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Abstract
Describing and quantifying vascular canal orientation and volume of osteocyte lacunae in bone is important in studies of bone growth, mechanics, health and disease. It
is also an important element in analysing fossil bone in palaeohistology, key to understanding the growth, life and death of extinct animals. Often, bone microstructure is
studied using two-dimensional (2D) sections, and three-dimensional (3D) shape and
orientation of structures are estimated by modelling the structures using idealised
geometries based on information from their cross sections. However, these methods
rely on structures meeting strict geometric assumptions. Recently, 3D methods have
been proposed which could provide a more accurate and robust approach to bone
histology, but these have not been tested in direct comparison with their 2D counterparts in terms of accuracy and sensitivity to deviations from model assumptions. We
compared 2D and 3D methodologies for estimating key microstructural traits using a
combination of experimental and idealised test data sets. We generated populations
of cylinders (canals) and ellipsoids (osteocyte lacunae), varying the cross-sectional
aspect ratios of cylinders and orientation of ellipsoids to test sensitivity to deviations
from cylindricality and longitudinal orientation, respectively. Using published methods, based on 2D sections and 3D data sets, we estimated cylinder orientation and
ellipsoid volume. We applied the same methods to six CT data sets of duck cortical
bone, using the full volumes for 3D measurements and single CT slices to represent
2D sections. Using in silico test data sets that did deviate from ideal cylinders and ellipsoids resulted in inaccurate estimates of cylinder or canal orientation, and reduced
accuracy in estimates of ellipsoid and lacunar volume. These results highlight the
importance of using appropriate 3D imaging and quantitative methods for quantifying volume and orientation of 3D structures and offer approaches to significantly
enhance our understanding of bone physiology based on accurate measures for bone
microstructures.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | I NTRO D U C TI O N

biology of living organisms, and to inform interpretations of the biology of extinct organisms from fossilised bone.

Bone histology is part of the daily armoury in biomedical research

The correlations identified by such histological studies high-

and the study of bone histology in extant and fossil animals has led

light the potential that histological approaches hold, if the differ-

to substantial shifts in the way we view extinct species and the evo-

ent factors influencing these relationships can be disentangled.

lution of key biological traits such as growth rate, metabolic rate

However, results have not been consistent across studies for all

and locomotion. Additionally, the arrangement of vascular canals

factors. For example, a number of studies have found correla-

within the bone cortex and the spaces wherein bone cells reside, the

tions between decreased growth rate and laminar vascular canal

osteocyte lacunae, can provide information about developmental

orientations (de Margerie et al., 2002, 2004, 2005; Pratt et al.,

age (Carter et al., 2013; Lai et al., 2015) and growth rate (Castanet

2018), while others have not found this relationship to be signif-

et al., 2000; de Margerie et al., 2002, 2004), and how the bone may

icant, and instead argue that vascular canal orientation is more

have been loaded during the animal's lifetime (Britz et al., 2012; De

closely related to the direction of bone loading. Additionally, not

Margerie et al., 2005; van Oers et al., 2015). Furthermore, bone mi-

all observations have been reliably reproduced across different

crostructure is influenced by body mass (Cubo et al., 2014), meta-

studies in different species (de Margerie et al., 2002, 2004; Pratt

bolic constraints (Cubo et al., 2014) and phylogeny (Legendre et al.,

& Cooper, 2018). The variation in results between studies is likely

2014). Studying bone histology in extant animals to discover cor-

to be, in part, due to real differences in the biology between spe-

relations between intracortical bone microstructure and a variety of

cies, and as yet undefined factors determining tissue structure.

biological traits, from growth rate to lifestyle, has therefore signifi-

However, it is also possible that methodological problems limit

cantly enhanced our understanding of extinct animals and evolution

the accuracy and reliability of results generated. Further eluci-

(Chinsamy-Turan & Hurum, 2005; Erickson, 2014; Erickson et al.,

dation of the relationships between form and function and/or

2009; Padian & Lamm, 2013).

developmental origin is contingent on accurate and reproducible

However, much remains to be learned from bone histology

histological analysis.

analysis. In palaeontology, histological descriptions of new fossils

In general, histological descriptions are based on a single, or small

are typically qualitative, placing observed tissues into a set of bone

number of transverse thin tissue sections. Therefore, estimation of the

types (De Ricqles, 1975) and relating these to traits, such as ’rapid

orientation, shape or volume of structures in their native three-dimen-

growth’ or occasionally more specific growth rates (de Margerie

sional (3D) context, such as intracortical canals or osteocyte lacunae,

et al., 2002). Although well-established, the categories used to de-

is based on their shape observed in two-dimensional (2D) cross sec-

fine the bone types do not fully capture the continuous nature of

tions by light microscopy and the subsequent underlying assumptions

spatial and temporal variation in bone structure (de Boef & Larsson,

needed to extrapolate the 2D information into 3D. The use of 2D his-

2007) and quantitative approaches are crucial to standardisation

tological methodologies, based on a single or small number of thin sec-

and robust testing of hypotheses.

tions for each tissue sample, is a potential source of inaccuracy when

A number of studies have taken such a quantitative approach,

characterising structures in a quantitative fashion. Doubt has been cast

testing how measures for (intracortical) bone microstructures relate

on the suitability of traditional 2D approaches for estimating 3D traits.

to other biological traits, including the orientation and density of

Such traits include the shape and orientation of canals (Hennig et al.,

vascular canals or the volume, shape and number and volume den-

2015), volumes of the osteocyte lacunae (D'Emic & Benson, 2013) and

sity of osteocyte lacunae. For example, vascular canal orientation

connectivity of pores and other structures (Qu et al., 2015), both within

has been correlated with bone deposition rate (de Margerie et al.,

(Cooper et al., 2011; Pratt & Cooper, 2017; Stein & Prondvai, 2014) and

2002, 2004; Lee & Simons, 2015) and direction of bone loading (de

outside palaeobiology (Schneider et al., 2007). Similarly, outside the

Margerie et al., 2005; Marelli & Simons, 2014; Simons & O'connor,

bone field entirely, researchers in other areas have noted the impor-

2012), while increased vascular density (both number and volume

tance of understanding 3D structures, from the structure of bubbles in

density) has been related to accelerated growth rate (Cubo et al.,

cake batter (Tan et al., 2016) to complex branching plant root systems

2014; de Buffrenil et al., 2008). Osteocyte lacunar shape and vol-

(Iyer-Pascuzzi et al., 2010). In addition, the small specimen volume sam-

ume have been linked with body mass (D'Emic & Benson, 2013),

pled in a histological section may not be representative of the bone as

growth rate (D'Emic & Benson, 2013), while genome size (D'Emic &

a whole, leading to an overestimation of the variation between speci-

Benson, 2013; Organ et al., 2007, 2009) and lacunar number den-

mens. Thus, similar variation could potentially be present within a single

sity have been correlated inversely with body mass (Stein & Werner,

bone at a different volume of interest within the same anatomical site

2013) and positively with femoral growth rate (Cubo et al., 2012).

and/or at different anatomical sites. Using traditional histological meth-

Understanding the correlations between morphology and biolog-

ods, this would only be apparent if multiple sections were taken from

ical origins of those morphologies can help us to understand the

each bone, and, to date, this is not the standard approach.
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Across histology and palaeobiology, there is increasing adop-

