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ABSTRACT

In a previous study on hoof biometry, we found that mathematical correction of measuring results from radiographs did not
lead to complete correspondence to computed tomography (CT) results. The present study investigates this finding by compar-
ing 13 measures of six cadaveric equine digits collected with the following workflows: radiographs with 1 and 2m focus-object
distance (FOD) (Xray 1 m/2m), computed tomography images in planes defined based on anatomical landmarks (CTw), simu-
lated radiographs based on the tomography dataset (virtual 120-mm slabs, Xray Sim) and measurements based on slices and
projections aided by three-dimensional reconstruction models of hooves and bones based on the tomography data set (AMIRA).
Furthermore, Xray 1 m/2m values were mathematically corrected using factors calculated for each hoof (Xray 1m/2m corr).
Results of all methods correlated, but absolute values showed differences. Xray 1 m/2m values were systematically higher, Xray
Sim and AMIRA values were lower than CTw values. Increasing FOD and mathematical correction of Xray values led to approx-
imation to CTw values. Among measures producing unexpected results and large differences between methods were palmar pro-
cess height, medial and lateral (but not dorsal) hoof wall thickness, dorsal hoof wall length, weight-bearing length and heel/toe
to plumbline. Explanations might be primarily different definitions of landmarks in different methods, but also contrast settings
for displaying both bone and soft tissue contours. Therefore, when comparing the measuring results collected using different
methods, it is advisable to analyse relative rather than absolute values.

1 | Introduction

The size of structures in radiographs representing perspective
projection images is known to be larger than the actual size of
these structures (Goulet et al. 2015; Kumar et al. 2007; Nilsson
et al. 2004; Stevens 1989; Tjernstrém et al. 1996) (Figure 1). If
required, the measuring results can be mathematically cor-
rected based on the intercept theorem (Buckle et al. 2013;
Kumar et al. 2007; Wechselberg and Wessely 1973). Measuring
results from computed tomography (CT) images usually reflect
the actual distances with high accuracy (Gaspoz et al. 2015;
Vasconcellos et al. 2015). Observed differences between

fan-beam or cone beam CT measuring results and dimensions
measured in real objects (bones, body parts) are discussed, espe-
cially in fields where precise measuring is of great importance,
such as in implantology and material science (Fatemitabar and
Nikgoo 2010; Kruth et al. 2011; Mozzo et al. 1998).

In a recent study comparing different methods of equine hoof
biometry, we found that measuring results collected from ra-
diographs were systematically higher than those taken from CT
images as one would expect (Sellke et al. 2023). Surprisingly,
even after correction of the values for linear measures using
the intercept theorem (Stevens 1989), a smaller but still existent
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difference remained between radiographs and CT images for
many of the measures. The first attempt to get closer to the pre-
sumably correct measured CT values (CT workflow—CTw; see
Section 2) was to take the radiographs with a 2m focus-object
distance (FOD) instead of 1 m. This reduced the differences but
still did not fully explain the divergence of data.

The aim of the study was to analyse this problem in greater de-
tail. Hoof measures collected using various imaging techniques
and methods of data acquisition were compared. Differences
are discussed and attempts are made to identify possible factors

Focus - 2 m FOD

-1 mFOD

Detector

FIGURE1 | Projection of objects in radiographs depending on focus-
object-distance (FOD). Both projections are larger than the dimensions
of object, but the projection with 1-m FOD is larger than that with 2-m
FOD.

generating systematic differences between measures collected
by the different workflows.

2 | Material and Methods

Six cadaveric front limbs of adult horses that died or were eutha-
nized for health reasons unrelated to this study at the University
for Veterinary Medicine in Vienna were used. The study was
carried out in accordance with the university's regulations on
the use of cadaveric material.

Size and conformation of the equine hooves and limbs differed,
but there were no obvious pathologies preventing the planned
measurements. The limbs were stored at —20°C and thawed be-
fore imaging.

