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List of abbreviations

cm centimetre

CT computed tomographic, computed tomography
DDFT deep digital flexor tendon

DHWDP dorsal hoof wall to palmar length of the distal phalanx
kV kilovoltage

kVp peak kilovoltage

m meter

mA milliamperage

Max maximum

Min minimum

mm millimetre

MRI magnetic resonance imaging



1. Introduction

Diseases of the equine hoof can result in increase in thickness of the dorsal hoof wall
[1]. Several studies focussed on radiographic assessment of dorsal hoof wall thickness and
established reference ranges [1, 2, 3, 4]. Since customised computed tomographic (CT) systems
have become available for use in standing sedated horses, CT examinations are increasingly
performed in the investigation of foot pain [5]. To our knowledge no comparisons have been
made between CT and radiographic or anatomical dorsal hoof wall measurements, which is

crucial for accurate interpretation of clinical CT studies.

Using digital radiography, the dorsal hoof wall is easily visualised [6]. Radiodense
markers were traditionally applied on the hoof wall when using conventional radiography [2]
and they are still used by some veterinarians, even when working with direct digital radiography
systems. There are no published data on comparison of dorsal hoof wall measurements with
and without application of radiodense markers, nor on comparison of these measurements with

those obtained on anatomical specimens.

The overall aim of the study was to evaluate whether radiographic reference ranges of
dorsal hoof wall measurement can be applied to CT studies. We also aimed to evaluate whether
radiographs with or without radiodense markers lead to measurements corresponding better to
measurements on anatomical specimens. With our results, we wished to contribute to correct
diagnosis of radiographic and CT findings in feet of lame and non-lame horses and to highlight

areas where further studies are needed.



2. Literature review

2.1 Anatomy of the hoof

Front foot pain is the most common cause of lameness in the horse [7]. The hoof is
exposed to high loading and strains due to the horse’s bodyweight, both at rest and during
locomotion [8]. A thorough knowledge of detailed anatomy of the hoof and hoof wall is

essential to understand diseases causing foot pain [9].

The equine foot is encased inside the keratinized hoof capsule (Figure 1) [10, 11]. The
main parts of the hoof capsule are the wall, the sole and the frog. Topographically, the wall can
be divided into the dorsal hoof wall, the medial and lateral quarters (sides), the heel and the
bars. The toe is the most dorsal part of the hoof. In healthy horses, the angle of the dorsal hoof
wall to the ground is approximately 45-50° in the forelimb and 50-55° in the hindlimb [11]. The
medial and lateral quarters form the widest part of the hoof. The most palmar/plantar part is the
heel, and as it continues forward on the solar surface, it forms the bars with the frog in-between.

The bars provide stabilisation to the comparatively thin and flexible horn of the heels [11].

Inside the hoof capsule lie the distal phalanx and the navicular bone and the most distal
aspect of the middle phalanx. The ungular cartilages extend palmar and proximal from the
medial and lateral palmar processes of the distal phalanx. The navicular bone lies just palmar

to the articulation between the middle and distal phalanges [11].

Common digital
extensor tendon

S— -
\\‘ gj 7—” Superficial digital flexor tendon
o v
N "4

£

Perioplic horn Middle phalanx

1 Navicular bone
Distal phalanx ) \\
)ﬁ‘ . Deep digital flexor tendon
Hoof wall ' "
Sole horn S /

Terminal horn
“white line”

wlo

Figure 1. Midsagittal anatomical section of the foot of a horse

The hoof capsule consists of horn, which is composed of modified and keratinized
dermal tissue. Keratin is the main structural protein of the epidermis and is also present in skin,

hair, nail, claw, wool, horn, feather, and scale [10].
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Figure 2. Schematic figure of perioplic coronary, wall and solar segment of the wall of the horse [12].

The perioplic segment is a distinct anatomical region in the proximal aspect of the hoof
(Figure 2) [12]. This irregularly shaped band lies above the coronet of the hoof, where the hoof
capsule meets the skin. Its external layer forms a band of soft horn which dries and covers the
hoof further distally as a thin layer. The periople has three layers, the subcutis, dermis and
epidermis. The subcutis is a thick structure and it forms the bulging perioplic cushion. The layer
overlying the subcutis is the dermis, where the papillae dermales are located. More superficial
is the epidermis, which contributes to building the external layer of the hoof wall. The perioplic
segment has a significant role in maintaining the health of the coronet and facilitating the
growth of the hoof wall. Additionally, it serves as a barrier against excessive moisture and

debris [10, 11].

Distal to the perioplic segment is the coronary segment, which consists of three layers
[11]. The external layer produces horn of a distinct tubular structure. It reaches a thickness
around 1.2 cm and follows the hoof distally towards the weightbearing margin. In the outer and
middle layers, the tubules are oval-shaped and have multiple layers of laminated tubules. It

provides an optimal protection from diffuse impact. The inner layer has round tubules, which



contain spindle-shaped cells. This provides high resistance against proximodistally directed
forces and acts as a shock-absorber. The coronary band is the junction between the horn tubule
structures. It is particularly sensitive and consequently predisposed to traumatic injuries, which

can progress into fissures and larger cracks in the hoof wall [10, 11].

Distal to the coronary band is the hoof wall. It follows the hoof in distal direction where
its terminal horn is visible on the sole as white line. In this part of the wall, there is no subcutis,
so the dermal structure is directly fitted to the parietal surface of distal phalanx. The dermis of
the wall segment is mainly built of primary laminae [11]. The components of the wall are
arranged into multiple rows of parallel microscopic tubules, connected by intratubular horn
[10]. They usually lose their tubular structure before they reach the ground surface [11]. The
hoof wall is produced continuously, at an average growth rate, measured at the toe, of 0.19 -

0.23 mm a day [13, 14].