The second aim of this study was to apply the same 2D and 3D

tion of micro-computed tomography (µCT) (Abel et al., 2012;

methods to estimate vascular canal and osteocyte lacunar measures

Knoll et al., 2018; Sanchez et al., 2012, 2016) as a non-invasive

in experimental bone data sets, derived from 2D thin-slice histology

3D imaging technique. However, to date, little work has focussed

and µCT, in order to compare and critically appraise their quantitative

on quantitative estimation of morphology and validation of ex-

morphometric outcomes. Here, experimental data sets were used to

isting 2D morphometric methods using the additional informa-

compare 2D and 3D methods in a more realistic context, and to deter-

tion 3D imaging can provide, especially at the microstructural

mine whether these could be derived reliably from 2D tissue sections.

level. In particular, the accuracy of 2D and 3D approaches have

The quantitative methods used in this study combine in silico

not been fully scrutinised, despite findings that, for example,

tests of 2D and 3D methods for estimating the orientation of cyl-

shape and orientation cannot be distinguished based on 2D sec-

inders (in silico models of vascular canals) and the volume of ellip-

tions (Hennig et al., 2015; Pratt et al., 2018). Some 2D meth-

soids (in silico models of osteocyte lacunae). For the experimental

ods to quantify 3D structures require fewer assumptions to be

data sets from the domestic duck (Anas platyrhynchos) generated

made (for example measuring bone porosity only requires that

and examined in this study, the same measures were estimated. It

the section taken is representative of the bone in general, rather

is straightforward to obtain the extant domestic duck due to their

than fitting a geometric model), and may be more robust than

commercial production, unlike fossil samples. While the actual ar-

others. Therefore, it is important to understand which 2D ap-

rangement of these intracortical structures is not essential for the

proaches can be used robustly to quantitatively characterise

current work, the key is that the used bone material contains both

3D structures, such as intracortical canals or osteocyte lacu-

vascular canals (i.e., tubes) and osteocyte lacunae (i.e., ellipsoids).

nae. Furthermore, it is important to recognise what assumptions

The results from this study are, therefore, applicable to bone stud-

must be satisfied for these approaches to enable quantitative

ies ranging from human biomedical samples to those looking at the

morphometry to be employed, and how 2D approaches compare

bones of tyrannosaurs, and beyond this, any study inferring 3D

to 3D approaches.

properties of structures from their 2D cross sections.

In this study, 2D and 3D approaches to quantify vascular canals

For estimating the orientation of vascular canals, de Boef and

and osteocyte lacunae are critically appraised and evaluated. 2D and

Larsson's method for estimating orientation based on ellipses fitted

3D methods for quantitative morphometry are tested for their accu-

to the 2D cross sections of canals (de Boef & Larsson, 2007) is com-

racy and cross-validated against each other using simplified in silico

pared with Pratt’s method for skeletonising and measuring 3D canal

test data sets in 2D and 3D, to estimate measures of histological

data sets (Pratt & Cooper, 2017). For estimating osteocyte lacunar

interest, namely canal orientation and osteocyte lacunar volume. In

volume, three methods were compared: a method based on fitting

addition, the same 2D and 3D methods are tested in experimental

an ellipse to a single 2D cross section, one based on fitting ellipses

bone data sets from 2D virtual thin-slice histology and 3D µCT, in

to cross sections in two perpendicular planes with the aim of bet-

order to compare and determine the quantitative morphometric re-

ter characterising the average shape of a population of osteocyte

sults derived from 2D and 3D data sets.

lacunae (D'Emic & Benson, 2013) and a 3D method based on fitting
ellipsoids to segmented 3D osteocyte lacunae from CT images.

2 | M E TH O DS

2.1 | Materials

The first aim of this study was to compare the accuracy of 2D and
3D methods for quantitative morphometry of basic measures of

Three commercially reared domestic ducks were purchased fro-

the intracortical canal network and osteocyte lacunae, the canal

zen (Large commercial supermarket chain, UK; University of

orientation and osteocyte lacunar volume and cross-validate their

Southampton ERGO ethics approval number 27443). The commer-

outcomes, using idealised shapes as in silico test data sets. The test

cial harvest age for ducks within the UK is approximately 7 weeks

data sets were varied to represent typical biological structures and

(DEFRA, 2012). At this age, the ducks are not adult, but have reached

experimental imaging settings, including:

adult body mass (Montes et al., 2005). The right tibiotarsus and hu-

• cylinders with circular and non-circular cross sections for vascular

nal matchsticks of cortical bone were cut from the midshaft (Figure

merus of each duck were dissected and 2 mm × 10 mm longitudicanals,
• tri-axial ellipsoids in different 3D orientations for osteocyte lacunae and
• different nominal resolutions of the imaging technique

S1) using a slow-speed saw (Buehler Isomet, Esslingen am Neckar,
Germany). The samples were fixed in 4% paraformaldehyde (PFA)
for at least 24 h and stored in 70% ethanol at 4°C. The sample were
then mounted vertically (so that reconstructed CT slices represent
transverse sections of the long bones).

To examine the limitations of the different 2D and 3D methods

Ethanol was removed immediately before synchrotron-based

employed to estimate vascular canal and osteocyte lacunar measures.

computed tomographic (SR CT) imaging and the samples were

4
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covered with a plastic tube (1.5 ml microcentrifuge tube) to reduce

volumes of idealised shapes. This is done in such a way that all geo-

sample drying.

metric assumptions are met, including perfect cylindricality for canals (de Boef & Larsson, 2007) and predominant lacunar alignments
and thin-section directions for osteocyte lacunae (Stein & Werner,

2.2 | Image acquisition and
processing of experimental 3D image data sets of
vascular canals and osteocyte lacunae

2013), and where—unlike in real conditions—each shape can be
sliced perfectly through its midpoint. The rationale behind this simplification is that any problems for quantitative morphometry of intracortical microstructures can be highlighted in a controlled manner

The mid-diaphysis of the samples were scanned at beamline I13-2

(best-case scenario). In experimental data sets (realistic scenario),

of Diamond Light Source (Harwell Science and Innovation Campus,

where the above assumptions are not (fully) met and each shape is

Didcot, UK), using a pink beam with an average X-ray energy of

not cut through its midpoint, any identified problems for characteris-

20 keV. The voxel size was set to 0.8 μm. A 100 ms exposure per

ing 3D microstructures in a quantitative fashion will be amplified.

projection was chosen for 4001 projections over 180˚ per scan,

Vascular canals in bone tissue are described as being approxi-

at a sample-to-detector distance of 20 mm. CT scans were recon-

mately cylindrical in shape (de Boef & Larsson, 2007) and conse-

structed using standard filtered backprojection then binned twice

quently, canals were represented by cylinders. Initially, a highly

to a final voxel size of 1.6 μm to improve the signal-to-noise ratio. In

simplified test case was used: a single cylinder with a diameter of

addition, the stack was reduced from 1079 slices to 1000 slices by

10 voxels, which is within the range of canal diameters found in real

removing slices at the top and bottom of the stack which differed

bone in our preliminary studies of 7-week-old duck long bones when

in image contrast from the rest of the stack. The final stack volume

imaged at an isotropic voxel size of 1.6 μm, for instance through µCT.

was 1280 x 1284 x 1000 voxels. 2D data sets were generated by

The cylinder was generated using Simpleware ScanIP (Vers 2016.09-

selecting the mid-slice (slice number 500) from the reconstructed

SP1; Synopsis, Inc.), a commercial image processing and model gen-

3D CT stack.

eration software. The cylinder was defined as a surface model with

Intracortical pores were segmented using a custom segmenta-

length 400 units and diameter 10 units, with the midpoint of the

tion workflow in the free, open-source image processing package

model centred in a cubic spatial domain of 500 × 500 × 500 units.