The limbs were subjected to CT and digital radiography. A set
of hoof measures that are standardly assessed for scientific
and medical reasons (Sellke et al. 2020) was collected for this
study using seven different workflows (Table 1). In total, 13
hoof measures were taken (Table 2, Figure 2). Except for the
dorsal hoof wall length, all measures could be recorded with
all approaches.

All measurements were performed by a single observer (LS).
Intraobserver variability was assessed in a preliminary study for
CTw, Xray 1 m and AMIRA and considered negligible (Intraclass
Correlation Coefficient >0.99). Corresponding measuring re-
sults of the same hoof collected with the different methods were
compared.

2.1 | Image Acquisition

To avoid marker-based artefacts, CT was performed before the
radiographic examination. A 16-slice medical helical CT scanner
(Somatom Emotion, Siemens Healthcare, Erlangen, Germany)
was used. For hygienic reasons, the limbs remained wrapped in

TABLE1 | Abbreviations and short descriptions of the seven analysed measuring workflows. For details see text.

Abbreviation Workflow

Xray 1m Radiography in lateromedial and dorsopalmar projection using radioopaque
markers, focus-object-distance 1 m, image processing and measuring using JiveX

Xray 2m As above, focus-object distance 2m

Xray 1m corr

Mathematical correction of Xray 1 m values to exclude projection

magnification by a factor calculated individually for each hoof (Figure 3)

Xray 2m corr

As above, for Xray 2m values

CTw Computed tomography images reformatted in planes based on
anatomical landmarks and measuring using JiveX

Xray Sim

Computed tomography, reformatting into 120-mm thick slabs in average intensity

projection mode to simulate radiographs in lateromedial and dorsopalmar projection,
measuring as described for Xray 1 m; image processing and measuring using JiveX

AMIRA

Measurements from CT data (virtual CT slices and maximum intensity

projections) that were manually oriented based on anatomical landmarks aided
by 3D reconstructed models of the bones and the outer surface of the hoof
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TABLE 2 | The 13 hoof measures analysed in this study, including their definition. For illustrations see Figure 2 and Sellke et al. (2020).

Measure (number)

Definition

Weight-bearing length (1)
Hoof width (2)
Dorsal hoof wall length (3)

Dorsal hoof wall thickness proximal (4)/distal

Length of Facies contactus of Facies solearis

Linear distance between the widest part of Pars lateralis/medialis

Linear distance from the most dorsoproximal point of Pars
dorsalis and along the hoof wall to the ground line

Linear distance between the outermost extent of Pars dorsalis of the hoof and

©) the dorsal cortex of Phalanx distalis, measured perpendicular to Pars dorsalis

Lateral (6)/medial (7) palmar process height
Thickness of the sole (8)
Lateral (9)/medial (10) hoof wall thickness

Vertical distance between Proc. palmaris lateralis/medialis and the ground line
Vertical distance between the tip of Phalanx distalis and the ground

Shortest linear distance between the outer surface of Pars

lateralis/medialis of the hoof capsule and Phalanx distalis,

Heel to plumbline (11)

measured perpendicular to Pars lateralis/medialis

Linear distance between the most caudal part of Facies

contactus of Facies solearis and the plumb line through

Toe to plumbline (12)

the centre of rotation of Caput phalangis mediae

Linear distance between the most dorsal part of Facies

contactus of Facies solearis and the plumb line through

Distal interphalangeal joint-to-ground
distance (13)

the centre of rotation of Caput phalangis mediae

Shortest vertical distance between Facies articularis

of Phalanx distalis and the ground

a plastic bag during scanning. No special positioning devices were
used. Transverse scans along the limb axis were acquired at 130
kVp, 200 mAs, aslice thickness of 0.5mm, a rotation time of 1s and
a pitch of 0.8. The field of view was approximately 160 x 160mm?
with a scan matrix size of 512 x 512 pixels. Depending on specimen
size, the resulting voxel size ranged from 0.24x0.24X0.5mm to
0.33x0.33x0.5mm in the x-, y- and z-axis, respectively.

