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Abstract 1. X-ray microcomputed tomography can be used to produce rapid, fully analysable, three-
dimensional images of biological and other materials without the need for complex or tedious sample
preparation and sectioning. We describe the use of this technique to visualise and analyse the micro-
structure of fragments of shell taken from three regions of chicken eggs (sharp pole, blunt pole and
equatorial region).
2. Two- and three-dimensional images and data were obtained at a resolution of 1.5 microns. The
images were analysed to provide measurements of shell thickness, the spacial density of mammillary
bodies, the frequency, shape, volume and effective diameter of individual pore spaces, and the
intrinsic sponginess (proportion of non-X-ray dense material formed by vesicles) of the shell matrix.
Measurements of these parameters were comparable with those derived by traditional methods and
reported in the literature.
3. The advantages of using this technology for the quantification of eggshell microstructural parameters
and its potential application for commercial, research and other purposes are discussed.

INTRODUCTION

The microanalysis of eggshell structure allows an
understanding of the shell parameters which
determine egg quality (Panheleux et al., 1999;
Ahmed et al., 2005; Dunn et al., 2005; Rodriguez-
Navarro, 2007, 2011). Shell microstructure deter-
mines crucial production, reproductive and
health characteristics of eggs (Rossi et al., 2013).
Breakages account for between 8–11% of eco-
nomic losses in total egg production annually
(Hamilton et al., 1979; Tsang, 1992). The shell
needs to withstand impact during processing and
packaging, whereas its total strength needs to be
limited to maintain hatchability for breeding pur-
poses. Other structural features of the shell, such
as the frequency and volume of pores and the
presence of the cuticle, affect the susceptibility of

the egg to microbiological invasion and determine
water and gas exchange.

Eggshell comprises a number of layers formed
during the passage of the egg through the oviduct.
The shell gland produces a bioceramic compound
consisting of an aggregate of calcite (a polymorphic
form of calcium carbonate, CaCO3; approximately
95%) infused with an organic protein matrix
(approximately 1%–3.5%; Solomon, 1991; Arias
et al., 1993; Hunton, 1995; Rossi et al., 2013).
During shell formation, the mineral structure
grows from discrete nucleation sites, characterised
by the formation of mammillary knobs (Arias et al.,
1993). Calcite crystals laid at these sites initiate the
formation of columns which fuse into the palisade
layer of the shell matrix (Nys et al., 1999, 2004). The
mammillary layer therefore influences shell break-
ing strength, but it must also conform to a pattern
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which enables the shell to operate as an embryonic
chamber (Panheleux et al., 1999). The quantity and
consistency of the mammillary bodies, along with
the shell membrane on which they rest also influ-
ence the amount of calcium absorbed by the devel-
oping chick embryo (Chien et al., 2009). The
mammillary nucleation sites contain proteoglycans
with much lower calcium affinity than those found
within the main body of the shell (Aggarwal et al.,
1993).

Several variables influence the microstructural
parameters of eggshell by altering the mineralisa-
tion process (Rodriguez-Navarro, 2007). The size
and orientation of the calcite crystals vary in rela-
tion to their depth within the palisade layer and
affect the mechanical properties of the shell and
therefore its strength (Hamilton, 1982; Rodriguez-
Navarro et al., 2002; Ahmed et al., 2005; Lammie
et al., 2006, 2007). Smaller, less-regularly orientated
crystals provide far greater shell strength than their
larger, highly orientated counterparts. Crystal
arrangement is influenced by factors including
hen age, diet, sequence in the laying cycle and
time after moult. It is also genetically influenced
and associated with matrix protein markers incor-
porated within the shell (Rodriguez-Navarro et al.,
2002; Ahmed et al., 2005; Dunn et al., 2012; Tumova
and Gous, 2012). Measurements made on mammil-
lary bodies and pores can be easily analysed against
known breeding and production traits (Dunn et al.,
2012).