Fiji/ImageJ (Schindelin et al., 2012) (see supplementary information

A random value between 0˚ and 90˚ was generated for each of the

for details including an example slice in Figure S2). Osteocyte la-

three rotations around the y-, x-, and z-axis (in this order) through the

cunae and vascular canals were separated by volume (for 3D data

centre of the object (Figure S3). The cylinder was, therefore, rotated

sets) and by area (for 2D slices). Intracortical microstructures with

randomly in space, though its midpoint remained in the centre of the

volumes of 50-500 μm3 were considered to be osteocyte lacunae

spatial domain. This process was repeated 100 times to generate a

(D'Emic and Benson, 2013), while features with volumes >1000 μm

total of 100 individual cylinder data sets, representing 100 different

3

were classified as vascular canals. Objects with volumes between

random rotations in 3D space (Figure S3).

500 and 1000 μm3 were excluded as these were larger than the ma-

Vascular canals are, in reality, not always perfectly cylindrical

jority of published estimates for avian osteocyte lacunae (roughly

(Hennig et al., 2015). Therefore, the sensitivity of the methods to

100-500 μm3 in most birds (D'Emic & Benson, 2013)). In the data

deviations from perfect cylindricality were tested. Elliptic cylinders

sets of the present study, these objects often represented several

were generated with cross-sectional aspect ratios of 1:1.25, 1:1.5

osteocyte lacunae close together, especially near deposition sur-

and 1:3 (Figure S4), representing perfectly cylindrical vascular ca-

faces where osteocytes may not be mature, that could not be easily

nals (1:1), slightly elliptic vascular canals (1:1.25), moderately elliptic

separated. Using traditional histology in recent bone material, these

vascular canals (1:1.5) and extremely elliptic vascular canals (1:3). A

would be possible to separate since the nuclei could be stained, how-

total of 100 elliptic cylinders were generated for each aspect ratio,

ever, such stains are not visible when using X-rays. In 2D, an appro-

and each cylinder was rotated randomly in 3D using the method de-

priate area threshold that separated osteocyte lacunae and vascular

scribed above.

canals was more difficult to obtain from literature due to variability

Osteocyte lacunae are often described as tri-axial ellipsoids, with

in canal diameter, however, through an iterative approach, an appro-

ratios of axis lengths of approximately 3:2:1 (Bach-Gansmo et al.,

priate value for separating vascular canals from osteocyte lacunae

2015) and a range of typical volumes between 100 and 500 μm3 in

was found to be >38 μm2.

most birds and more than 1000 μm3 in the ostrich (D'Emic & Benson,
2013). In this study, the shape was simplified to a prolate spheroid

2.3 | Generation of 2D and 3D in silico test image
data sets of vascular canals and osteocyte lacunae

with axis ratios of 3:1:1. The set ellipsoid was defined as an ellipsoid
with axis lengths of 15 × 5×5 μm3 (Mader et al., 2013), giving a set

volume of 196 μm3, within the typical range of lacunar volumes for

birds (D'Emic & Benson, 2013).
For the first aim, we investigated whether for 3D in silico test image

Previous work has shown that the number of voxels are im-

data sets, published 2D and 3D methods for quantitative morpho-

portant, for example for estimation of ellipsoid/lacunae orienta-

metry are able to reproduce set rotational angles, aspect ratios and

tion (Mader, 2013). Therefore, ellipsoids were generated at three

|
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different sizes, which represents the case to image the set volume
3

5

the model lacunae were expected to have the same number of vox-

of 196 μm at three different voxel sizes, appropriate for imaging

els: this would also be the case if identical lacunae were imaged in a

intracortical microstructures in bone using CT: 1.6 μm (typical for

real CT scan.

lab-based μCT scanner and for reasonably large samples of a few

In order to compare estimates of lacuna volume based on 3D el-

millimetres), 0.8 μm and 0.33 μm (achievable in synchrotron settings

lipsoid fitting and 2D 1-plane and 2-plane ellipse fitting methods, 2D

but near the limit for current lab-based systems and the general limit

slices were generated from the in silico 3D data sets. The mid-slice of

for standard CT, given by the diffraction limit of visible light around

the data set was selected as the main slice because this cut directly

~200 μm).

through the midpoint of each object. In order to implement d’Emic

Like the cylinders, a highly simplified scenario was used, with

and Benson's method to estimate osteocyte lacunar volume (D'Emic

individual ellipsoids placed at the centre of their respective cubic

& Benson, 2013), a second slice is required, which is perpendicular

spatial domains (in this case the domain measured 50 × 50 × 50

to the first slice. Therefore, each osteocyte model was resliced in the

units). The nominal voxel size was set by changing the axis lengths

xz-plane, in order to create a second 2D image that passes through

so that, when converted to voxels, the size was representative of

the midpoint of the object.

an osteocyte lacuna imaged at that voxel size. This means that for
a nominal voxel size of 1.6 μm, the axis lengths were adjusted to
9.375 × 3.125 × 3.125 arbitrary units, for 0.8 μm, the axis lengths
were adjusted to 18.75 × 6.25 × 6.25 arbitrary units, and for 0.33 μm,

2.4 | Quantification of vascular canals and
osteocyte lacunae for 2D slices of 3D models

the axis lengths were adjusted to 45 × 15 × 15 arbitrary units.
In order to represent randomly oriented osteocyte lacunae found

Vascular canal and osteocyte lacuna models were quantified using

in woven bone (Stein & Prondvai, 2014), surface models were given

methods based on 3D volumes, and methods based on 2D sections,

a random value between 0˚ and 90˚ for rotations around the x-, y-,

to estimate canal orientation and osteocyte lacunar volume.

and z-axis through the centre of the object (same steps as shown in

The orientation of cylinders representing vascular canals was

Figure S3 for cylinders). To represent parallel-fibred bone in another

defined by two angles (Figure 2), a radial and longitudinal angle, fol-

osteocyte lacunar in silico model set, each ellipsoid was given a ran-

lowing de Boef and Larsson's method (de Boef & Larsson, 2007).

dom value between 0˚ and 22.5˚ for rotations around the x-, y-, and

The longitudinal angle ω is the angle the canal makes relative to the

z-axis through the centre of the object (Figure S5). For each case,

longitudinal bone axis (0˚: perfectly transversal, 90˚: perfectly longi-

100 ellipsoids with random orientations in 3D space were generated.

tudinal), while the radial angle θ is a measure of whether the canal

The surface models were converted to voxelised 3D images,

runs radially (90˚: like spokes on a bike wheel) or circumferentially

using ScanIP’s ‘Surface to Mask’ tool. The resultant 3D image stacks

(0˚: like the rim of a wheel).

were binarised in Fiji/ImageJ using an automated absolute threshold-

In 2D, canal orientation was estimated by fitting best-fit ellipses

ing method, namely the Li method based on minimising the cross-en-

to the 2D canal cross section (Figure 3) using the ‘Analyze Particles’

tropy (Li & Tam, 1998). The effect of choosing a specific threshold

tool in Fiji/ImageJ (de Boef & Larsson, 2007; Legendre et al., 2014).

value was not studied here but would affect the absolute volume

This method assumes that canals are circular in cross section. The

estimated. For the ellipsoids, the different voxel sizes resulted in el-

longitudinal angle ω was calculated as

lipsoid models with different numbers of voxels representing their
volume (1.6 μm: ~48 voxels, 0.8 μm: ~383 voxels, 0.33 μm: ~5,301
voxels) as shown in Figure 1. Due to partial volume effects, not all

𝜔 = arcsin

( )
b
,
a

(1)