For radiography, the limbs were mounted vertically on a stand
to mimic the position of a loaded limb (but not the pressure ex-
erted by the weight of a living horse). Radiopaque markers were
placed on the specimens to identify relevant landmarks as de-
scribed below. The radiographs were acquired using a station-
ary X-ray machine designed for horse examinations (Super 100,
PHILIPS Healthcare, Hamburg, Germany). The images were
recorded with a digital flat panel detector (FDR D-EVO II C24,
Fujifilm, Tokyo, Japan). X-ray source settings of 60kVp and
10mAs resulted in values of the exposure indicator in the range
of dose of S=400=+40. Other exposure parameters, focal spot
size of 1.2x 1.2mm?, total filtration of 2.0mm, and no use of an
anti-scatter grid, were kept constant for all radiographs.

Two sets of radiographs were taken from each digit: (i) with a focus-
object distance of 1 m (standard) in lateromedial and dorsopalmar
projection, and (ii) with a 2-m focus-object distance also in both
projections. For the lateromedial projections, the central beam was
tilted about 1°-2° and a barium sulphate (Ba,SO,) paste marking
was added at the most dorsal point of the coronary band and at
the coronary band of the heel closer to the detector. Furthermore,
a metal bar was fixed at the tip of the frog. For the radiographs in
dorsopalmar projection, the existing markers were left in place and
additional Ba,SO, paste was added laterally and medially at the
widest part of the coronary band.

As apart of quality assurance measures of the institution, the CT
scanner and the detector system for X-ray images are checked
and calibrated monthly according to established protocols. Tests
are carried out using phantoms, including those for analysing
spatial resolution and geometric properties.

2.2 | Image Presentation and Measurements

The radiographs and computed tomography files were exported
in DICOM format and processed and analysed using a dedicated
workstation equipped with the medical DICOM viewer (JiveX,
VISUS Health IT GmbH, Bochum, Germany). The transverse
computed tomography data sets were reformatted into image
planes usable for measurement based on anatomical landmarks
(multiplanar reconstruction of 3-mm slabs in average intensity
projection; for details see Sellke et al. 2023). A bone window set-
ting (window width 3100 HU, window level + 500 HU) was used
for measures including at least one bone landmark, a soft tissue
window setting (window width 280 HU, window level + 50 HU)
for measures including only soft tissue landmarks.

To simulate conventional radiographs, average intensity pro-
jections of 120-mm thick slabs were generated from the com-
puted tomography dataset in lateromedial and dorsopalmar
projections.

Measurements in radiographs, simulated radiographs and CT
images were performed using the distance measurement tool
of the JiveX software. For optimal visualisation, brightness and
contrast of the radiographs were adjusted to the observer's discre-
tion. Landmarks were defined as described by Sellke et al. (2020)
using the Ba,SO, and metal markers as landmarks when
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FIGURE 2 | Schematic illustration of the hoof measures used in
this study. (A) Lateral view; (B) dorsal view. Light grey lines represent
significant bone contours, dark grey lines soft tissue contours. Weight-
bearing length (1), hoof width (2), dorsal hoof wall length (3), dorsal
hoof wall thickness proximal (4)/distal (5), lateral (6)/medial (7) palmar
process height, thickness of the sole (8), lateral (9)/medial (10) hoof wall
thickness, heel to plumbline (11), toe to plumbline (12), distal interpha-
langeal joint-to-ground distance (13). Detailed explanations on the 13
hoof measures are provided in Table 2.

necessary. CT measurements based on bony landmarks alone or
bony and soft tissue landmarks combined were performed using
a bone window histogram setting (window width 3100 HU, win-
dow level + 500 HU), measurements with exclusively soft tissue
landmarks in a soft tissue window setting (window width 280
HU, window level + 50 HU).

2.3 | Volume Rendering

In order to perform measurements aided by three-dimensional
(3D) models of the hoof and its bones, reconstructions of the
hooves and the digital bones were generated from the CT data-
sets using a workstation equipped with the 3D image processing
and analysis software Amira 2019.1 (FEI SAS, ThermoFisher
Scientific, Waltham, Massachusetts, USA).