The distal horizontal surface of the hoof is called the solar surface [14, 11]. Its
composition is similar to the outer hoof wall, but it is slightly softer and more flexible [15]. The
solar horn and corium fill the space between the frog and the wall. Due to its concave shape,
the solar margin and the frog make ground contact [11]. The frog has an elastic structure,
composed of flexible and incompletely keratinised horn, and plays an essential role in shock
absorption, gripping during ground contact and enhancing blood circulation. The white line

connects the periphery of the sole to the hoof wall, and it is built from epidermal lamellae [15].



2.2 Diagnostic imaging of the hoof

2.2.1 Radiography

Radiography is the first-line diagnostic imaging modality to assess the hoof capsule and
the osseous structures within the foot [16]. For soft tissue evaluation, radiography is of limited
value. However, it can provide useful information about the hoof capsule, if appropriate
exposure settings are applied [3]. Some conditions affecting the hoof wall, including laminitis,

keratoma and hoof abscesses, can be identified on radiographic examination [17].

Several radiographic projections can be used to detect hoof wall pathologies. The most
commonly used projection is the lateromedial view. It is an essential for assessing the distal
phalanx and its position within the hoof capsule, the hoof capsule, the distal interphalangeal
joint, the navicular bone, sole thickness, as well as dorsal hoof wall thickness and the axis of
the foot and pastern [17]. Other views may also prove beneficial. The weight-bearing
dorsopalmar view can provide further information on the position of the distal phalanx and the
solar thickness. Some hoof wall pathologies, e.g., hoof wall separation can be seen on the

dorsoproximal-palmarodistal oblique view [17].

The use of radiodense markers has been recommended for the delineation of clinically
relevant soft tissue anatomy [18, 19]. Others propose that this is no longer necessary when using
digital radiography; with appropriate exposures and algorithms, soft tissue contours are readily
identifiable [ 18]. Radiodense markers, such as barium paste or a metal wire, have been used to
delineate the dorsal hoof wall on radiographs [18, 19]. The accurate placement of a metal wire
on the surface of a distorted wall can be challenging, potentially leading to inaccuracy and
misinterpretation of the dorsal hoof wall assessment on radiographs [2]. Barium paste has been
recommended in certain circumstances when the use of a metal wire is not feasible, facilitating
uniform placement and a reliable assessment [2]. It is essential that the marker is positioned
precisely in the dorsal sagittal midline, and that the location of the proximal extent is consistent,
for reliable comparisons between sequential radiographs [18, 19]. The proximal end of the
marker should be positioned at the most proximal extent of the hoof wall, identified through
digital palpation [18]. Some authors have proposed that gentle rasping of the periople at the
coronary band may facilitate the more readily and consistently identifiable marking of this

landmark [2].



2.2.2 Computed tomography

Computed tomography and magnetic resonance imaging (MRI) are cross-sectional
diagnostic imaging techniques. Computed tomography offers significant advantages over
radiography, enabling detection of abnormalities that cannot be identified using conventional
diagnostic imaging modalities [20]. Superimposition and overlapping soft tissue and bone
structures are a limitation of radiography and can be eliminated by the tomographic slices [20].
Computed tomography systems that allow evaluation of the limbs in the standing sedated horse
are becoming increasingly available worldwide and the role and value of CT in equine lameness

diagnosis is increasingly recognised [5, 21].

Computed tomography is considered a valuable method for detection and
characterisation of osseous injuries, including abnormalities in the equine foot [22, 23, 24, 25].
In the horse, it has been demonstrated to be an effective method for diagnosing fractures and
assessing fracture configurations, as well as identifying subchondral bone cysts, keratomas, and
various osseous pathologies [19, 25]. Cross-sectional imaging, such as CT, can aid diagnosing
abnormalities in regions, which are difficult to image with radiography [27]. Using a soft tissue

algorithm, useful information on some soft tissue structures can also be obtained.

There are two main types of CT systems: fan-beam and cone-beam [28]. Both have been
demonstrated to be suitable for imaging horses; however, there can be a great difference in
image quality. A comparison of the two systems using satisfaction scores for image quality on
images obtained on cadaver limbs, of both cone-beam and fan-beam CT was made, for
evaluation of the metacarpophalangeal joint, ligaments, tendons and periarticular tissue, as well
as bones [29]. Cone-beam and fan-beam CT both were sufficient for bone evaluation with
similar scores. However, when evaluating soft tissue, fan-beam CT was considered superior.
Despite the capability of cone-beam CT for bone imaging, the contrast-to-noise ratio is inferior
compared to fan-beam CT, which has a negative effect on the general image quality. Further
improvements are required for cone-beam CT to become a standard tool in equine imaging and
achieve image quality comparable to that of fan-beam CT [29]. Another study compared fan-
beam CT, cone-beam CT and low-field MRI in identification and assessment of dorsoproximal
osteochondral defects in 35 cadaver limbs [30]. The sensitivity and specificity of the three
modalities were evaluated in relation to macroscopic pathological findings, which was

considered the gold standard [30]. In agreement with previous studies, both fan-beam and cone-



beam CT were superior in identifying osteochondral defects than low-field MRI. Fan-beam CT
had an overall better diagnostic capability than the other modalities. Cone-beam CT and low-
field MRI had remarkably low sensitivity, especially for detecting lesions smaller than 5-10

mm.

