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Abstract
Purpose  The cadmium (Cd) chick model has been described as a reliable model of omphalocele. Skeletal anomalies, includ-
ing lumber lordosis, can be seen in the Cd chick model, as well as in the human omphalocele. Bone deformations, such as 
lordosis, are associated with high bone mineral density (BMD). Recently, three-dimensional microcomputed tomography 
(3DMCT) has been used to investigate skeletal development in small animal embryos. We used 3DMCT to test the hypothesis 
that the BMD is increased in the Cd-induced omphalocele chick model.
Methods  After a 60-h incubation, chicks were exposed to either chick saline or Cd in ovo. Chick embryos were harvested 
at embryonic day 16.5 (E16.5) and were divided into control (n = 8) and Cd (n = 9). Chicks were then scanned by 3DMCT. 
The body volume, bone volume, bone/body volume ratio, bone mineral quantity and BMD were analysed statistically (sig-
nificance was accepted at p < 0.05).
Results  Bone mineral density (mg/cm3) was significantly increased in the Cd group compared to control group (235.3 ± 11.7 
vs 223.4 ± 4.6, p < 0.05), whereas there was no significant difference in the bone/body volume ratio between the Cd group 
and the control group (0.7 ± 0.1 vs 0.6 ± 0.0). The body volume (cm3) (0.3 ± 0.2 vs 0.3 ± 0.1), bone volume (cm3) (0.2 ± 0.2 vs 
0.2 ± 0.1), and bone mineral quantity (mg) (51.3 ± 41.6 vs 41.5 ± 16.5) were not significantly different between the two groups.
Conclusions  Increased BMD may be associated with lordosis of the vertebral column in the Cd-induced omphalocele chick 
model, stimulating osteogenesis by activating the canonical Wnt signalling pathway.
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Introduction

Omphalocele, one of the most common ventral body wall 
defects (VBWDs) in humans, is a midline defect in the ante-
rior abdominal wall with herniation of the abdominal con-
tents including liver and bowel, through the enlarged umbili-
cal ring into the base of the umbilical cord and is confined 

by an amniotic membrane. Omphalocele is accompanied by 
failure of return of the midgut hernia into the abdominal 
cavity, and it is, therefore, a primary failure of fusion of the 
anterior abdominal wall. This defect occurs in approximately 
1 in 3000 live human births [1, 2].

Although experimental studies of VBWDs have relied 
on gene knockouts, surgical models and teratogen models, 
there are still few reliable animal models of omphalocele 
[3, 4]. Cadmium (Cd) has no nutritive function and is an 
established teratogen in a wide range of animal models, 
including the chick embryo [5, 6]. Previous work from our 
research team has established the Cd chick model, which 
is ideal for the investigation of omphalocele [7, 8]. These 
chick embryos were administered Cd at Hamburger–Ham-
ilton (H–H) stages 16–17 [9] and developed an abnormal 
growth of the lateral plate mesoderm (LPM), resulting in 
the development of VBWD similar to the human ompha-
locele spectrum [6]. In this teratogen model, Cd appears to 
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be a specific teratogen, with a predictable and reproducible 
rate of omphalocele phenotype occurring in approximately 
40–50% of chicks [6, 10]. Interestingly, the Cd-induced 
omphalocele chick model has a lordosis of the vertebral 
column, a feature which is also seen in the human ompha-
locele [10, 11].

Lordosis of lumbar vertebrae plays a major role in 
changing the capacity of the abdominal cavity in the human 
omphalocele. The degree of lordosis in omphalocele patients 
is significantly greater than the degree of the controls. It 
has been described that the individual lordotic angle was 
significantly correlated with the size of omphalocele [11]. 
Although, the exact mechanisms of lordosis seen in the 
omphalocele still remains unknown, bone deformation, 
such as lordosis, has been reported to be associated with 
increased bone mineral density (BMD) [12].

Accurate visualization of three-dimensional structures 
requires comparative, functional and developmental studies 
of animal morphology. Nevertheless, few widely applicable 
methods exist for non-destructive whole-volume imaging 
of animal tissues [13]. Three-dimensional microcomputed 
tomography (3DMCT) has recently been innovated to inves-
tigate the morphogenesis in small animal embryos, including 
skeletal development [14, 15]. 3DMCT can produce high-
resolution images of small embryonic organs and tissues, 
without destroying the specimens and with the ability to 
combine this technique with other techniques and imaging 
methods [13]. Although several studies using 3DMCT in 
chick embryos have been reported [16, 17], 3DMCT has 
never been used to characterize the phenotype of the Cd-
induced omphalocele chick model.