(B) 0.5¢cp 4

o
o
I3}
[X dmed

1000 mm

F

FIGURE 3 | Simplified calculation of the correction factor for hoof
measurements in radiographs recorded in lateromedial projection. (A)

Hoof position in front of the X-ray detector (rectangle framed in black)
as for lateromedial radiography, lateral view, and (B) solear view (detec-
tor =strong black line). The central beam (X) was positioned into the
approximate hoof midpoint. Measures with the largest distortion such
as dorsal hoof wall length (f) were supposed to be in a distance of 0.5
weight-bearing length (c) from the central beam. The distance of the
landmarks for f from the X-ray detector equalled the medial hoof width
(d,eq)- The focus of the X-ray generator (F) was positioned 1000 mm
from the hoof midpoint (2000mm for 2-m focus-object distance). The
expected projection size of 0.5 ¢ (i.e., 0.5 cp) was calculated using the
intercept theorem: 0.5 cp/0.5 ¢=(1000mm+d_.,)/1000mm (insert
2000mm instead of 1000 for 2-m focus-object distance). Measures c and
d, .4 Were taken as recorded from computed tomography images. The
factor necessary to calculate the expected real size of all measures from
their projection size was 0.5 ¢/0.5 cp.

Volumes were filtered with a 3D bilateral filter and a 3D Gaussian
filter to increase the signal-to-noise ratio. After threshold segmen-
tation of the bones (threshold=450 HU), the Amira volume seg-
mentation tool ‘Volume edit’ was used to edit the phalanges, the
sesamoid bones and the distal end of the metacarpal bone. Manual
correction was necessary whenever the space between two bones
at the joint surfaces was too narrow to allow automated threshold-
based separation of the bones. To visualise the hoof capsule, a sec-
ond model was displayed, and the Hounsfield units were adjusted
so that the hoof capsule was visible but appeared translucent.
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Hoof measures were collected from arbitrarily oriented sections
and maximum intensity projections. Orientation was aided by
the 3D rendered digital bones as well as directly by the rendered
3D hoof models after identification of the necessary landmarks
using auxiliary levels and points within the freely rotatable
models.

2.4 | Data Correction and Analysis

For calculation of the projection magnification correction fac-
tor for radiographs, one has to consider the distance between
landmarks of the measure and central beam, the distance be-
tween landmarks and X-ray detector and the relative position
of the landmarks to each other as well as the tilt of the central
beam in order to include magnification as well as parallax.
This was not practicable in our study since the position and
tilt of the central beam were not defined with sufficient math-
ematical precision.

Instead, the magnification factors for Xray 1m and Xray
2m were calculated for each individual hoof, as described in
Figure 3 using the intercept theorem. The respective correc-
tion factors were then applied to all measuring results gener-
ated from 1 and 2m FOD radiographs (Xray 1 m corr and Xray
2m corr).

For visual comparison, a set of representative measures of
the six individual hooves was depicted graphically. Bland-
Altman plots (Bland and Altman 1986) were used to show
the relation between CTw and each other method to assess
whether one method generally gives smaller or larger results
than the other and whether small or large values are more af-
fected (Giavarina 2015). To evaluate the agreement between
the workflows, the Spearman rank correlation was calculated
using SPSS (version 29.0.2.0; IBM, Armonk, New York, USA).
For the purpose of this study, each hoof measure assessed by
the different workflows has been regarded as an independent
variable, although measurements collected from one hoof are,
in fact, influenced by each other.

3 | Results

The hoof measures selected for analysis represented small and
large measures with landmarks situated near to and distant
from the central beam. This allowed for obtaining an overview
of possible factors leading to differences between the workflows.
Twelve of the thirteen selected measures could be collected by
all methods. The dorsal hoof wall length could not be recorded
from Xray Sim due to the missing radio-opaque marking and
the lack of image contrast between skin and hoof capsule in the
average intensity projection image. The dorsal hoof wall length
was nevertheless included in the primary analysis as a clinically
important large measure at the outer hoof edge, that is, distant
from the central beam. Figure 4 provides an overview of the ap-
pearance of the hoof with the used imaging techniques.