Publications on CT findings in the foot are limited. The use of CT has been shown to be
beneficial for accurately identifying the exact location of keratomas, thereby facilitating a more
precise surgical resection of the hoof wall [23]. This has the potential to decrease the incidence
of postoperative complications and contribute to a more expeditious and successful recovery
[23]. Other studies have compared the ability of CT and low-field MRI to image anatomical
structures in the foot, using visibility scores [24]. The two modalities are based on different
technology and are therefore capable of providing different information on osseous and soft
tissue. Computed tomography had advantages and was associated with high anatomic
visualisation score for bone margins, and it allowed imaging a larger anatomical region.
Evaluation of the distal part of the deep digital flexor tendon (DDFT) was limited on CT [24].
Following visualisation of anatomical structures, the investigation was extended to lame horses
with foot pain [25]. The results demonstrated that both low-field MRI and CT were effective
tools for investigating foot pain. Authors concluded that the choice of imaging modality should
depend on the specific area of interest and on the suspected pathology. Computed tomography
was superior in identifying phalangeal and navicular bone injuries, as well as soft tissue
mineralisation. Furthermore, it was able to diagnose distal digital annular ligament enlargement,
DDFT abrasion, DDFT mineralisation and enlargement of the collateral sesamoidean ligament
of the navicular bone [25]. In a cadaver study, CT was superior for detecting foreign bodies in
the hoof, when compared to low-field MRI and radiography, with high visibility scores, and
higher sensitivity and specificity [31]. Despite the many advantages, the major limitation of CT

imaging compared to MRI, is that it cannot detect bone oedema in clinical settings [25, 30].

2.2.3 Magnetic resonance imaging

Magnetic resonance imaging allows examination of osseous and soft tissue structures
in three dimensions. It is used when lameness is localised to a region, to detect abnormalities
which cannot be imaged using other diagnostic imaging methods or to provide further

information on injuries suspected on radiography or ultrasound [7]. Magnetic resonance
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imaging has revolutionised our knowledge of foot pain [32]. However, its use in imaging
pathologies related to the hoof capsule is limited, as the hoof wall itself is not visualised. The
outline of the hoof wall can be visualised using a contrast medium, but no information of the

internal structure of the hoof wall can be gained [33].

2.3 Dorsal hoof wall thickness, its alterations in hoof wall pathologies

The dorsal hoof wall is best assessed in lateromedial radiographs [17]. The dorsal
surface of the hoof wall and dorsal surface of the distal phalanx should be parallel or almost
parallel in healthy horses [17, 18]. The surface of the dorsal hoof wall should be even. Within
the dorsal hoof wall, two distinct layers, the outer more radiopaque and inner more radiolucent
can be distinguished radiologically in most horses [34, 35]. In a population of 25 clinical healthy
horses, the angle between the dorsal hoof wall and the ground was 50.5° + 5.03° in forelimbs
and 49.1° + 3.18° in hindlimbs [2]. The angle between the dorsal wall of the distal phalanx and
the ground was 49.4° £ 4.67° in forelimbs and 48.9 = 3.06° in the hindlimbs [2]. The founder
distance is the vertical distance between the proximal extent of the dorsal hoof wall and the
proximal aspect of the extensor process of the distal phalanx. In the forelimb, a mean of 4.1
mm has been reported with a range of -1.8 - 9.7 mm [2]. Other authors consider the range of 0-

15 mm acceptable in most healthy horses [3, 18].

In most healthy mature feet, the dorsal hoof wall thickness should be similar along the
entire proximal to distal length of the distal phalanx [3]. In many non-lame horses, however,
mild concavities and convexities are present in the dorsal surface of the hoof wall [35].
Therefore, a small proximodistal variation of the dorsal hoof width can occur, and its clinical
relevance should be considered on a case-by-case basis. In a population of 41 healthy
Thoroughbred racehorses aged 4-9 years, the mean dorsal hoof wall thickness in front feet was
14.6 = 1.0 mm [34]. Another study identified a dorsal hoof wall thickness, at the middle
measurement point, of 16-18 mm in horses of 400-450 kg bodyweight [36]. In another study,
dorsal hoof wall measurements at proximal, middle and distal sites were obtained on
lateromedial radiographs in a population of 415 feet of 279 horses. The mean thickness was
18.0 £ 2.1 mm at the proximal, 17.4 £ 2.1 mm at the middle and 17.2 = 2.3 mm at the distal
measurement site [4]. Increase in the thickness of the dorsal hoof wall occurs with laminar

swelling and separation of the dorsal laminae in laminitis [18].
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The palmar length of the distal phalanx can vary depending on the horses’ breed [2, 4].
The length of the distal phalanx is measured from its distal tip to its articulation with the
navicular bone [2, 34, 37]. To account for the size difference of different breeds and individuals,
the dorsal hoof wall thickness to distal phalanx length (DHWDP) ratio was established [2, 4,
36]. In a study on 279 horses, a mean DHWDP ratio was 0.25 £ 0.03 [4].

Diagnostic imaging can be used to identify a number of conditions affecting the hoof
wall, including keratoma, hoof abscesses and laminitis. A keratoma is a common tumour
proliferation of the keratinised layer of the hoof wall. The tumour can grow on any part of the
hoof wall, resulting in deformation of multiple anatomical structures of the hoof, including the
hoof wall, sole and white line [17]. The most common predilection site is the dorsal aspect of
the hoof. The growth of the tissue can sometimes be visualised on dorsoproximal-palmarodistal
oblique radiographs. The pressure by the keratoma on the distal phalanx can result in bone
resorption, most often visible on the solar margin, characterised by a typical semicircular
outline. As a result of those pathological changes, horses may present with lameness and focal

pain when pressure is applied in the affected region [17].