Traditional techniques for shell analysis such
as optical microscopy, scanning electron micro-
scopy and conventional X-ray diffraction can be
time consuming and may involve complex or
tedious sample preparation. Two-dimensional (2-
D) X-ray diffraction makes data collection more
rapid and reliable but may still provide limited
information and require a focus on individual
microstructural parameters (Rodriguez-Navarro,
2007). Quantification of mammillary body para-
meters has been achieved by these methods
(Panheleux et al., 1999; Ahmed et al., 2005;
Rodriguez-Navarro, 2007), whereas pore size and
density have been measured using scanning elec-
tron microscopy or mercury porosimetry
(Williams et al., 1984; La Scala Jnr. et al., 2000;
Donaire and López-Martínez, 2009).

Microscopical study usually requires several
hours of sample preparation and delivers only a
narrow, topological view of the mammillary sur-
face (Rodriguez-Navarro, 2007). Two-dimensional
X-ray diffraction is a much faster process, requir-
ing little sample preparation, and gives more
detailed information on crystal size and structure
(Ahmed et al., 2005; Rodriguez-Navarro et al.,
2006; Rodriguez-Navarro, 2007), yet this techni-
que is still limited to a 2-D view, focusing on the
calcite crystals. Visualisation of mammillary bodies
and crystal growth planes of the palisade matrix

can be achieved by viewing polished shell frag-
ments under polarised light (Simons, 1985), but
this method does not facilitate quantification.
Scanning electron microscopy can be used to
view pore size and density, but sample preparation
is lengthened by the need to polish sections into a
flat plane and sputter with gold prior to scanning
(Williams et al., 1984; Donaire and López-
Martínez, 2009); this destroys the sample and
makes the estimate of pore size subject to the
depth viewed within shell. It is also limited to
observation in 2-D unless many successive serial
sections are collected. Mercury porosimetry pro-
vides a more accurate description of pore size
distribution and pore volumes but gives no infor-
mation on pore shape (La Scala Jnr. et al., 2000).

This paper describes the use of X-ray micro-
computed tomography (X-ray mCT) to analyse
eggshell and considers the potential of the techni-
que in a range of production, breeding and biolo-
gical applications. X-ray mCT is a rapidly advancing
field for material science research and its develop-
ment for medical applications has increased both
speed and accuracy. Coupled with high perfor-
mance image analysis software, X-ray mCT can
now be used routinely, in research and commercial
situations, to visualise the structures of a variety of
different materials based on differences in their
X-ray attenuation in 3-D at micro as well as macro
scales (Mooney et al., 2012).

In the present study, X-ray mCT has been
used to produce analysable 2-D and 3-D images
of avian eggshells. Sample preparation was mini-
mal and the scanning process itself was rapid. The
parameters analysed include shell thickness, mam-
millary body frequency, and the frequency, shape
and volume of pores. The investigation has also
generated several alternative, heuristically advan-
tageous visualisations of key features within the
shell structure.

MATERIALS AND METHODS

Sample preparation

Chicken eggs were obtained from Sunrise Poultry
Farms Ltd., Leicestershire, UK. Ten recently laid
eggs from Lohmann brown hens of approximately
30 weeks of age were used. Hens had been housed
free-range in flocks of approximately14 500 birds
and fed on a cereal diet consisting of 55% wheat
and 18% soya with limestone and amino acids.

Dimensional properties of the eggshell were
measured for reference according to Ahmed et al.
(2005) prior to breaking. Length and width (mm)
were measured using callipers and the egg shape
index (width/length × 100) was calculated. Whole
egg weight and dry eggshell weight (g) were used
to estimate the percentage shell (shell weight/egg
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weight × 100) of each egg. Surface areas (cm2)
were calculated as 4.68 × egg weight2/3 and shell
density (g/cm2) was calculated as shell weight/
surface area × 100.

Egg contents were emptied and shells were
gently washed in water and dried for 24 h. Shells
were sampled from three regions: the blunt pole
containing the air sac, the equatorial region equi-
distant between the poles and the sharp pole
opposite the blunt pole. Three fragments, each
approximately 0.25 cm2, were broken off from
each region and affixed using Araldite Instant
epoxy adhesive to the tip of a glass rod (100 mm
height × 3 mm diameter). This enabled the sam-
ple to be positioned very close to the X-ray source,
increasing the achievable resolution. The frag-
ments were aligned in parallel in an upright orien-
tation such that their surfaces were close but not
touching (outer surface of one shell next to the
inner surface of another). The adhesive was
allowed to harden for 24 h.