A first comparison of all hoof measures recorded from Xray 1m
and CTw has confirmed our findings from the previous study.
CTw produced constantly lower values than Xray 1m, with only
a few exceptions. Increasing the FOD to 2m reduced the differ-
ences between Xray and CTw data but did not eliminate them
completely. Figure 5 shows the comparison for four representative
measures—small and large and distant from and near to the cen-
tral beam. The complete data set can be found in Appendix S1.

Magnification in radiographs compared to CTw ranged between
0.0% and 39.8% for 1-m FOD and 0.0% and 31.77% for 2-m FOD
for the individual measures. Measures that produced occasion-
ally (but not always) paradoxically larger CTw values included
medial and lateral palmar process height (5 of 12 values for Xray
1m and 8 of 12 for Xray 2m), medial and lateral hoof wall thick-
ness (3 of 12 and 9 of 12), dorsal hoof wall length (1 of 6 and 6
of 6), weight-bearing length (3 of 6 and 4 of 6), heel to plumb line
(B of 6 and 3 of 6) and toe to plumbline (3 of 6 for Xray 2m only)
(Appendix S1).

In a second step, we attempted to approximate the supposedly cor-
rect CTw values by mathematical correction using individually cal-
culated factors for radiographs (Xray 1m corr and Xray 2m corr),
by simulating orthogonal radiographs from CT data sets (Xray Sim)

FIGURE 4 | Imaging techniques visualising the equine hoof—appearance of the slides as used for measuring: (A) Computed tomography (CT),

3-mm slab (average intensity projection) reformatted in sagittal plane in the limb axis as defined by anatomical landmarks; (B) Radiograph with
radio-opaque markers, focus-object distance 1 m; (C) 120-mm slab reconstructed from CT data set in average intensity projection to simulate an or-
thogonally projected radiograph in lateromedial projection; (D) three-dimensional reconstruction of digital bones and hoof, orthogonal projection
based on the CT dataset, built in the Amira software. Lines with arrows demonstrate four representative hoof measures: (3) dorsal hoof wall length
(large measure distant to central beam), (5) distal dorsal hoof wall thickness (small measure distant to central beam), (8) sole thickness (small mea-
sure nearer to central beam than 5) and (13) distal interphalangeal joint-to-ground distance (large measure near central beam). For the description
of the measures, refer to the numbers in Table 2. Dotted lines represent auxiliary lines based on anatomical landmarks. (?), proximal landmark of 3
not identifiable due to lacking demarcation between hoof horn and skin (radio-opaque markers cannot be used in CT).
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FIGURE5 | Comparison of values for representative hoof measures recorded from radiographs with 1 m focus-object distance (FOD) (Xray 1m),

from computed tomography images in planes defined based on anatomical landmarks (CTw) and from radiographs with 2-m FOD (Xray 2m).
Increasing FOD reduced the difference to CTw values but did not eliminate it. Each analysed hoof is represented by one coloured line (n=6). The
numbers in the chart titles refer to the numbers of measures in Table 2 and Figure 2.

and by 3D reconstruction of the hooves and measuring aided by the
3D models (AMIRA) (Appendix S1). Xray Sim values were slightly
but nearly constantly lower than CTw values. Similarly, AMIRA
values were mostly lower than the CTw values. Exceptions were
weight-bearing length, hoof width, sole thickness and a few indi-
vidual cases for the other measures (Figure 6, Appendix S1).

Bland-Altman plots (comparison with CTw Figure 7, all other
comparisons see Appendix S2) were used to evaluate the agree-
ment between the workflows and to verify any systematic bias.
Dorsal hoof wall length was excluded due to the incomplete data
set. When comparing all analysed workflows against each other,
the mean of differences ranged around zero between —3.59
and 5.10mm (CTw vs. Xray 1m and Xray 1m vs. AMIRA, re-
spectively) (Appendix S2). The best match was found between
CTw and Xray 2m corr. Xray Sim and AMIRA produced nearly
identical values, too. Measuring in radiographs without mathe-
matical correction yielded systematically higher AMIRA lower
values than all other methods (even if they were near to Xray
Sim). The corresponding means of differences ranged between
1.29-5.10mm or 2.83%-12.01% for Xray and 0.28-5.10mm or
2.18%-12.01% for AMIRA.