Laminitis is a painful and potentially devastating condition, which affects the hoof,
particularly the laminae [37]. Clinical signs of acute laminitis include lameness, weight shifting
and its characteristic “sawhorse” stance, easy palpable digital pulse, reluctance to move and
pain response to hoof testers [38, 39]. In chronic cases, horses show abnormal hoof growth
which may result in “laminitic rings”, misshaped hooves, chronic lameness, painful separation
of the hoof wall and sinking of the distal phalanx. Some horses with mild chronic laminitis may
present with poor performance [17, 38, 39]. Radiographic evaluation is an essential component
of examination of horses with laminitis. Radiographs are primarily obtained to determine the
position of the distal phalanx within the hoof capsule and any changes in hoof wall thickness
[18]. Although horses suffering from laminitis can be radiologically quiescent in the early
stages of the disease, there is a wide range of potential radiological abnormalities that may occur
[4]. Radiological abnormalities result from displacement of the distal phalanx in either the
sagittal or the frontal plane or a combination of those two and consequences following this
movement [18]. To aid assessment and contribute to a quick and reliable diagnosis of horses
with laminitis, standard lateromedial radiographs should be obtained [18]. Radiographic
parameters that are assessed in horses with laminitis include the coronary band to the extensor

process of the distal phalanx distance, the degree of rotation of the distal phalanx, palmar angle
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(the angle of the solar surface of the distal phalanx to the horizontal), sole thickness and the
DHWDRP ratio [37].

Several studies have examined various methods to evaluate the thickness of the dorsal
hoof wall [2, 4]. So far, all studies have focussed on radiography and to our knowledge,
comparison with anatomy has not been made. Computed tomographic examination is
increasingly performed as a part of lameness and poor performance investigations. No CT
reference ranges for dorsal hoof wall measurements have been published. For accurate
interpretation of CT studies, it is essential to establish whether radiographic reference ranges

can be applied to CT images.
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3. Aims and hypotheses

The main goal of this study was to evaluate whether previously established radiographic
reference ranges of dorsal hoof wall measurements can be applied to CT studies. We also aimed
to evaluate whether radiographs with or without radiodense markers produce measurements
that are closer to measurements obtained on anatomical specimens.

Our specific aims included 1. comparison of dorsal hoof wall thickness measurements
obtained on midsagittal CT reconstructions, lateromedial radiographs (with and without dorsal
hoof wall markers) and sagittally cut anatomical specimens; 2. comparison of dorsal hoof wall
thickness measurements on lateromedial radiographs with and without radiodense dorsal hoof
wall markers.

Our hypotheses were that there would be significant difference between radiographic
and CT but not between CT and anatomical measurements. We also hypothesised that
radiographic measurements obtained with and without a marker would not be statistically

different.
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4. Material and methods

A total of 60 limbs were included. In the first part of the study, 30 cadaver limbs (16
forelimbs and 14 hindlimbs) were assessed. Horses had been euthanised for reasons unrelated
to this study. Limbs had been disarticulated at the level of the fetlock joint, frozen at -18 degrees
and then thawed for 24 hours prior to examination. All limbs were from mature horses, but the
exact age, breed, gender and work discipline and whether it was a left or right forelimb were
not known. Limbs of immature animals and those with obvious hoof pathologies (e.g., overt
laminitis) were excluded. To expand the data pool, additional 30 forelimbs of horses that had
undergone distal limb imaging for another study were added. For these feet, CT and

radiographic studies were available.

Ethical review was not necessary for the cadaver study; in the Equine Clinic’s general
consent form owners agree for their animals and related material to be used in research studies.
The live animal study protocol was approved by the Ethical and Animal Welfare Committee of
the University of Veterinary Medicine Budapest and by the Government Office of Pest County
(PE/EA/1051-7/2021) on 23 September 2021.

4.1 Image acquisition

4.1.1 Radiography

A metal wire was placed on the dorsal surface of the hoof, between the coronary band
and the most distal aspect of the dorsal hoof wall, perpendicular to the coronary band. The most
proximal and distal extents of the wire were marked with small spots of barium sulphate paste
to enable matching the midsagittal CT reconstruction with the radiograph.

Limbs were placed on a wooden block in a position mimicking weightbearing.
Lateromedial radiographs were acquired, with exposition values of 70 kVp and 1.6 mAs. X-
rays were centred in the region of the navicular bone, approximately one cm distal to the
coronary band, halfway between the most proximal aspect of the dorsal hoof wall and the heel
[17]. After the first radiograph, the metal marker was removed, and an identical projection was
acquired without the marker. The position of the generator, detector and the limb remained the

same for the two image acquisitions.
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4.1.2 Computed tomography

Fan-beam CT examination was performed using a 16-detector multislice helical scanner
with a 90 cm gantry (Canon Aquilion LB, Berlin, Germany) and a platform customised for
examination of horses in a standing position (Qalibra CT, USA). Settings for the acquisition
protocol included 0.5 mm slice thickness, 135 kV and 350 ms, 320 mm field of view and 0.5 s
rotation time. The presence of the previously placed barium sulphate paste spot was confirmed,
and if needed, a small amount of paste was added to the previously marked points. Limbs were
placed on the couch in the centre of the field view. The feet were imaged from the level of the

proximal interphalangeal joint to the tip of the hoof.

4.1.3 Macroscopic anatomy

After radiographic and CT image acquisition, the cadaver limbs were cut in the sagittal
plane using a band saw, along the line marked by the previously placed barium sulphate spot.
Photographs of the right side of the cut specimens were acquired, centred in the middle, above

the distal phalanx and perpendicular to the specimen at a standardized distance of 0.5 m.