Eggshell scanning and image reconstruction

Samples were scanned using a Phoenix Nanotom
(GE Sensing and Inspection Technologies GmbH,
Wunstorf, Germany) X-ray micro CT system. The
scanner was set at 85 kV electron acceleration
energy and 70 µA current with the detector set at
a distance of 200 mm and the eggshell stacks 6 mm
from the X-ray source with no filter. The settings
were held constant for each scan. A total of 1080
projection images were collected using a detector
exposure of 750 ms integrated over three averaged
images resulting in a scan time of 27 min. A total of
30 scans was performed, resulting in 90 eggshell
samples being scanned (three scans on each of the
three regions of 10 eggshells).

Volumetric data was reconstructed using
DatosX|Rec (GE Sensing and Inspection
Technologies GmbH, Wunstorf, Germany) soft-
ware based on cone-beam filtered back projection
algorithms. The volumetric data consists of

individual voxels (3D pixels) mapped to a 16 bit
grey value scale. Low electron density materials
attenuate X-rays less than high X-ray density mate-
rials which correspond to low and high grey scale
values, respectively (e.g. 0 [black]–65 535
[white]). Individual shell fragments were virtually
separated (segmented) from the original recon-
structed volumes using the region-growing tool in
VG StudioMAX v2.0 (Volume Graphics, GmbH,
Heidelberg, Germany) by selecting a seed point
within the high-density shell material. This tool
propagates through the volume in 3-D connecting
voxels within a specified grey value tolerance
range to create a region of interest defining a
material with a specific density. An opening and
closing operation was subsequently used to
remove noise from the region. Each shell frag-
ment was carefully aligned in the 3-D viewer so
the mammillary surface (outer shell membrane)
was at the front with the external shell surface at
the back. An XY (top) image stack was saved in
TIFF (.tif) image format (Figure 1).

Measurements and statistical analyses

Measurements of shell thickness were made using
the calliper tool in VG StudioMAX v 2.0. The
thickness of each regional sample was measured
at 10 mammillary body locations and averaged.

The number of pores was counted manually
by working through the fragment images at
1.5 µm intervals across a known area (XY plane;
Figure 2) of shell surface, counting only those
which spanned (Z-axis) the entire matrix of the
shell. Functional pore size was measured using
ImageJ and defined as the minimum pore cross
sectional area encountered during progressive sli-
cing at 1.5 µm intervals along the length of the
pore. Images were reduced to binary form to pro-
vide a threshold between greyscale areas and dis-
tinguish between occupied and empty pixels.

To obtain an alternative view of shell porosity,
including the distribution, shape and

Figure 1. Two-dimensional cross section through the X–Z axis of an eggshell sample at a resolution of 1.5 µm, generated by X-ray mCT.
Labels show the thickness of the palisade matrix (distance 1) and the thickness of the outer shell membrane (distance 2) below the
mammillary nucleation sites.
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completeness of pores, 3-D visualisations were cre-
ated by loading unsigned 8 bit .tif image stacks of
the shell into VG StudioMAX, creating a region of
interest including the surrounding area and using
the “swap inner/outer surfaces” tool to remove
the solid shell and highlight the surrounding
edges (Figure 3).

To estimate mammillary body density, three
positions on the inner fragment surface were cho-
sen and the average number of mammillary

projections horizontal to the image plane
recorded using ImageJ. The maximum count of
discrete objects of high-density material encoun-
tered while progressing along the Z-axis from the
inner uncalcified space into the shell matrix was
recorded as the number of mammillary bodies.
This procedure accommodated the curvature of
the shell sample which, with vertically progressing
horizontal planes, initially produces a high edge
density and zero centre density (object count = 0),
and ends with uniform high density (object
count = 1) of the fully merged calcite columns
(Figures 4 and 5).

We used the term “sponginess” to describe
the proportion of low-density space within the
shell matrix, presumably created by the presence
of uncalcified vesicles. This was estimated using
duplicate volume samples within the matrix of
the shell, using ImageJ to count the empty pixels.
Figures 6 (A) and (B) illustrate the spongy nature
of the shell using false colour to identify the low-
density material.

Data were analysed using a general one-way
analysis of variance (ANOVA) using SPSS v 16.0
(IBM). Each parameter was tested for variance
across regions and significant results were

Figure 2. Reconstruction showing orientation of 3D axis used.
Scale bar = 400 µm.