F I G U R E 1 Osteocyte lacunar models at different voxel sizes. The ellipsoid shown measures 15 × 5 × 5 μm3. (a) At 1.6 μm voxel size,
only a few voxels describe the ellipsoid (the major axis is approximately 9 voxels and the minor axis only 3 voxels long) and its shape is
not well represented. (b) At 0.8 μm voxel size, the shape of the ellipsoid is better represented than at 1.6 μm voxel size (the major axis is
approximately 19 voxels and the minor axis 6 voxels long). (c) At 0.33 μm voxel size, the shape of the ellipsoid is well represented by a larger
number of voxels (the major axis is approximately 45 voxels and the minor axis 15 voxels long). (a-c) Models were generated using ScanIP
and visualised as surfaces using the 3D viewer in Fiji/ImageJ (Schindelin et al., 2012)
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F I G U R E 2 Longitudinal angle (ω) and
radial angle (θ) definition, following de
Boef and Larsson's definition (de Boef &
Larsson, 2007). (a-c) Longitudinal angle
ω. (a) ω is defined as the angle between
the main axis of the canal (red) and the
longitudinal axis of the bone (z). (b) A
longitudinal canal at ω = 90° and (c)
ω = 0°. (d-e) Radial angle θ. (d) θ is defined
as the angle between the main axis of the
canal and a tangent to the bone surface.
(e) A canal at θ = 0° and (f) θ = 90°

F I G U R E 3 Estimation of longitudinal and radial angles of cylinders based on a 2D transverse section, following de Boef and Larsson's
method (de Boef & Larsson, 2007). (a) A section through a cylinder is an ellipse. (b) The orientation of the major axis a of the ellipse is used
to estimate the main orientation of the canal in the xy-plane. The lengths of a and the minor axis of the ellipse b are used to estimate the
longitudinal angle ω using trigonometry
where a and b are the lengths of the major and minor axis of the best-fit
ellipse (Figure 3b).

In 2D, osteocyte lacunae were quantified by fitting best-fit
ellipses to the segmented 2D cross sections (‘xy-plane method’)

The radial angle θ was estimated by calculating the angle be-

using the ‘Analyze Particles’ tool in Fiji/ImageJ (de Boef & Larsson,

tween the major axis of the ellipse and a tangent to the edge of the

2007; Legendre et al., 2014). Mean lacuna volume (Lc. V) was es-

bone surface. For in silico test data sets, the ‘tangent to the bone’

timated by calculating the volumes of a prolate (i.e., elongated)

was fixed as a line parallel with the x-axis (Figure 3b). For experi-

spheroid:

mental data sets, the radial angle θ was estimated by calculating the
angle between the major axis of the ellipse and the tangent to the
bone surface nearest to the centroid of the ellipse (Figure 2d).

Lc. V =

∑n

i=0

�

4
𝜋ri,1 r2i,2
3

n

�

,

(2)
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with ri,1 and ri,2 being the major radius and minor radius of the individual

ImageJ macro was written to automate the process. First, the seg-

best-fit ellipse i and n the number of osteocyte lacunae. Additionally, a

mented canal was skeletonised using the ‘Skeletonize 2D/3D’ tool

second estimate was made based on the work of D’Emic and Benson

(Figure 4c-d). Then, the skeleton was analysed using the ‘Analyze

(D'Emic & Benson, 2013), using axes from two perpendicular 2D sec-

Skeleton’ tool, producing the coordinates of the end points of each

tions to capture the 3D shape more accurately, by estimating three dif-

branch in the skeleton (Figure 4e). Each canal was defined as the line

ferent axes and thus, calculating the individual lacuna volumes based

between the nodes of the skeleton.
In Pratt's original method, each branch is broken into smaller

on a tri-axial ellipsoidal shape:

segments to measure the orientations all the way along the branch,
∑ n ∑n
i=0

Lc. V =

i=0

�

4
𝜋ri,1 ri,2 ri,3
3

n

�

,

(3)

following its twists and turns. Here, a simpler skeleton has been used
and each branch was defined as a straight line between the nodes.
While this does reduce the accuracy of quantitative measures for

with ri,1 being the major radius length and ri,2 and ri,3 being the minor

curved canals, it provides an estimate of the overall direction of the

radii (‘xy/xz-plane method’). ri,2 and ri,3 were estimated from the trans-

canal. This simplification also reduces computational time, which

verse section of the osteocyte lacuna, and ri,1 from the major axis of

can be significant in complex networks within large CT data sets.

an ellipse fitted to a perpendicular section following the assumption

The longitudinal angle ω of a canal was estimated by calculating the

that osteocyte lacunae are on average aligned with the long axis of

angle between the skeleton branch (representing the canal) and the

the bone.

long axis of the bone. Additionally, the original method of Pratt et al.
(Pratt & Cooper, 2017; Pratt et al., 2018) was adapted to estimate

2.5 | Quantification of vascular canals and
osteocyte lacunae of 3D models and experimental 3D
CT data

the longitudinal angle ω relative to the longitudinal bone axis rather
than the reference system of the CT scan, taking into account bones
that have not been mounted perfectly along the rotation axis of the
CT setup (z-axis). For experimental data sets, the scan was set up
so that the long axis of the bone was (as closely as possible) aligned

The longitudinal and radial angles ω and θ of vascular canals were

with the z-axis of the CT scan. However, in some cases, the long

also estimated using the full 3D data sets for both in silico test data

axis of the bone was not perfectly aligned with the rotation axis and

and experimental data.

therefore, a correction was applied as follows: The orientation of the

The longitudinal and radial angles ω and θ of vascular canals were

longitudinal bone axis for the experimental CT data was defined by

derived using a skeletonisation process (Figure 4) based on Pratt

fitting a circle to manually selected points on the surface of the bone

et al. (Pratt & Cooper, 2017; Pratt et al., 2018) and implemented

in the first slice of the stack, and using a circle of the same diameter

using BoneJ (Doube et al., 2010), a plugin for ImageJ. A custom

to fit the bone surface as closely as possible in the last slice of the

F I G U R E 4 Quantification of vascular
canals using 3D data sets. (a-c) Processing
test data sets. (a) Shape generated in
3D. (b) Shape voxelised and thresholded
to create a binary voxel data set. (c)
Voxel object thinned to a single line of
voxels (skeleton) with the end points
recorded (small blue spheres). (d-e) 3D
measurement of canal network from
experimental data through skeletonisation
process. (d) Skeletonisation: original
segmented canals (transparent) are
thinned to a single line of voxels (red,
dilated for visualisation purposes). (e)
Analysis: 3D locations of skeleton branch
points (blue), length of branch and
Euclidian distance between nodes are
recorded. (d-e) Visualisation of CT data
sets performed in Avizo (version 9.3.0;
Thermo Fisher Scientific)
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stack. The bone axis was defined as the line between the centres of

used to test for differences between the mean values of each meas-

those two circles, and used as a correction when the longitudinal

ure from the 2D methods and the mean values of each measure from

angle ω was calculated. For in silico test data sets, this was fixed as a

the 3D methods.

line parallel to the z-axis of the domain (Figure S6).

Bland-Altman plots (also known as Tukey mean-difference plots)

The radial angle θ was estimated by calculating the angle of the

were generated using the MatPlotLib package in the Anaconda dis-

skeleton branch in the transverse plane relative to the nearest tan-

tribution of Python 3.7. These plots are used to analyse the agree-

gent to the bone surface at the z-slice level of the mid-point of the

ment between estimates or measures obtained by two different

canal (Figure 2d).

methods, by plotting their mean values along the x-axis against their

The orientation of each canal estimated, using both the 2D and

difference on the y-axis. They allow different type of biases (e.g.,

3D method, was categorised as longitudinal (67.5˚ < ω ≤ 90˚), radial

fixed or proportional) between different methods to be identified

(0˚ < ω ≤ 67.5˚ and 67.5˚ < θ ≤ 90 ˚) or laminar (0˚ < ω ≤ 67.5˚ and

by examining the error across different values for the measures.