Figure 3. Sagittally cut anatomical specimen of a foot. A one Euro coin was placed on the sagittal cut surface of

the palmar aspect of the specimen.
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4.2 Image analysis

For evaluation of radiographic and CT images, a medical image viewing software
(JiveX DICOM Viewer, Version 5.2, Visus Health IT GmbH, Bochum, Germany) was used.
The plain and marked radiographs were assessed and measured at three points: proximal
(immediately distal to the extensor process of the distal phalanx), distal (at the tip of the distal
phalanx) and middle (halfway between the proximal and distal sites). All measurements were
taken perpendicular to the dorsal surface of the distal phalanx (Figure 4). The palmar length of
the distal phalanx was also measured, between the tip of the distal phalanx and the midpoint of
the palmar articular surface. To calculate the DHWDP ratio, the dorsal hoof wall thickness at
the middle measurement site was divided by the palmar length of the distal phalanx [4].

Figure 4. Lateromedial radiograph without a radio dense wire marker on the dorsal hoof wall. Measurements of
the dorsal hoof wall thickness at the proximal, mid and distal measurements sites and measurement of the palmar

length of the distal phalanx are shown.

Computed tomographic images were reconstructed using a soft tissue algorithm. The
voxel size and slice thickness were configured to 0.3 mm in distance and extension to ensure
maximum resolution. A midsagittal reference image was obtained using a standardised method,
as described earlier [40]. The first plane was set parallel to the most distal aspect of the DDFT.
Subsequently, the second plane was positioned perpendicular to the first plane. The third plane
was then set perpendicular to the DDFT, bisecting the sagittal crest of the facies flexoria of the

distal phalanx. The second plane was set perpendicular to the dorsal surface of the distal
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phalanx, at the level of the proximal measurement point. If those settings did not align perfectly
with the barium sulphate markers, necessary adjustments were made (Figure 5). Measurements
on the CT reconstructions were obtained as on the radiographs and the DHWDP ratio was

calculated.

Figure 5. Midsagittal computed tomographic reconstruction with barium sulphate markers on the proximal and
distal aspects of dorsal hoof wall, which helped consistency of measurement sites for the other modalities.
Measurements of the dorsal hoof wall thickness at the proximal, mid and distal measurements sites and

measurement of the palmar length of the distal phalanx are shown.

After obtaining standardized photographs of the sagittal cut surface of the cadaver
limbs, calibration was performed using the one Euro coin as a reference for the digital ruler. A
digital measurement and graphic editor software (Adobe Inc. 2023, Adobe Photoshop, Version
24.0, Adobe Inc.) was used to calculate the pixel size coherent with the given size for
calibration. Following calibration, measurements were obtained at the same measurement sites
as in radiographs and CT images and the DHWP ratio was calculated.
Repeatability was assessed by obtaining measurements three times on 10 feet for all modalities.

A coefficient of variance of than < 2% was considered repeatable.
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4.3 Statistical analysis

Data were stored in a Microsoft Excel (Office 365; Microsoft Corporation, Redmond,
Washington, USA) spread sheet and imported into R Statistical Software (v4.3.1; R Core Team
2023), where all statistical analyses were conducted.

Radiographic, CT and anatomical measurements were checked for normality of
distribution via visual inspection of histograms and formally using the Shapiro-Wilk test.
Measurements were described either using mean (+ standard deviation) or median (interquartile
range [IQR] and range) depending on their distribution. Categorical variables (whether
measurements were taken on a live or cadaver foot; whether measurements were of the front or

hind limb) were described as proportions (%).

4.3.1 Comparing radiographic and CT measurements

Radiographic and CT measurements were available for 60 feet. Thus, radiographic and
CT measurements were initially compared individually. Histograms and the Shapiro-Wilk test
(p<0.05) revealed a non-normal distribution. The Wilcoxon signed-rank test for paired data was
used to compare median distal phalanx proximal, middle, distal and length measurements, and
median middle:length measurement ratios, between radiographic and CT images. An effect size
(r) was calculated by dividing the Z statistic by the square root of the number of pairs using the
wilcox effsize() function of the rstatix package [41]. Values of r between 0.10 and <0.3 are
considered to represent a small effect, 0.30 to <0.50 a moderate effect and >0.50 a large effect
[42]. Additionally, a Bonferroni adjustment was applied to adjust for multiple comparisons thus

a p-value of <0.01 was considered significant (0.05/5).

4.3.2 Comparing radiographic, CT and anatomical measurements

Data were available for 22 feet. The distribution of the measurements for the subset of
all three modalities was approximately normal (Shapiro-Wilk p-value>0.05). The one-way
repeated-measures ANOVA was used to assess whether there was an overall difference in mean
distal phalanx proximal, middle, distal and length measurements, and median DHWDP ratios,
between radiographic, CT and anatomical images. Multiple pairwise paired t-tests (including
the Bonferroni multiple testing correction) were then performed to identify between which

modalities the differences existed.
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4.3.3 Comparing plain and marked radiographs

Data were available for 30 feet. Histograms and the Shapiro-Wilk test (p<0.05) revealed
a non-normal distribution. The Wilcoxon signed-rank test for paired data was used to compare
median distal phalanx proximal, middle, distal and length measurements, and median DHWDP
ratios, between plain and marked radiographs. Effect size (r) was calculated and a Bonferroni
adjustment was applied to adjust for multiple comparisons, thus a p-value of <0.01 was

considered significant (0.05/5) [42].
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5. Results

The coefficient of variance, calculated for each radiographic, CT and anatomical

measurement was <2%, therefore measurements were considered repeatable.

5.1.1 Radiographic and CT measurements

Radiographic measurements were significantly greater than CT measurements at all

measurement sites (Table 1; Figure 6) with a large effect size (r > 0.50).