Figure 3. Negative three-dimensional images showing the quantity, shape and arrangement of pores in the (A) sharp, (B) equator and (C)
blunt regions of chicken eggshell. The images are foreshortened, with the horizontal focal point of each image placed midway between the
outside of the shell (top) and the mammillary nucleation surface (bottom) but with the horizontal curvature of the shell left intact. Note that
pores vary in the size, shape and the completeness with which they traverse the whole shell. Scale bar = 400 µm.
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analysed using Fisher’s least significant differ-
ence (LSD) post hoc test to identify significant
differences between regional means.

RESULTS

Shell thickness

Figure 1 shows an example of a 2-D cross section
through the equatorial region of the eggshell.
There was a tendency for the sharp pole to be
thicker than the blunt pole, with the equatorial
region intermediate, but these differences were
not significant over the 10 eggs analysed (Table).
The average shell thickness was 366 μm.

Mammillary body density

The density of mammillary bodies varied signifi-
cantly between regions (P < 0.05; Table).
Mammillary body density was significantly lower
in the equator than at the poles (P < 0.05). The
average mammillary body density across all
regions was 283 per mm2.

Pore frequency

Figure 7 shows the 2-D appearance of a pore while
traversing through the X–Y axis. Figure 8 (A) shows
the 3-D-structure of a pore, and Figure 8 (B) shows
the pore false coloured against a negative image of
the spongy matrix. The frequency of pores was sig-
nificantly different between the regions of the egg-
shell (P < 0.001; Table). It was significantly different
between any two regions and was approximately
twice as high in the blunt pole as in the sharp pole
(as indicated by Figure 3).

Figure 4. Two-dimensional image (1.5 µm resolution) in the X–Y
plane of the junction between the outer shell membrane and the
mammillary layer of a chicken eggshell fragment. Because of the
curvature of the shell, the centre of the image shows only the collagen
fibres of the outer shell membrane and the mammillary knobs (mam-
millary body nucleation sites) become visible towards the periphery
(appearing to increase in frequency and size but then coalescing).

Figure 5. Representative mammillary body profile showing the count of individual mammillary bodies viewed in a flat sampling plane
(X–Y) as the curved shell is traversed vertically (Z-axis) from the nucleation sites, through the main palisade matrix to the external surface.
The contrast is set such that X-ray dense material (calcite) appears white while other material or empty space appears black. Images A–E
represent the visual appearance of the scan, showing the increase from few dense bodies in A and B, to the maximum number in C, before the
calcite columns fuse in D and E. The mammillary body density was estimated as the maximum count divided by the unit area.
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Functional pore size

A significant difference was found between the
average functional pore size (minimum pore
area) between the different regions of the shell
(P < 0.001; Table). The pores in the sharp pole
were significantly narrower than the pores found
in the equatorial and blunt regions (P < 0.01;
Table). The average pore size across all regions
was 355.6 μm. Figure 3 also shows the presence of
some incomplete pores which do not span the
depth of the shell.

Shell sponginess

Approximately one-third of the shell matrix was
occupied by non-X-ray-dense material. There was
a tendency for the sharp pole of the shell to have
a lower sponginess than the other two regions, but
overall the variation between regions was not sig-
nificant (P > 0.05; Table). The sharp pole of the
shell appeared to have a lower sponginess than
the other two regions, but the amount of variance
was large and there was no significant difference.

Correlations between mammillary body density,
pore frequency and pore size

Pore frequency decreased as the density of mam-
millary bodies increased (r2 = 0.146, P < 0.05;
Figure 9). Functional pore size increased as pore
frequency increased (r2 = 0.208, P < 0.05; Figure
10). There was no significant correlation between
functional pore size and mammillary density.

DISCUSSION

Three-dimensional X-ray mCT coupled with
image manipulation is an entirely new approach
to the study of eggshell microstructure. It offers a
number of advantages and a range of new possi-
bilities, including the simultaneous visualisation
and measurement of key microstructural para-
meters. The primary purpose of this study was to
demonstrate its potential and to compare the data
obtained with published data derived by other
methods. 3-D images, such as those generated in
this study, also permit a more informative visuali-
sation of microstructural features within eggshell
than has previously been possible.