An increase in the variability of the differences with increasing
magnitude of the measured value could be observed when ex-
pressed in absolute numbers for nearly all method comparisons,
that is, large values were more different from each other than
small values when collected with two different methods. This
was confirmed by outliers situated outside the agreement limits
(mean of differences + (1.96 x standard deviation of differences)):
31 and 29 outliers (total number of compared differences =1284)
were found for hoof width and weight-bearing length, respec-
tively, the two largest analysed hoof measures. Fewer values
situated outside the agreement limits were found for heel to
plumbline (16), toe to plumbline (6), palmar process height (2)

and distal interphalangeal joint-to-ground distance (1). The per-
centage differences between the methods (Appendix S2) pre-
sented a different picture: 30 values outside the agreement limits
were detected for heel to plumbline alone, with deviations of ap-
proximately 30% from the mean of differences. Other measures
with outliers were sole thickness (18 values outside agreement
limit), medial and lateral palmar process height (15), hoof wall
thickness (7) and toe to plumbline (6).

The correlation between the analysed methods was high and
highly significant, despite the discrepancies and variability of
the absolute values (Table 3).

4 | Discussion

Collection of hoof measures using various imaging techniques
and methods of data acquisition did not produce fully equivalent
results. As expected, projection magnification in radiographs
resulted in larger values when compared to CTw, similar to a
study on human bones by Stevens (1989). Interestingly, discrep-
ancies between Xray and CTw values affected the measurement
of structures both near and distant from the central beam. For
some measures, CTw values were larger than Xray values, which
calls for a separate explanation.

Palmar process height and medial/lateral hoof wall thickness
were collected from radiographs in dorsopalmar projection,
where correct positioning was difficult. Medio-lateral tilting
could not be avoided completely, resulting in possible parallax
distortion. Moreover, identification of the widest part of the hoof
by scrolling through a series of CT images might have intro-
duced a further source of error. Another factor to be considered
is the fact that radiographs are usually taken from loaded digits,
whereas CT series are usually recorded from unloaded limbs.
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FIGURE 6 | Comparison of mathematically corrected values for representative hoof measures recorded from radiographs with 1 m focus-object

distance (FOD) (Xray 1m corr) and 2m FOD (Xray 2m corr), from computed tomography images in planes defined based on anatomical land-

marks (CTw), from CT images aided by three-dimensional models (AMIRA), and from simulated radiographs based on the CT dataset (Xray Sim).

Mathematical correction often, but not always, led to an approximation of Xray to CTw values. CTw, AMIRA, and Xray Sim data differed from each

other, although they were based on the same data set. Each analysed hoof is represented by one coloured line (n =6). The numbers in the chart titles

refer to the numbers of measures in Table 2 and Figure 2.

Loading of equine digits leads to heel expansion (Brunsting
et al. 2019), resulting in a downwards movement of the palmar
processes of the coffin bone and increased hoof capsule inclina-
tion (Burn and Brockington 2001; see also Goulet et al. 2015).
This shifts the landmarks and potentially enlarges the paral-
lax effect. A similar situation has been noted by Grundmann
et al. (2015), who compared hoof measures collected from ra-
diographs and MRI images. However, in our study we expect the
influence of hoof mechanics on the measurements to be very
small or absent, since the limb was placed in a vertical position
supporting its own weight, but no additional loading was ap-
plied. Thus, the load of the limb was considerably lower than the
weight of a horse. Further research, for example, by comparing
radiographs of loaded and unloaded limbs of the same animal,
might clarify the influence of load on hoof measures.