0˚ < θ ≤ 22.5˚) (Table 1), with oblique canals being excluded (0 < ω ≤

In other words, one can investigate whether and how the distinct

67.5˚ and 22.5˚ < θ ≤ 67.5˚) following de Boef and Larsson (de Boef

methods differ over the range of possible values for those estimates

& Larsson, 2007). These major categories were used to calculate a

or measures.

longitudinal, radial and laminar index indicating the proportion or

Visualisations were generated both in Avizo (version 9.3.0;

percentage of the canal network that falls into each of the major ori-

Thermo Fisher Scientific), a commercial software package for seg-

entation categories (Table 1). For the 3D method, the overall length

mentation, analysis and visualisation of 2D and 3D data sets, and in

of the canal network in each category (as a proportion of the total

ImageJ’s 3D viewer.

network length including oblique canals) was used rather than the
number of canals, in order to reduce the influence of short canals
on the result and give a more accurate representation of the orientation of the whole vascular canal network. As oblique canals were
excluded, (0 < ω ≤ 67.5˚ and 22.5˚ < θ ≤ 67.5˚) the three indices are
not expected to add up to 1.

3 | R E S U LT S
3.1 | Estimation of 3D canal orientation based on in
silico 3D canal models

In 3D, the volumes of the osteocyte lacunae were estimated by
fitting best-fit ellipsoids in 3D and using equation (2) (‘ellipsoid fit’

The ground-truth input angles were compared with the angles esti-

method) for the estimation of the mean lacuna volume. Ellipsoid fit-

mated using the different methods. The accuracy of the estimate is

ting was carried out using the ‘Analyze Particles’ tool in the BoneJ

described using the r2 value (coefficient of determination), which in-

(Doube et al., 2010) plugin for ImageJ.

dicates how well correlated the input and estimated values are, and
Bland-Altman plots which allow the differences in estimated values
to be compared between the two methods and enable the errors to

2.6 | Statistical analysis and visualisation

be explored further.
An implementation of Pratt’s method (Pratt & Cooper, 2017) was

Statistical tests were carried out in IBM SPSS Statistics (version

used to estimate the 3D orientation of each in silico vascular canal

25.0). For in silico test data sets Pearson's correlation coefficient was

model based on 3D data as input. Skeletonisation of the vascular

retrieved to characterise correlations between (ground-truth) input

canals provided near perfect correlations between ground-truth and

dimensions of vascular canal and osteocyte lacuna in silico models

estimated values for both the longitudinal angle ω (r2 > 0.99) and

compared to retrieved measures in 2D and 3D. A two-tailed paired

radial angle θ (r2 > 0.97) for all aspect ratios (Table 2), and 100%

Student's t-test was employed to test for significant differences

of canals were classified correctly as longitudinal, radial or laminar

(p < 0.05) between the random (but known) input angles of ω and

(Table 3).

θ and the estimated angles, in order to test whether the results differed significantly from those expected. For 2D and 3D results from
experimental data sets, a two-sample two-tailed Student's t-test was
TA B L E 1

Categories of major canal orientations

3.2 | Estimation of 3D canal orientation based on
2D slices of 3D canal models
The estimation methods of de Boef and Larsson (de Boef & Larsson,

Orientation category

Longitudinal angle ω
(degrees)

Radial angle
θ (degrees)

Longitudinal

67.5-90.0

0.0-90.0

Radial

0.0-67.5

67.5-90.0

cross sections correlated closely with set values for both the longitu-

Laminar

0.0-67.5

0.0-22.5

dinal angle ω (r2 = 0.995) and the radial angle θ (r2 = 0.968) (Figure 5

Categories are based on canal's longitudinal angle ω and radial angle θ,
following de Boef and Larsson (de Boef & Larsson, 2007).

2007) were used as a 2D comparison. When test shapes representing canals were perfectly cylindrical (cross-sectional aspect ratio
1:1), 2D estimates of canal orientation using ellipse fitting to single

and Table 2), although longitudinal angle estimates became less accurate as the longitudinal angle increased. However, even a slightly
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TA B L E 2

9

Sensitivity of 2D and 3D canal orientation estimates to aspect ratio of in silico 3D canals
Aspect ratio of
cylinder
(set)

Longitudinal
angle ω

Radial angle θ

Difference estimated
vs. set angle (degrees)
in 2D (mid-slice)

r2 of estimated vs. set angle in 2D
(mid-slice)

r2 of measured vs. set angle in 3D
(skeleton)

1:1

0.995

−0.3

1.000

1:1.25

0.905

−6.1

1.000

1:1.5

0.819

−10.3

1.000

1:3

0.634

−14.2

1.000

1:1

0.986

0.4

1.000

1:1.25

0.613

0.1

0.999

1:1.5

0.376

−1.9

0.998

1:3

0.253

7.4

0.978

The ground-truth value for the set angles of in silico vascular canal models 3D is compared to the value that is estimated by fitting an ellipse to the
transverse 2D mid-slice and by skeletonising the canal in 3D.

TA B L E 3 Effect of method for
quantitative morphometry (2D or 3D)
on accuracy of classification of vascular
canals as longitudinal, radial or laminar

Actual number of
canals in category

Aspect ratio

Category

1:1

Longitudinal

1:1.25

1:1.5

1:3

8

Correctly
classified canals
in 3D
8 (100%)

Correctly
classified
canals in 2D
7 (88%)

Radial

16

16 (100%)

15 (94%)

Laminar

19

19 (100%)

19 (100%)

Longitudinal

21

21 (100%)

0 (0%)

Radial

17

17 (100%)

14 (82%)

Laminar

19

19 (100%)

17 (90%)

Longitudinal

29

29 (100%)

0 (0%)

Radial

20

20 (100%)

11 (55%)

Laminar

12

12 (100%)

10 (83%)

Longitudinal

21

21 (100%)

0 (0%)

Radial

19

19 (100%)

13 (68%)

Laminar

16

16 (100%)

12 (75%)

elliptical shape of the cylinders (aspect ratio 1:1.25) reduced the

in the estimation of the longitudinal angle ω, which was consistently

correlation between set angles and 2D-based estimates of both the

underestimated with a mean difference in value of 5.64 degrees at

longitudinal angle ω (r2 = 0.905) and the radial angle θ (r2 = 0.613),

an aspect ratio of 1:1.25, 10.03 degrees at 1:1.5, and 13.1 degrees

and more substantially for cylinders that have a more elliptical cross

at 1:3 (Figure 5). Looking at the Bland-Altman plots, it is clear that

section (1:1.5, 1:3) (Table 2).

this bias is more pronounced as the value of the longitudinal angle

Hence, the aspect ratio of in silico vascular canal models was

increases. On the contrary, no such bias was seen in the radial angle

found to be critical for accurately estimating the radial angle θ. For a

measurements, where, while spread out, the points were distributed

moderately elliptic vascular canal at an aspect ratio of 1:1.5, the co-

symmetrically (Figure 5).