The scanning procedures described in this
study required no sample preparation, other
than washing and adhesive mounting. Scan times
were short (27 min) and multiple samples could
be scanned simultaneously (three samples per
scan, reducing the effective scan time to nine
min per sample). There was no necessity to slice,
polish or otherwise dress the samples, and no

Figure 6. (A) Three-dimensional reconstruction of an equator-
ial region of eggshell between the outer surface and the mammillary
layer, showing the high-density material of the palisade matrix
(calcite) as white and the intrinsic porosity (vesicles) in blue
(colour version available online at http://dx.doi.org/10.1080/
00071668.2014.924093). (B) The same reconstructed image
with the dense material removed to reveal the negative space of
the vesicles. Scale bar = 400 µm, resolution = 1.5 µm.

Table. Eggshell microstructural parameters determined using three-dimensional X-ray mCT, showing mean values ± SEM in three regions
of the eggshell (n = 10). P-value indicates significance level using one-way analysis of variance (ANOVA); where a significant effect of shell
region was observed, values in the row without a common superscript are significantly different (P < 0.05) using Fisher’s least significant

difference post hoc test. Definitions of variables are given in the text

Variable Sharp end Blunt end Equator Significance P

Shell thickness, µm 371 ± 8 367 ± 8 361 ± 10 NS

Mammillary density, N/mm2 310.5 ± 17.1a 252.6 ± 8.76b 286.6 ± 18.9a,b <0.05

Pore frequency, N/mm2 0.82 ± 0.08a 1.38 ± 0.11b 1.64 ± 0.06c <0.001

Average pore size, µm2 94.95 ± 8.69a 129.43 ± 7.25b 131.18 ± 6.73b <0.01

Sponginess, % 0.29 ± 0.05 0.37 ± 0.08 0.33 ± 0.04 NS

316 A. RILEY ET AL.

http://dx.doi.org/10.1080/00071668.2014.924093
http://dx.doi.org/10.1080/00071668.2014.924093


need for time consuming and expensive proce-
dures such as gold film sputtering or the use of
polarised light. The duration of the image analysis
was variable (up to a few hours), depending on
the information being determined, but it was rela-
tively easy to automate many of the procedures
and achieve rapid generation of data.

The wide field of view allowed a much larger
sample area to be studied than is possible with
optical or scanning electron microscopy. We
used a high resolution of 1.5 microns, but this
can be adjusted according to the features of inter-
est by altering the distance between the sample
and the detector. We concentrated on the mineral
structure of the shell, but some analysis of the
shell membranes may also be feasible by this
method.

The data shows clear regional variation in the
density of mammillary bodies and also pore fre-
quency and volume in the different regions of the
shell. A significant difference in mammillary body
frequency was observed between the sharp pole
and the equatorial region. There was also a highly
significant difference in pore frequency between

the regions, increasing from the sharp to the
blunt pole. Such variations have been described
previously (Solomon et al., 1994) and our numer-
ical values are similar to those of previous esti-
mates (Tyler, 1953; Simkiss, 1968; estimated
using equations from Deeming (2006) and
Panheleux et al. (1999)).

The shape and orientation of the pores match
those described by Tullett (1978). The pores in each
region displayed significant differences in functional
size, with those at the sharp pole being significantly
narrower than those in the other two regions. This
variation may imply regional differences in the gas
and water permeability of the shell and would be
consistent with the blunt end, surrounding the inter-
membranal air sac, being the principal site of gas
exchange for the developing chick embryo. The facil-
itation of water loss in this region may also be of
significance because approximately 12% (typically
15% at altitude) of total egg weight needs to be lost
during incubation to allow optimum hatchability
(Rahn et al., 1977; Fink et al., 1992; Nys et al., 1999).