Weight-bearing length and heel to plumb line both relied on the
identification of the most palmar contact point of the hoof with
the ground. In radiographs, this landmark could be identified
easily. In CT images, it had to be found using auxiliary lines,
since it is not present in the axial plane of the hoof. Erroneous
identification of this point might have led to the observed in-
consistencies between Xray and CTw values. For heel and toe to
plumbline, the different angulation of the distal interphalangeal
joint due to the presence or absence of the simulated load did
possibly also lead to (small) differences in landmark definition.
These two measures produced generally the highest variabili-
ties, as shown by the largest percentage deviations from the
mean of differences (Appendix S2).

We attempted to approximate CTw values by using individual
correction factors for each hoof to adjust the Xray values, since

arbitrary factors (e.g., radiographic magnification=15%) are
known to yield unsatisfactory results (Stevens 1989). A better
solution would be to calculate the factor for each measure indi-
vidually, but this was not possible, since, as usual for standard
hoof radiography, the precise position of the central beam had
not been recorded. The hoof-specific correction factor should,
however, cover the maximally possible projection distortion for
landmarks most distant from the central beam, in awareness
that this might lead to overcorrection of the other measures.
Parallax effects, which are discussed to be a source of impreci-
sions (Sanfridsson et al. 1998; Spolyar et al. 1993; Stevens 1989;
Wells et al. 1991), were not covered in this simple model. Placing
an object of known size at the level of a structure of interest be-
fore radiography would enable the calculation of a more precise
correction factor, but even this does not account for the distor-
tion of structures distant to the object.

Mathematical correction of radiography data (cf. Wechselberg
and Wessely 1973) achieved the desired result for some measures
both distant from and near to the central beam. Other measures,
for example, dorsal hoof wall length, were overcorrected, al-
though their landmarks were as distant from the central beam
as, for example, those for the correctly adjusted dorsal hoof wall
thickness. Overcorrection occurred in measures that were al-
ready larger in CTw than in Xray before correction (Figure 6,
Appendix S1).

Simulation of orthogonally projected radiographs from CT data
sets has been used successfully for quantification for research
purposes (Kau et al. 2020) and diagnosis (e.g., Carey et al. 2021;
Rosskopf et al. 2020), in situations where identification of struc-
tures was easier in images resembling radiographs than in thin
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FIGURE 7 | Bland-Altman plots showing the agreement between values for representative hoof measures (n =72) recorded using different tech-

niques in comparison with values recorded from computed tomography images in planes defined based on anatomical landmarks (CTw): Xray 1 m
and Xray 2m, measuring in hoof radiographs with 1 m and 2 m focus-object distance without or with mathematical correction (corr); AMIRA, mea-
suring in CT images aided by three dimensional models; and Xray Sim, measuring in simulated radiographs based on the CT dataset. Y-axes show
the difference (method 1—method 2), X-axes the mean of measured values ((method 1+ method 2)/2) in mm. The mean of differences was markedly
below 0 for CT vs. Xray 1 m (—3.59 mm =—6.19%), demonstrating the systematically higher Xray 1 m values compared to CT values. Middle and large
hoof measures showed higher (absolute) deviations. Red line, mean of differences; grey dotted line, line of equality; dashed lines, limits of agreements

(mean of differences £1.96 X standard deviation). Bland-Altman plots of all other method comparisons see Appendix S2.

CT slices. We tested this approach to distinguish projection mag-
nification and parallax effects in radiographs from other possible
sources of variance. The discrepancies observed in our study had
also been noted by Sun and Jansen (2019) when comparing mea-
suring results from thin slices, thick slabs and volume-rendered
models of the same CT data. Such findings are not easy to ex-
plain because the measuring workflows draw from the same
data set. In our case, smaller Xray Sim values may derive from
lower edge contrast in average projections from 120-mm thick

slabs, which complicates the exact definition of boundaries, for
example, the boundary of a bone embedded in soft tissue.