Table 1. The median value and the interquartile ranges (IQ) of radiographic and computed tomographic (CT)
measurements at three measurement sites (Proximal, Mid, Distal) and the dorsal hoof wall to the length of the
distal phalanx (DHWDP) ratio in 60 feet. The p-value indicates significance level of the difference between the

median of the measurements of the two modalities.

Measurement Radiography CT p-value
Proximal 20.3 (18.7 - 21.0) 16.7 (15.3 - 17.6) <0.01
Mid 19.4 (17.9 - 20.6) 15.6 (14.6 - 16.8) <0.01
Distal 18.8 (17.4 - 20.3) 15.5 (14.1 - 17.3) <0.01
DHWDP ratio 0.26 (0.24 - 0.27) 0.25 (0.23 - 0.26) <0.01

16.6 mm
20.1 mm

15.6 mm
19.5 mm

16.2 mm

19.7 mm

Figure 6. Radiographic and CT measurements of the same foot. Measurements of the dorsal hoof wall thickness
at the proximal, mid and distal measurements sites and measurement of the palmar length of the distal phalanx

are shown.
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5.1.2 Radiographic, CT and anatomical measurements

Measurements (mean + standard deviation [SD]) on CT and radiographic images, as

well as anatomical specimens were available for 21 feet (Table 2; Figure 7).

Table 2. The mean value + standard deviation (SD) of radiographic, computed tomographic (CT) and anatomical
measurements and the dorsal hoof wall to the length of the distal phalanx ratio in 21 feet. The p-value indicates

the results of the one-way repeated measures ANOVA test.

Measurement Radiography CT Anatomy p-value
Proximal 204+24 17.1+1.9 17.4+23 <0.01
Mid 19.5+2.1 163+18 16.9+2.1 <0.01
Distal 19.4+3.1 16.4+2.8 16.8+2.8 <0.01
DHWDP ratio 0.27+0.03 0.26 + 0.04 0.28 +0.04 <0.01

17.3 mm 15.4 mm

16.6 mm ; 14.5 mm

15.9 mm 1 14.0 mm

Figure 7. Radiographic, computed tomographic and anatomical measurements of the dorsal hoof wall thickness

and the palmar length of the distal phalanx in the same foot.

Repeated measures ANOVA detected an overall difference between modalities, but
subsequent pairwise paired t-test comparison showed that the difference between two
modalities was not significant at all measurement sites. At the proximal measurement site, CT
and anatomy measurements were not significantly different, but radiographic measurements
were significantly greater than both CT and anatomical measurements (p<0.01). At the middle
measurement site, all modalities were significantly different from each other (p<0.01). At the
distal measurement site, CT and anatomical measurements were not significantly different, but
radiographic measurements were significantly greater than both CT and anatomical
measurements (p<0.01).

Regarding the DHWDP ratio, all modalities were significantly different from each other
(p<0.01), but the difference between anatomical and radiographic measurements was smaller

than the difference between anatomical and CT measurements.
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5.1.3 Plain and marked radiographs measurements

Measurements of plain and marked radiographs were available in 30 feet (Table 3.;
Figure 8). Measurements obtained using a marker were significantly greater at the proximal and
mid measurement sites than measurements on plain radiographs (p<0.01) with large effect size
(r = 0.50). No significant difference was seen at the distal measurement site or between the

DHWDP ratios measured with or without a marker.

Table 3. The median value and the interquartile ranges of plain and marked radiographic measurements of the
dorsal hoof wall and the dorsal hoof wall to the length of the distal phalanx ratio. The p value indicates the

results of the comparison (Wilcoxon sign ranked test) of measurements using the two imaging modalities.

Characteristics Marked Plain p-value
Proximal 20.8 (19.8 - 22.1) 20.3 (18.7-21.9) <0.01
Mid 19.9 (18.8 - 22.0) 19.5 (18.5-21.7) <0.01
Distal 19.8 (17.8 - 23.4) 19.4 (18.0 - 23.6) 0.362
DHWDP ratio 0.28 (0.26 - 0.31) 0.27 (0.25 - 0.30) 0.012

17.3 mm

16.6 mm

16.9 mm : ‘ o A 15.9 mm

» ‘ZO 6 mm

Figure 8. Comparison of measurements on lateromedial radiographs with and without a radiodense marker on
the dorsal hoof wall. Measurements of the dorsal hoof wall thickness at the proximal, mid and distal

measurements sites and measurement of the palmar length of the distal phalanx are shown.
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6. Discussion

This is the first study that compared radiographic and CT measurements of the dorsal
hoof wall thickness in horses. Radiographic measurements were significantly greater than CT
measurements at all measurement sites, which is in agreement with our hypothesis. The
difference can be explained by magnification of the hoof wall depicted on radiographs. To our
knowledge, quantitative description of magnification in equine radiography has not been
published. A recent study demonstrated that radiographic measurements were influenced by
magnification, resulting in a mean absolute percentage error of approximately 20% in
comparison to post-mortem CT and osteometry measurements of the femur, tibia and fibula in
20 porcine limbs [43]. By applying correction for magnification, it is possible to acquire more
accurate radiographic measurements, but a uniform correction factor has not been established
[43]. Moreover, it is unlikely to be applicable in equine practice, where the distance between
the region of interest and the detector is rather variable, due to the size and shape of the imaged
region. The degree of magnification increases with distance, due to the divergence of X-ray
beams from a focal source in the generator, the closer the imaged region to the detector, the
smaller the magnification [43]. In clinical equine radiography, we aim to place the detector as
close to the imaged region as possible. Due to the shape of the foot, naturally there is a distance
between the midsagittal dorsal hoof wall and the detector. This supports the findings of this
study, that due to the large difference, radiographic dorsal hoof wall thickness measurement

ranges cannot be applied to CT studies.