The aim of our study was to visualize and analyse skeletal 
abnormalities in the Cd chick model by using 3DMCT and 
to investigate the hypothesis that the BMD is increased in 
the Cd-induced omphalocele chick model.

Materials and methods

Embryo growth and treatment

White-leghorn chicks were hatched from fertilized eggs 
obtained from a local hatchery (Shiraishi Farm, Saitama, 
Japan) and incubated at 38 °C in a forced air incubator at 
70% relative humidity for 60 h. After 60 h of incubation, 
chick embryos that had reached Hamburger–Hamilton 
(H–H) stages 16–17 [9] of embryological development were 
treated in ovo with either 50 μL of 5 μM Cd or 50 μL of 
chick saline using a method described by Thompson et al. 
[10]. On embryonic day 16.5 (E16.5), chicks were harvested 
and divided into the Cd group (n = 9) confirming the ompha-
locele phenotype and the control group (n = 8).

3DMCT imaging and skeletal analysis

Chick embryos at E16.5 were placed in 4% paraformalde-
hyde for several days. After this preparation, we scanned the 
embryos using a 3DMCT system (Hitachi Healthcare, Tokyo, 
Japan). CT images were acquired using the following param-
eters: 50 kVp tube voltage, 500 μA tube current, 48 mm axial 
field of view and 96 μm isotropic voxel size. The image files 
were converted from a proprietary format into DICOM for-
mat using LaTheta software (version 3.22). Volume-rendered 
3-dimensional CT images were reconstructed using VGStu-
dio MAX (Volume Graphics, Aichi, Japan). We assessed the 
skeletal morphology of chick embryos in various sections and 
reconstructed in 3D image. Finally, we statistically analysed 
the body volume, bone volume, bone mineral quantity and 
bone density, respectively. The overall BMD was considered 
as the bone mineral content per cubic volume (mg/cm3) based 
on the following equation. The cubic volume was calculated 
as the integrated value of “the planar dimensions of the area 
of the cross-sectional tomographic image” and “the inter-slice 
intervals between the cross-sectional tomographic images”. 
All numerical data in the results of the skeletal analysis are 
presented as the mean ± standard deviation. Differences 
between the two groups were tested by using Mann–Whitney’s 
U test. Statistical significance was accepted at p value < 0.05.

Results

In the surface mode in 3DMCT, abdominal contents including 
the liver and bowel were seen in the herniation through the 
VBWD in the Cd chick model (Fig. 1b), whereas no herniation 
was observed in control chicks (Fig. 1a). In the skeletal mode 
of 3DMCT, lordosis of the vertebral column and malformed 
lower limbs were observed in the Cd chick model (Fig. 2b), 
whereas a c-shaped lumber curvature and a normal posi-
tion of the lower limbs were seen in control chicks (Fig. 2a). 
BMD (mg/cm3) was significantly increased in the Cd group 
compared to the control group (235.3 ± 11.7 vs 223.4 ± 4.6, 
p < 0.05). However, there was no significant difference in the 
bone/body volume ratio between the Cd group and controls 
(0.7 ± 0.1 vs 0.6 ± 0.0). The body volume (cm3) (0.3 ± 0.2 vs 
0.3 ± 0.1), bone volume (cm3) (0.2 ± 0.2 vs 0.2 ± 0.1), and bone 
mineral quantity (mg) (51.3 ± 41.6 vs 41.5 ± 16.5) were not 
significantly different between the two groups, respectively 
(Table 1).

Discussion

Understanding the morphological development of embryos 
in a 3D frame work is fundamental to developing new sur-
gical strategies for congenital malformations. 3DMCT has 
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the potential to produce quantitative 3D images of small 
animals, and it is ideal for mineralized tissue, including 
bones. With the 3DMCT imaging system, we were able to 

analyse high-resolution images of small organs and tissues 
in embryos, producing sections from any orientation that we 
required such as sagittal, coronal and transverse sections. 
Although most of the studies using the Cd chick model 
have been focusing on molecular mechanisms [7, 8, 18], 
Thompson et al. [10] have previously demonstrated skeletal 
morphogenesis by using skeletal alizarin staining in the Cd 
affected chick model. In this study, we clearly visualized for 
the first time the skeletal anomaly in the Cd chick model 
by using 3DMCT. The 3DMCT imaging technique is cost-
effective in comparison to serial histological analysis, with 
little sample preparation and with relatively simple data 
post-processing [14].