efficient of determination r2 for the radial angle θ or in other words,

Although the r2 values appear to demonstrate that the longitu-

the proportion of the explained variance in the radial angle that was

dinal angle ω is less severely affected by an elliptical aspect ratio

retrieved from 2D data to estimate the input radial angle from 3D

than the radial angle θ, when these estimates are used to calculate

vascular canal models, dropped to below 40%. The reduction of the

the three indices (longitudinal, radial, laminar (de Boef & Larsson,

explained variance with increasingly elliptic aspect ratio for the lon-

2007)), the opposite was the case. Even with a slightly elliptic aspect

gitudinal angle ω (Table 2) was smaller than for the radial angle θ.

ratio (1:1.25), the use of the 2D method for quantitative morphom-

For a slightly elliptic vascular canal at an aspect ratio of 1:1.25, the

etry did not result in any longitudinal angle estimates of more than

explained variance was still above 90%, and above 80% at an as-

67.5˚ (Table 3), which is the defined threshold to classify canals as

pect ratio of 1:1.5 (compared to less than 40% for the radial angle

longitudinal (Table 1). Therefore, these canals would all be misclas-

θ), while it was reduced to 63% for extremely elliptic vascular canals

sified based on 2D data at hand, due to their deviation from perfect

with an aspect ratio of 1:3. However, a systematic bias was observed

cylindricality (Table 3). For the radial and laminar categories, more
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F I G U R E 5 Sensitivity of 2D canal orientation estimates to aspect ratio of 3D canals. Bland-Altman plots to show the agreement between
estimated 3D angles (previously demonstrated to closely match the input angles) of in silico vascular canal models and angles derived from
the transverse 2D mid-slice, using cylinders in 3D with aspect ratios of 1:1, 1:1.25, 1:1.5 and 1:3 (n = 100 for each case), representing canals
imaged at a voxel size of 1.6 µm. Means = mean of 2D and 3D measure. Difference = the difference between the 2D and 3D measures. Lines
show mean difference and dotted lines show 95% confidence limits
canals were classified correctly. At 1:1, or at 1:1.25 cross-sectional
aspect ratio, more than 80% of the radial and laminar canals were
classified correctly. However, the proportion of canals classified

3.3 | Estimation of 3D canal orientation based
on 2D slice vs. 3D volume of experimental 3D CT
canal data

correctly decreased with increasing cross-sectional aspect ratio.
Furthermore, the error increases significantly with increasing lon-

Following the results generated by vascular canal test data sets, ex-

gitudinal angles such that while cylinders in the plane of a section

perimental CT data sets were used (bone samples from right tibi-

remained fairly accurately characterised in all cases, cylinders that

otarsus and humerus of three 7-week-old domestic ducks) to test

were more aligned along the longitudinal bone axis were not appro-

whether 2D estimations of canal orientation correlate with 3D esti-

priately represented by the estimated values for the longitudinal and

mations, assuming 3D estimates are accurate (as shown in the previ-

radial angle (Figure 5).

ous section).
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For the longitudinal, radial and a laminar index, specifying the

11

significantly different from the ground truth (one-sample Student's

proportion of canals in each of the major orientation categories

t-test, p < 0.01), even at the smallest voxel size of 0.33 μm (highest

(Table 1), no significant correlation (p > 0.05) was found between the

spatial resolution).

indices calculated using 2D ellipse fits and those calculated using 3D

Finally, the ellipsoids were quantitatively characterised in 3D, by

skeletonisation (Figure 6). As predicted by the in silico test data sets,

fitting an ellipsoid (ellipsoid method). At voxel sizes 0.8 μm or smaller,

almost no canals were categorised as longitudinal based on 2D data

this method produced results that were close to the ground truth.

using a threshold angle of 67.5˚, although the longitudinal index was

At 0.33 μm voxel size, the standard deviation was low and the result

between 0.16 and 0.53 according to estimates based on 3D data.

was close to the expected value, although still significantly different to the expected value in the ‘parallel fibred’ case (one-sample

3.4 | Estimation of osteocyte lacunar measures
based on 2D slice vs. 3D volume of in silico 3D models

Student's t-test, p < 0.01). However, the absolute difference in mean

lacuna volume was small (8 μm3, or 4%).

The results observed in the current study are sensitive to voxel size.
Although at the highest nominal resolution (0.33 μm voxel size), 3D

Volume measurements of osteocyte lacunae were carried out using

measurements were relatively accurate, the same methods used were

different methods for idealised ellipsoids, using three different voxel

less accurate for larger voxel sizes. At 1.6 μm voxel size, the measured

sizes (0.33 μm, 0.8 μm, and 1.6 μm) and two different spatial arrange-

volume was approximately 30% larger than the ground-truth value, due

ments representing woven bone and parallel-fibred bone.

to partial volume effects and the choice of threshold used. Similar rela-

The first method tested for estimating mean lacuna volume (Lc. V)

tionships between voxel size and estimated volume were also present

of 3D ellipsoid lacuna models employing their major and minor

for the estimates based on 2D methods for quantitative morphometry.

radii from the transverse 2D mid-slice of the 3D volume (xy-plane

An additional note is that at 1.6 μm voxel size, too few voxels

method). Using this method, the mean lacuna volume was always

were sometimes present for reliable ellipsoid fitting, and therefore,

underestimated, except at 1.6 μm voxel size (Tables 4 and 5). The

not all ellipsoids could be fitted successfully (76% fitted success-

volume was underestimated to a greater extent when the ellipsoids

fully). The most accurate estimation for mean lacuna volume, close

were aligned longitudinally, but the estimate's standard deviation

to the ground truth, was 3D ellipsoid fitting using high-resolution

was much reduced. Therefore, the results were more precise, but

data sets (Tables 4 and 5).

less accurate when ellipsoids were aligned longitudinally, as in parallel-fibred bone.
The alternative method tested for estimating mean lacuna
volume (Lc. V) used two perpendicular mid-sections (xy/xz-plane
method) to better capture the actual shape of the ellipsoids in 3D.

4 | D I S CU S S I O N
4.1 | Vascular canal orientation

When ellipsoids were randomly oriented, this measure slightly overestimated the volume (Table 4). The volume estimate was more ac-

The results of this study show that the 2D method for estimating

curate when ellipsoids were longitudinally aligned (Table 5) but still

canal orientation published by de Boef and Larsson (de Boef and

F I G U R E 6 Correlations between 2D and 3D estimates for major orientation categories of vascular canals in experimental data. 2D
estimates are based on the mid-slice of each CT data set. No significant correlation was observed for the radial and longitudinal index. Data
derived from 3D synchrotron-based computed tomographic data sets from six duck bone samples
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Set
value
2D

3D

1.6 μm
Mean

0.8 μm
SD

0.33 μm

Mean

SD

Mean

SD

(Lc. V ) xy-plane method
(μm3)

196

204

75

135

34

130

42

(Lc. V ) xy/xz-plane
method (μm3)

196

340

106

209

73

227

96

(Lc. V ) ellipsoid method
(μm3)

196

311

49

201

18

195

6

TA B L E 4 Estimations of osteocyte
lacunar measures for woven bone in silico
test data with randomly aligned osteocyte
lacunae based on 2D slice vs. 3D volume

Osteocyte lacunae have been modelled as ellipsoids, imaged at three different voxel sizes (1.6 μm,
0.8 μm, and 0.33 μm). For the 2D xy-plane method, one transverse 2D mid-slice of the 3D volume
has been used to estimate mean lacuna volume (Lc. V ), while for the 2D xy/xz-plane method, an
additional perpendicular 2D slice has been included in the analysis. For the 3D ellipsoid method,
the volume of best-fitted ellipsoids has been used to calculate Lc. V . SD: standard deviation.