A comparison of all three modalities revealed that radiographic data were statistically
different from both CT and anatomical data at all measurement points. At the middle
measurement site, there was a small, but statistically significant difference between CT and
anatomical measurements, and this was much smaller than the difference between radiographic
and anatomical measurements. This small difference (mean difference of 3.5% between the two
modalities) can be caused by measurement errors related to the difficulties in obtaining a mid-

sagittal cut with the bandsaw.

Dorsal hoof wall measurements can add valuable information when investigating
pathological conditions in the foot [17]. However, due to the considerable size differences
among horses, the standard reference values for measurements are not always applicable to a

specific population or individual [2]. It has been demonstrated that the dorsal hoof wall
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thickness, foot size and, consequently, the length of the distal phalanx are proportional to each
other [2]. To account for the considerable range in the foot size and dorsal hoof wall thickness
in horses, the DHWDP ratio was developed, which produces values comparable between
different breeds and sizes [2, 4]. In the current study, the DHWDP ratio measured on the three
modalities were significantly different from each other, but these differences were very small
(0.02 mm between CT and anatomical DHWDP ratio and 0.01 mm between radiographic and
anatomical measurements) with no clinical relevance and are well within acceptable

measurement errors.

In the diagnosis of hoof wall pathologies, several radiographic parameters and
measurements can be used. In horses suffering from laminitis, the measurement of the dorsal
hoof wall thickness and the position of the distal phalanx is of great importance [18]. Further
measurements can also provide useful information. These include the distance between the
coronary band and the extensor process of the distal phalanx (also referred to as the founder
distance); increase in this measurement indicates sinking (distal displacement) of the distal
phalanx. Both rotation and distal displacement are related to laminar detachment [2]. The solar
thickness, defined as the vertical distance between the distal phalanx and the sole, can serve as
an indicator of hoof pathologies, including sole thinning and distal phalanx rotation and/or distal
displacement, as well as laminitis and metabolic disorders [17, 18]. In our study, we focussed
on dorsal hoof wall measurements. In future studies, the value of additional CT measurements

should be investigated.

Radiodense markers were originally used in equine radiography to highlight relevant
anatomy [18, 19]. Some authors argue that their use is no longer required when using direct
digital radiography, as soft tissue contours are readily identifiable when appropriate exposures
and algorithms are employed [18]. Radiodense markers, such as barium paste or a metal wire,
can be used to delineate the dorsal aspect of the hoof wall on radiographs [19]. It is imperative
that the marker is positioned with precision along the dorsal sagittal midline, with consistent
placement of the proximal extent, to ensure accurate comparison between sequential
radiographs (e.g., to monitor radiographic progression of laminitis). Barium paste has been
proposed as an alternative in cases, where the application of a metal wire not practical, with the

aim of ensuring uniform placement and facilitating a reliable diagnosis [2].
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Contrary to our hypothesis, there was a statistically significant difference between
radiographs with and without the dorsal hoof wall marker at the proximal and middle
measurement sites. One potential cause for this discrepancy is the uneven placement of the
metal marker or the bending of the wire due to the uneven hoof wall surface. We paid particular
attention to shaping the wire to the hoof wall and we used a thin and flexible wire, but a small
divergence from the dorsal hoof wall surface might have occurred. In theory, the dorsal hoof
wall should be even in most healthy horses [18]. However, mild concavities (32%) and
convexities (18%) have been observed in the dorsal surface of the hoof wall in non-lame horses
[18, 35]. The difference between radiographs of the dorsal hoof wall thickness with and without
a marker was small (mean difference of 0.43 mm of all measurement sites), nonetheless our
findings should be considered if sequential radiographs of the same horse with and without a
marker are compared. When evaluating potential progression of laminitis, even a very small
difference can bear clinical significance. Radiographs without a marker allowed excellent
identification of the margin of the dorsal hoof wall and produced measurements closer to
anatomical measurements than radiographs with a marker. Based on this, we recommend plain
radiographs for dorsal hoof wall measurements. However, it should be noted that radiodense
markers can continue to play an important role for reliable identification of the coronary band
and coronary band to distal phalanx distance measurements [2, 18]. These features were not
assessed in the current study. It is interesting that the DHWDP ratios were not significantly
different between radiographs with and without a marker. This might be explained by the small
difference in dorsal hoof wall measurements, which could have been further mitigated by
calculation of a ratio, resulting in a very small difference that was no longer statistically

different.
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7. Limitations

Our study had some limitations. The sample size of the group that for which all three
modalities were available was relatively small. Despite our best effort, the position of reference
images on different modalities might not have been identical. The cutting process of the
anatomical specimens was performed using a band saw. Orientation along the barium sulphate
markers was done as precisely as possible dorsally, but it is possible that the cutting plane did

not remain perfectly mid-sagittal from dorsal to palmar.

8. Conclusions

In conclusion, CT measurements were significantly smaller than radiographic
measurements, which suggests that radiographic reference ranges cannot be applied to CT
studies. Computed tomographic measurements were very close to the gross anatomical
measurements and therefore suggest that CT represents the true anatomical thickness more
accurate than radiography. The use of radiodense dorsal hoof wall markers on radiographs
offers no advantage in the assessment of dorsal hoof wall thickness and measurements obtained
on sequential radiographs with and without a marker should not be compared for evaluation of

changes in the dorsal hoof wall thickness.
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Abstract

There are published radiographic reference ranges for dorsal hoof wall thickness, but
reference ranges for computed tomographic (CT) measurements have not been established and
no comparison between radiographic and CT measurements have been made. Radiodense
markers have been used to highlight the dorsal hoof wall on radiographs, but to our knowledge,

measurements obtained with and without markers have not been compared.