Similar to Xray Sim, our AMIRA values were often smaller
than CTw values, the interpretation of which is even more in-
tricate because both were collected in the same way. The 3D
model guided orientation of the virtual CT images allowed po-
tentially a more correct landmark identification, which may be
one explanation for the smaller AMIRA values. An alternative
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TABLE 3 | Spearman rank correlation coefficient (p) for each pairwise combination of measuring workflows. All correlations significant at

p<0.01.
Xray 2m
CTw? Xray 1m? Xay 2m? Xray Sim? Xray 1m corr? corr?
P CI Iel CI P CI P CI P CI P CI
Xray1m® 0.984 0.975-
0.990
Xray2m?® 0987 0979- 0997  0.994-
0.992 0.998
Xray 0979 0.966- 0991  0.985- 0992  0.987-
Sim? 0.987 0.994 0.995
Xraylm  0.983 0.973- 0999  0.998- (0.996) (0.993- 0.991 0.985-
corr? 0.990 0.999 0.997) 0.994
Xray2m 0985 0.976- (0.999) (0.996- 0.998  0.997- 0.993 0.988- (0.997) (0.995-
corr? 0.991 0.999) 0.999 0.996 0.998)
AMIRA?* 0983 0972- 0992 0.988- 0.993 0.988- 0991 0.986- 0992 0.986-0.995 0.994 0.991-
0.989 0.995 0.996 0.995 0.997

Abbreviation: CI, 95% confidence intervals.

aXray 1 m and Xray 2m, measuring in hoof radiographs with 1 m and 2 m focus-object distance without or with mathematical correction (corr); CTw, values recorded
from computed tomography images in planes defined based on anatomical landmarks; AMIRA, values recorded from CT images aided by three dimensional models;
and Xray Sim, measuring in simulated radiographs based on the CT dataset. Values in parentheses for comparison only, no objective background.

explanation lies in the thickness of the virtual CT images gen-
erated using the JiveX software (3-mm slices), which potentially
produces slightly higher measuring results compared to mea-
suring in a single virtual CT image (‘thickness’ smaller or equal
to voxel size) as conducted in the AMIRA workflow.

Another source for error could have been in the used contrast
settings. The influence of the chosen window parameters on CT
measurements is well known (see e.g., the different measuring
errors for hard and soft tissue in Cavalcanti et al. 2004). To guar-
antee repeatable results, the use of dedicated windows for the re-
spective question or even the generation of advanced ‘all-in-one’
CT images is encouraged (Cebula et al. 2017; Snoeckx et al. 2019).
Unfortunately, to our knowledge, optimised bone and soft tissue
window settings for hoof analysis tested for performance and ap-
proved by the scientific community are not yet available.

Despite the absolute differences between the results of the ana-
lysed methods, they showed a very high correlation. High abso-
lute deviations could be detected for those individual measures for
which it was most difficult to determine the landmarks (heel to
plumbline). In these cases, differences between measuring work-
flows might rather be a result of identifying and measuring en-
tirely different structures than due to technical reasons such as
projection magnification or contrast settings. Whether absolute
differences are to be considered too large for comparison of values
collected by different workflows depends on the biological ques-
tion. If in doubt, comparison of ratios between measures might
be the better option (Goulet et al. 2015; Grundmann et al. 2015).

4.1 | Summary and Practical Remarks

Increasing FOD when generating radiographs decreases pro-
jection magnification (and parallax effects). However, the

practicability of this approach is limited due to the reduction in
detector dose and the resulting need for higher mAs values, which
may exceed the technical limits of the X-ray machine. Even sim-
ple mathematical correction approximates Xray values to CTw
values.

Measuring in CT images does not necessarily produce ‘more
correct’ values than radiography. Depending on landmark defi-
nition, measures with the same name might measure some-
thing different (e.g., weight-bearing length of the hoof). The
preferred technique should be defined based on the biological
question (e.g., for weight-bearing length, data from radiographs
probably provide more reliable information on the loaded part
of the hoof).

Landmark definition is crucial, regardless of the chosen method.
Measures with landmarks in both hard and soft tissues can be
difficult to identify. For radiography, radio-opaque markers
should be used. Measures requiring reconstruction and auxil-
iary lines for landmark definition seem to produce more incon-
sistent results.

High correlation between values collected by different meth-
ods does not mean that the absolute measures will be the
same. If in doubt, analyse relations between measures rather
than absolute values. This is especially relevant when compar-
ing different publications or measures collected by different
methods.
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