2D

3D

1.6 μm

0.8 μm

0.33 μm

Set
value

Mean

SD

Mean

SD

Mean

SD

(Lc. V ) xy-plane method
(μm3)

196

114

47

83

8

67

3

(Lc. V ) xy/xz-plane
method (μm3)

196

259

69

201

25

174

19

(Lc. V ) ellipsoid method
(μm3)

196

307

63

231

18

204

3

TA B L E 5 Estimations of osteocyte
lacunar measures for parallel-fibred bone
in silico test data with longitudinally
aligned osteocyte lacunae based on 2D
slice vs. 3D volume

Osteocyte lacunae have been modelled as ellipsoids, imaged at three different voxel sizes (1.6 μm,
0.8 μm, and 0.33 μm). For the 2D xy-plane method, one transverse 2D mid-slice of the 3D volume
has been used to estimate mean lacuna volume (Lc. V ), while for the 2D xy/xz-plane method, an
additional perpendicular 2D slice has been included in the analysis. For the 3D ellipsoid method,
the volume of best-fitted ellipsoids has been used to calculate Lc. V . SD: standard deviation.

Larsson, 2007) is only effective as long as canals are perfectly cy-

and Cooper (Pratt and Cooper, 2018). Here, this underestimation

lindrical, and even then there is increasing error as the longitudi-

was shown to lead to a high proportion of canals being wrongly cat-

nal index increases. For the idealised canals used in this study, a

egorised in terms of their 3D orientation. The results of any studies

moderately elliptical shape of the canal (cross-sectional aspect ratio

applying 2D methods for quantitative descriptions of intracortical

1:1.5) in 3D was sufficient to reduce significantly the proportion

canals should, therefore, be taken with caution, given their intrinsic

of the explained variance by the radial angle θ retrieved from 2D

limitations to derive 3D orientations based on 2D data. If multiple

data to below 40%, while still more than 80% of the variance could

tissue sections were taken, it may be possible to identify reliably the

be explained by the longitudinal angle ω when correlated to the

3D orientation of canals, however, this would require serial section-

ground truth at the same cross-sectional aspect ratio of the respec-

ing, which is both time-consuming and destructive (Odgaard et al.,

tive canal. This high sensitivity of the radial angle θ to the aspect

1990).

ratios of canals represents an important finding for application to

The 3D method published by Pratt et al. (Pratt & Cooper, 2017),

histological sections. Thus, from a single cut section, it is not pos-

on the contrary, was not sensitive to changes in cylinder cross-sec-

sible to tell whether a canal is elliptic or not, since that apparent

tional aspect ratio for the in silico vascular canal models, even when

shape may (also) relate to its radial orientation. Therefore, it is not

the aspect ratio was large (1:3). This method to estimate 3D canal

possible to test whether the assumption of cylindricality has been

orientation is, therefore, more robust to variation in canal shape.

met and whether the 2D method can be considered reliable. Even

Additionally, since the 3D method is not dependent on estimating

with approximately cylindrical canals (aspect ratio 1:1.25), the esti-

shape, it is expected to be less sensitive to lower spatial resolution

mation of the radial angle θ was not robust (r2 = 0.61) and, there-

than either the 2D methods tested here or any of the methods of

fore, reduces the validity of any studies using radial orientations to

characterising osteocyte lacunae. Moreover, as 3D visualisations of

estimate, for example, growth rates (Cubo et al., 2012; Legendre

vascular canal skeletons demonstrated that skeletons and branch

et al., 2013, 2014) or bone loading (De Margerie et al., 2005).

points were accurately identified by the method applied (Figure 4),

Furthermore, the longitudinal angle ω was consistently underesti-

3D measurements of orientations in experimental data sets are ex-

mated using 2D methods, as also found in a previous study by Pratt

pected to be accurate.
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In biological data sets, shapes are seldom perfectly symmetrical

The second method tested here (D'Emic & Benson, 2013) used

or perfectly cylindrical. In the experimental data sets applied in this

two perpendicular sections to model the ellipsoid. Estimates of lacu-

study, 3D visualisation suggests that canals are not perfectly circular

nar volume based on this method were closer to the ground truth.

in cross section (Figure 4). This result supports the findings of Pratt

However, this second method must be applied with some caution. In

et al. (Pratt & Cooper, 2017), and is similar to data found in osteons

real bone, not all osteocyte lacunae are likely to be aligned with the

(Hennig et al., 2015), which have been traditionally described as cy-

longitudinal bone axis since the lacunae tend to be aligned with col-

lindrical in shape (de Boef & Larsson, 2007), but in fact are elliptic

lagen orientation (Kerschnitzki et al., 2011), which, in osteonal bone,

cylinders (Hennig et al., 2015).

runs circumferentially around osteons, and in woven bone is ran-

Experimental CT data sets from young duck bone were used to

dom, resulting in randomly oriented osteocyte lacunae. Therefore,

compare the results derived when using 2D and 3D methods for

this method can only be reliably applied to osteocyte lacunae in par-

quantitative morphometry to estimate canal orientation. The lack

allel-fibred bone and should not be applied more broadly. In addition,

of correlation between 2D and 3D estimates of orientation indi-

for real samples, results for osteocyte volume would be less accurate

ces suggests that appropriate assumptions for 2D estimation have

than those observed here, because two sections could not capture

not been satisfied. The poorest result was given for longitudinal

the same osteocyte lacunae and therefore, only average measures of

canals, of which almost none have been classified as longitudinal

an osteocyte lacunae ensemble could be used. On the contrary, true

in 2D, despite their presence being apparent from visualisations

3D estimates of osteocyte lacunar volume were independent of ori-

and 3D methods for quantitative morphometry. These findings

entation of osteocyte lacunar models, and are therefore more robust

supports previous work of Pratt et al. (Pratt & Cooper, 2018), who

to differences in bone type and lacunar orientation. 3D methods for

also demonstrated underestimation of longitudinal canals, as well

quantitative morphometry are, therefore, more accurate when esti-

as overestimation of laminar canals, which was also observed here

mating osteocyte lacunar volume.

(Figure 5).

Estimates for osteocyte lacunar volume varied between differ-

It is possible that differences in vascular orientation between

ent voxel sizes, whether 2D or 3D methods for quantitative mor-

different limb bones in previous studies reflect some aspect of the

phometry were used. Osteocyte lacunae with typical dimensions

organisation of intracortical bone microstructure. However, from in-

of 5-20 µm fall close the limit of what can be assessed in terms of

dividual tissue sections alone, it is impossible to determine whether

volume and especially shape when using lab-based µCT and SR CT

this is truly reflecting orientation or whether shape is also important.

imaging. Although osteocyte lacunae can be resolved at slightly

While distinguishing between these two possible origins for the re-

lower nominal resolutions than represented and performed here

sulting difference in vascular orientation may not be necessary for

(voxel size >1.6 µm), the small number of voxels representing individ-

simply recognising bone types (De Ricqles, 1975), the difference is

ual osteocyte lacunae make lacunar measures inaccurate. Firstly, the

important if the functional relationships between bone loading and

number of voxels is insufficient to accurately describe the shape of

microstructure and bone deposition and microstructure are to be

lacunae and identify their major and minor axes. Secondly, accuracy

understood, as the two different explanations may produce func-

is decreased due to partial volume effects leading to errors in dis-

tionally different materials.

cretisation of the lacunar shape. Partial volume effects occur where
pixels at the edge of the ellipsoid cover both object and background,

4.2 | Osteocyte lacunar volume

and therefore, have an intermediate grey value, but must be classified as one or the other during (absolute) thresholding for image
segmentation. Where few voxels are present, partial volume effects