Our main objective was to compare radiographic, CT and anatomical measurements of
the dorsal hoof wall thickness and the dorsal hoof wall to the palmar length of the distal phalanx
(DHWDP) ratio. We also aimed to compare measurements obtained on radiographs with or
without radiodense markers. We hypothesised that there would be significant difference
between radiographic and CT, but not between CT and anatomical measurements and that

radiographic measurements obtained with and without a marker would not be different.

A total of 60 limbs were included. First 30 cadaver limbs were evaluated. Lateromedial
radiographs with and without markers, and sagittal CT reconstructions were obtained. Feet were
sawed in the sagittal plane and photographs were acquired. To expand the data pool, images of
further 30 forelimbs from horses that had undergone foot radiography and CT were added. The
thickness of the dorsal hoof wall was measured at three standard locations. The palmar length
of the distal phalanx was also measured and the DHWDP ratio calculated. A Wilcoxon signed

rank test or paired t-tests were performed to compare measurements of different modalities.

Radiographic measurements were significantly greater than CT measurements at all
measurement sites when analysing the pooled data of 60 feet (p<0.01). In cadaver limbs, at the
proximal and distal measurement sites, CT and anatomical measurements were not significantly
different, but radiographic measurements were significantly greater than both CT and
anatomical measurements (p<0.01). At the middle measurement sites, all modalities were
significantly different from each other. For the DHWDP ratio, all modalities were significantly
different from each other (p<0.01). When comparing radiographs with and without a marker,
the proximal and middle measurements were significantly greater in feet with a marker

(p<0.01); the DHWDP ratios were not significantly different.
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In conclusion, the significant difference between CT and radiographic measurements
indicates that radiographic reference ranges for dorsal hoof wall thickness cannot be applied to
CT studies. The use of dorsal hoof wall markers results in greater dorsal hoof wall
measurements than measurements obtained on plain radiographs, which should be considered

if sequential radiographs with and without a marker are compared.
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Osszefoglalo

A szakirodalomban elérhetd referencia adat a lovak hegyfalanak rontgenfelvételeken
mért vastagsagarol, azonban komputertomografias (CT) vizsgalattal kapott eredményekrdl és a
CT, valamint rontgenfelvételeken végzett mérések dsszehasonlitdsarél még nincs publikacio.
Korabban mar hasznaltak radiodenz markert a hegyfal rontgenvizsgélata soran, de tudomasunk

szerint markerrel és anélkiil végzett méréseket még nem hasonlitottak Gssze.

Dolgozatom {6 célja az volt, hogy 6sszehasonlitsuk a hegyfal dorsalis vastagsagat ¢és a
hegyfal dorsalis vastagsaganak a patacsont palmaris hosszahoz (HVPPH) viszonyitott aranyat
a rontgen, CT ¢és anatomiai méréseken. Tovabbi célunk volt, hogy 0Osszehasonlitsuk a
rontgenfelvételeken markerrel és marker nélkiil végzett méréseket. Hipotézisiink az volt, hogy
szignifikans kiilonbség lesz a rontgenen és a CT-n mért eredmények kozott, de nem lesz
kiilonbség a CT ¢és az anatdmiai mérések kozott. Feltételeztiik, hogy a rontgenfelvételeken

markerrel és anélkiil végzett mérések statisztikailag nem kiilonbdznek egymastol.

A kutatas soran 60 végtagot vizsgaltunk. El6szor 30 kadaver patan végeztiink méréseket
lateromedialis rontgenfelvételeken (markerrel és anélkiil), sagittalis CT felvételen és a sagittalis
sikban kettévagott patarol készitett fotokon. Az adathalmaz bdvitése céljabol bevontuk a
kutatasba tovabbi 30 l6nak az eliils6 patajarol késziilt rontgen és CT felvételeket. A hegyfal
vastagsadgat minden felvételen harom standardizalt mérési ponton mértiik, valamint megmértiik
a patacsont palmaris hosszat és kiszamitottuk a HVPPH aranyt. A kiilonb6zé modalitasok

méréseit Wilcoxon probaval vagy paros t-probaval hasonlitottuk dssze.

A 60 végtag adatai alapjan rontgenfelvételeken a hegyfal minden mérési ponton
vastagabb volt, mint CT felvételeken (p<0.01). Kadaver patdkon a proximalis és distalis mérési
pontokon a CT ¢és anatomiai mérések nem kiilonboztek szignifikdnsan, a rontgen mérések
szignifikdnsan nagyobbak voltak, mint a CT és anatomiai mérések (p<0.01). A k6zéps6 mérési
ponton és a HVPPH arany esetében a harom modalitas szignifikdnsan kiilonbozott egymastol
(p<0.01). A markerrel és anélkiil végzett mérések sszehasonlitdsakor a proximalis és kozépsod
mérések szignifikdnsan nagyobbak voltak a markerrel jelolt végtagon (p<0.01), a HVPPH

aranyban viszont nem volt szignifikdns kiilonbség.
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Osszességében a CT mérések jelentdsen kisebbek voltak a rontgenfelvételeken végzett
méréseknél, eredményeink alapjan a rontgenfelvételekre felallitott referenciatartomanyok nem
alkalmazhatoak CT felvételek értékelése soran. A markerrel végzett mérések szignifikdnsan
nagyobbak voltak, mint a mérések marker nélkiil, amit figyelembe kell venni, ha egy patarél

markerrel és anélkiil készitett rontgenfelvételeket hasonlitunk dssze.
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