We found a negative linear correlation
between mammillary body density and pore

Figure 7. Two-dimensional slice-by-slice (traversing the X–Z axis) images of an equatorial region of shell, showing a pore which traverses
the palisade matrix. Images are at 6 µm intervals and are at a resolution of 1.5 µm. Scale bar = 400 µm.
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frequency (r2 = 0.147) which contrasts with the
highly positive correlation (r2 = 0.843) found by
Tullett (1975). Given the limited data available in

the literature, the significance of this discrepancy
is unclear. However, it may indicate that there is
no simple relationship between the frequency of

Figure 8. Three-dimensional reconstruction of an equatorial region of eggshell between the outer surface and the mammillary layer, generated
using X-ray mCT. The reconstruction is positioned (A) to cut through vertically a pore along one face of the image with high-density material
(calcite) shown as white and other material/space in grey. In (B), the dense material is shown transparent with the pore false coloured in shaded
yellow to show its full shape and orientation through the shell matrix (colour version available online at http://dx.doi.org/10.1080/
00071668.2014.924093). Scale bar = 400 µm, resolution = 1.5 µm.

Figure 9. Relationship between mammillary body density and
pore frequency across the entire eggshell (r2 = 0.1464, P = 0.037).
N = 30.

Figure 10. Relationship between pore frequency and average
pore size across the entire eggshell (r2 = 0.2076, P = 0.011).
N = 30.
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sites of initial calcite deposition on the outer shell
membrane and the interruption of their regular
spacing to form pores.

The positive correlation between pore fre-
quency and functional pore size suggests that
chicken eggs have evolved to adjust the gas
and water exchange necessary for embryonic
development and hatching by a combination
of these variables (Tullett and Board, 1976).
Presumably the risk of microbiological inva-
sion sets an upper biological limit on the func-
tional diameter of pores (Solomon et al.,
1994). There was no significant correlation
found between functional pore size and mam-
millary density.

Pore analysis has been significantly enhanced
by using this technique. The ability to remove the
calcified areas of the shell image leaving only the
pores, allows greater visual interpretation of these
structures and facilitates a better appreciation of
the regionalised differences in pore frequency
and functional pore size than was previously pos-
sible. Shape, continuity, frequency and distribu-
tion of pores can be visualised and analysed
through complete regions of shell. The influence
of sampling position is obviated and there is no
need for repeated physical sectioning or surface
polishing.

Although it was not possible to obtain infor-
mation about calcite crystal size and orientation
using this approach, a number of inferences can
be made without this information. Weaker egg-
shells have a higher density of mammillary bodies
(Van Toledo et al., 1982) and the density of these
nucleation sites is negatively correlated to crystal
size and shell thickness because of the special
competition between crystal growth stacks
(Solomon, 1991; Rodriguez-Navarro and Garcia-
Ruiz, 2000; Dunn et al., 2012). It may therefore
be possible to derive information on crystal size,
shell thickness and breaking strength based on
the density of nucleation sites obtained by X-ray
mCT. If more direct information is required, it
may be feasible to combine this technique with
2-D X-ray diffraction and the automated analysis
developed by Rodriguez-Navarro (2007).

This approach to eggshell analysis presents a
range of potential commercial and biological
applications. Its simplicity and speed should facil-
itate large-scale experimental investigations of the
effects of bird age, cycle stage, nutrition, manage-
ment practices and environmental variables on
eggshell microstructure and calcification, as well
as the identification of genetic determinants. It
could potentially be used as a routine method
for monitoring eggshell quality during commer-
cial egg production. In fertilised eggs, it could be
used to monitor mineral reabsorption from the
mammillary surface at various stages through the
incubation process and may offer the possibility of

correlating this with skeletal analysis in the devel-
oping embryo. It should facilitate a more exten-
sive comparison of shell structures between bird
species, where there is currently limited informa-
tion based on scanning electron microscopy
(Panheleux et al., 1999; Tullett, 1975), and should
simplify the investigation of rare, historic or fossi-
lised shell fragments (Donaire and López-
Martínez, 2009).

In conclusion, the use of three-dimensional
X-ray mCT to visualise and quantify the micro-
structural parameters should significantly hasten
progress in genetic and managerial improvement
of commercial avian stocks and facilitate further
research in this field. Image manipulation and
quantification in three dimensions is a new con-
cept in eggshell research, offering better visualisa-
tion and more complete data than previously
possible. The simplicity of sample preparation,
speed of scanning, repeatability and speed of ana-
lysis should make this a valuable tool in future
research. X-ray mCT has revolutionised research
in many other areas of the biosciences (e.g. plant
growth, soil analysis, bone development) and it
has potential to do the same in this field.
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