Estimates of osteocyte lacunar size have been used in studies esti-

are stronger as edge voxels make up a greater proportion of the total

mating genome size (Organ et al., 2007, 2009), growth rate and body

object's volume. Partial volume effects also mean that slight changes

mass between different species. Therefore, it is important that one

in threshold values can have large effects on the measured volume

can accurately estimate osteocyte lacunar volume to compare be-

of osteocyte lacunae.

tween species.
In the first 2D method tested (xy-plane method) only the trans-

For example, for typical dimensions of major and minor axes of
osteocyte lacunae (mouse femur) in the order of 7.5-10.0 μm and

verse mid-slice is used to characterise the osteocyte lacuna and fit

2.5-5.0 μm, respectively, (Mader et al., 2013) and an experimental

an ellipse to the cross section, where the lacuna is modelled as an

voxel size of 0.5 μm, a difference of 1 voxel for one of the ellip-

ellipsoid. This method underestimated lacunar volume in all cases

soid's axes (8.75 ± 0.5 μm, 5.0 ± 0.5 μm, and 2.5 ± 0.5 μm) can lead

except for one scenario (1.6 μm voxel size). The method substantially

to changes in estimated volumes up to 20% when using Equation

underestimated lacunar volume when the lacunae were aligned lon-

(2) (calculation not shown here) while similar problems exist for

gitudinally, since the transverse cross section cuts through the small-

lacuna orientation as shown by Mader and colleagues (Mader,

est axis of the lacuna. This result highlights the importance of being

2013). For a small and elongated osteocyte lacuna, modelled as

able to distinguish shape or size from orientation, as these osteocyte

prolate spheroid with axes ratios of 3:1:1 and major and minor

lacunae would appear much smaller if a transverse cut section was

axis lengths of 7.5 μm and 2.5 μm, respectively, a difference of 1

used compared to a longitudinal section.

voxel for one of the ellipsoid's axes (7.5 ± 0.5 μm and 2.5 ± 0.5 μm)
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can lead to changes in estimated volume and aspect ratio of up to

and, if achieved, require typically long scan times (up to 12 h and

21% and 43% when using Equation (3), respectively (calculation

more). For highest nominal resolutions, smaller samples are optimal

not shown here). Therefore, imaging microscopic objects such as

due to the trade-off between sample size and field of view covered

osteocyte lacunae, even when using lab-based μCT and SR CT at

for CT, and therefore, samples may still need to be cut for CT imag-

small voxel sizes around 1 μm and below, does not only limit the

ing. Using SR CT, high nominal resolutions can be achieved (around

sample volume that can be assessed, but is also a regime where

1 μm and below) for short scan times (a few minutes), providing good

small variations in the input CT data, for instance due to partial

image quality image data, yet, access to these SR facilities is limited,

volume effects or simply noise, limits the accuracy of morphomet-

restricting their use as a standard tool easily accessible for many

ric measures that can be reasonably expected due to experimental

researchers. Yet, SR CT at high nominal resolutions can be neces-

limitations.

sary if very long scan times on state-of-the art lab-based μCT are

The effect of changing voxel size on accuracy of estimates of

impractical or too expensive, in particular for highly powered studies

morphometric measures highlights the importance of selecting

with many samples. Additionally, some artefacts characteristic for

the appropriate nominal resolution for the feature of interest, es-

CT data, such as beam hardening and ring artefacts, are not issues

pecially for shape and volume. If osteocyte lacunae are quantita-

that would be present in traditional microscopy. Fortunately, given

tively characterised using CT data sets with inappropriately large

both the signal-to-noise and contrast-to-noise ratios were excellent

voxel sizes, volume estimates are likely to be highly inaccurate

in the current study using SR CT, segmentation of vascular canals

and variations large, making it impossible to compare confidently

and osteocyte lacunae was not effected by neither beam hardening

between different specimens. A sufficiently low voxel size (i.e.,

nor ring artefacts (see Figure S2).

high nominal spatial resolution) is also important for quantifying
vascular canals accurately, as larger voxel sizes may be sufficient
to resolve the structures but not to reliably describe their shape,

5 | CO N C LU S I O N S

orientation or volume accurately. However, using the 3D skeletonisation method described in this work, it is only necessary to

The findings of this study have important implications for the quan-

resolve the positions of the vascular canals and not their shape, in

titative study of intracortical bone microstructure. There is a clear

order to analyse their orientation and other aspects of the vascu-

need for 3D imaging for the accurate estimation of canal orienta-

lar network, making analysis of blood vessels less reliant on spatial

tion and osteocyte lacunar volume. Given the inaccuracies identified

resolution than that of osteocyte lacunae, even if they were of

using idealised and best-case-scenario data sets in this study, apply-

equivalent diameters. At the voxel sizes used here, the problem

ing the 2D methods for quantitative morphometry studied here to

should be minimal, but at larger voxel sizes, such as 5-15 μm, the

experimental 3D data sets will result in inaccurate results and, as a

ability to resolve canals has been found to degrade (Cooper et al.,

consequence, potentially incorrect conclusions.

2007).

3D estimates of morphometric measures for cylindrical and ellip-

Consequently, in order to accurately estimate osteocyte lacunar

soidal objects, relevant to studying bone histology and many other

volume, 3D data sets should be used, at the highest spatial resolu-

fields from engineering to plant sciences, requires a truly 3D ap-

tion possible. However, osteocyte number density counts should be

proach. Estimates based on 2D sections depend on strict geometric

possible for CT scans carried out at slightly lower nominal resolu-

assumptions seldom met in biological and non-biological samples,

tions, as ellipsoid fitting was reliable for the 0.8 μm voxel size data

and therefore, measuring shape and orientation is often impossible

sets in the current study, thus, making osteocyte number density

from 2D data. Although the focus of the current study is on intracor-

counts possible using lab-based μCT scanners.

tical porosity in bone, the same shapes and problems are present in
a wide range of structures, such as roots (Iyer-Pascuzzi et al., 2010)

4.3 | Limitations

or bubbles in batter (Tan et al., 2016), making the results here applicable and relevant far beyond bone.
Canal (cylinder) orientation cannot be estimated from 2D sec-

As a technical point for this study, it is worth noting that the random

tions unless it can be shown that the assumption of perfect cylin-

generation of input angles for this study failed to generate any val-

dricality is met, which is impossible from 2D cut sections alone.

ues greater than 80 degrees for one of the data sets (cross-sectional

Therefore, any study aiming to include estimates of canal orientation

aspect ratio 1:1, longitudinal angle). This is an artefact of the random

should, if possible, not use estimates based on 2D ellipse fitting but

number generation process and not a result of the morphometric

prioritise 3D estimates based on high-resolution 3D data, such as

method failing to identify canals with a longitudinal angle of more

from high-resolution μCT and SR CT scans.

than 80 degrees.

The current study confirms that, if we are to understand how

CT does have limitations, thus, in some cases and for certain

bone microstructure and biological traits are correlated, including

questions, other approaches might be more desirable. For example,

measures that describe shapes, volumes and orientations, as well

the high spatial resolutions required to accurately quantify osteo-

as connectivity, tortuosity, heterogeneity, it is crucial to carry out

cyte volume are not easy to achieve using lab-based μCT scanners,

studies using truly 3D approaches, both for image acquisition as
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well as for methods employed to quantify the acquired 3D data.
Whilst 2D imaging and evaluation has long been used as gold
standard, it has clear limitations. However, even cutting-edge lab
based CT scanner are not always able to accurately characterise
microstructures. Such analysis is at the forefront of scientific imaging and will become more accessible over time, thus, enabling
researchers to access the high-quality 3D methods over their limited 2D counterparts.
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