclusions

In conclusion, our study demonstrated that the volume of
equine fetuses shows a high variability at an early stage of gestation
and is associated to fetal sex, eCG and P4. Fetal sex had the most
prominent effect on fetal size. In addition, sex specific differences of
eCG concentrations were noticed. If there is a true effect of eCG and
P4 on fetal growth or whether there are only associations between
these hormones and fetal growth has to be clarified in further in-
vestigations. Transrectal three-dimensional fetal volumetry in early
gestation in pregnant mares is not a suitable method to predict the
outcome of pregnancy in mares, as there were no relationships
between the fetal volume during early gestation and the birth
weight of foals, placental weight, gestational length or pending
abortion.
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