Although the exact molecular mechanisms of lordosis of 
lumbar vertebrae seen in the omphalocele have not been 
thoroughly elucidated to date, the canonical Wnt signal-
ling pathway is known to play a key role in the osteoblast 
response and increased osteogenic activity, arising from the 
upregulation of Wnt signalling, leads to increased BMD 
[12]. It has been previously reported that one of the canoni-
cal Wnts, Wnt6, is upregulated in the Cd-induced ompha-
locele chick model [19]. In this study, BMD was signifi-
cantly increased in the Cd chick model compared to controls. 
We, therefore, speculate that increased BMD is associated 
with lordosis of the vertebral column in the Cd chick model, 
stimulating osteogenesis by activating the canonical Wnt 
signalling pathway. Conversely, reduced BMD has been 
known to be associated with osteopenia [12]. Randall et al. 
have previously reported that among 58 children with gas-
troschisis, there were 4 with osteopenia, whereas none of 
8 children with omphalocele had osteopenia [20]. In this 
study, we observed significantly increased BMD in the Cd-
induced omphalocele chick model. Therefore, our results 
in this study also support the concept that osteopenia is not 
characteristic in the omphalocele patients with increased 
BMD, different from gastroschisis patients.

Dorsal malpositioning of hind limbs seen in this 
3DMCT study has known to be caused by the lateral plate 
mesoderm grown dorsally [6]. In the Cd chick model, it 
has been reported that abnormal cell death in the lateral 
plate mesoderm with cellular changes and reduction in 
proliferation in the periderm occur in association with fail-
ure of the lateral plate mesoderm to fold ventrally, caus-
ing omphalocele phenotype [21]. Abnormalities in cell 

Fig. 1   a In controls, the surface mode in 3DMCT showed no hernia-
tion of the abdominal viscera or smooth surface of the ventral body 
wall. b In the surface mode 3DMCT of the Cd chick model, the 
abdominal contents, including the liver and bowel, was evident in the 
herniation of the defect

Fig. 2   a In the skeletal mode 3DMCT in controls, a c-shaped lum-
ber curvature and a normal position of the lower limbs (green) were 
observed. b In the Cd chick model, the skeletal mode of 3DMCT 
showed lordosis of the vertebral column and malformed lower limbs 
(green)

Table 1   Numerical data of the 
skeletal analysis by 3DMCT

*p < 0.05 vs control

Body volume (cm3) Bone volume (cm3) Bone/body 
volume ratio

Bone mineral 
quantity (mg)

Bone mineral 
density (mg/
cm3)

Control 0.3 ± 0.1 0.2 ± 0.1 0.6 ± 0.0 41.5 ± 16.5 223.4 ± 4.6
Cd 0.3 ± 0.2 0.2 ± 0.2 0.7 ± 0.1 51.3 ± 41.6 235.3 ± 11.7*
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adhesion have been observed concurrent with this process, 
with initial disassociation of peridermal cells and subse-
quent inappropriate adhesion of periectodermal tissue that 
comes into apposition. Because cell adhesion molecule 
function is intimately related to signalling [22], abnormal 
signalling mechanisms could come into play at this stage, 
causing lordosis of the vertebral column. Thus, we believe 
that the effects of cadmium on the chick model, causing 
omphalocele, lordosis and hindlimb malpositioning, are 
specific and all act via a single mechanism.

Taken together, the results of this study indicate that 
3DMCT has the potential to replace serial histology as the 
reference standard in many in vitro studies, and it provides 
a practical approach to obtain quantitative information 
during some longitudinal investigations in vivo. There-
fore, we believe that 3DMCT will become a standard tool 
in many laboratories in the future, owing to the clear 3D 
images and the quantitative data that it provides.

In future research, by using several simple contrast 
stains, it is hoped that 3DMCT will provide versatile, 
high-contrast, quantitative 3D images of tissues and the 
vasculature of live small animals. Especially in small 
embryos, the methods can be used on a wide variety of 
animal species fixed and preserved by the most common 
methods. Stained tissues can be scanned in liquid, and 
further analysis can be performed on the same samples. 
Versatile X-ray contrast staining represents an additional 
option for volumetric imaging of non-mineralized tis-
sues, and it is hoped that this method will prove useful in 
comparative, developmental, and evolutionary research in 
addition to skeletal abnormalities, as investigated in this 
study.
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