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ABSTRACT

Foot characteristics have been linked to the develop-
ment of sole lesions (sole hemorrhage and sole ulcers)
and white line lesions, also known as claw horn disrup-
tion lesions (CHDL). The objective of this study was
to examine the association of claw anatomy and sole
temperature, with the development of CHDL. A cohort
of 2,352 cows was prospectively enrolled from 4 UK
farms and assessed at 3 time points; before calving (T1-
Precalving), immediately post-calving (T2-Calving),
and in early lactation. At each time point body condi-
tion score was recorded, a thermography image of each
foot was taken for sole temperature measurement, the
presence of CHDL was assessed by veterinary surgeons,
and an ultrasound image was taken to retrospectively
measure the digital cushion and sole horn thickness.
Additionally, at the post-calving time point, foot angle
and heel depth were recorded. Four multivariable logis-
tic regression models were fit to separately examine the
relationship of pre-calving and post-calving explana-
tory variables with the development of either white
line lesions or sole lesions. Explanatory variables tested
included digital cushion thickness, sole horn thickness,
sole temperature, foot angle, and heel depth. Farm, par-
ity, body condition score, and the presence of a lesion
at the time of measurement were also included in the
models. A thicker digital cushion shortly after calving
was associated with decreased odds of cows developing
sole lesions during early lactation (OR: 0.74, 95% CI:
0.65 — 0.84). No association was found between digital
cushion thickness and the development of white line
lesions. Sole temperature post-calving was associated
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with increased odds of the development of sole lesions
(OR: 1.03, 95% CI: 1.02 — 1.05), and sole tempera-
ture before and post-calving was associated with the
development of white line lesions (T1-Precalving; OR:
1.04, 95% CI: 1.01 — 1.07, T2-Calving; OR: 0.96 95%
CI: 0.93 — 0.99). Neither foot angle nor heel depth was
associated with the development of either lesion type.
However, an increased sole horn thickness after calving
reduced the odds of cows developing sole lesions during
early lactation (OR: 0.88, 95% CI: 0.83 — 0.93), high-
lighting the importance of maintaining adequate sole
horn when foot trimming. Before calving, animals with
a lesion at the time of measurement and a thicker sole
were more likely to develop a sole lesion (OR: 1.23, 95%
CI: 1.09 — 1.40), compared with those without a sole
lesion. The results presented here suggest that white
line and sole lesions may have differing etiopathogen-
esis. Results also confirm the association between the
thickness of the digital cushion and the development of
sole lesions, highlight the association between sole horn
thickness and sole lesions, and challenge the potential
importance of foot angle and heel depth in the develop-
ment of CHDL.

Key Words: Lameness,
Temperature, Sole Thickness

Digital Cushion, Sole

INTRODUCTION

Lameness in dairy cattle is highly prevalent and as-
sociated with a range of negative effects (Espejo et al.,
2006; Griffiths et al., 2018; Bran et al., 2019). Not only
is lameness a serious welfare concern but also a produc-
tion and economic concern to the industry (Charfed-
dine and Pérez-Cabal, 2016; Whay and Shearer, 2017;
Omontese et al., 2020). Lameness is a clinical symptom
of underlying disease, with pathology most often occur-
ring within the foot (Murray et al., 1996).

Sole ulcers and sole hemorrhage (sole lesions) are
the results of inflammation and derangement of horn
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production resulting from an insult applied to kera-
tinocytes found within the corium (Bergsten, 1994).
If severe, horn production will cease and the result-
ing deficit exposes sensitive tissues to the environment
(sole ulcer). Sole hemorrhage is thought to represent a
different stage or severity of insult applied (Bergsten,
1994; Lischer and Ossent, 2001; Newsome et al., 2016).
White line lesions are thought to arise from a similar
process to sole ulcers and sole hemorrhage (Lischer and
Ossent, 2001). The environmental risk factors associ-
ated with white line lesions are however different to
those for sole hemorrhage and sole ulcers (Barker et al.,
2009) and white line lesions are located at the junction
between the sole and the hoof wall rather than the sole.
Claw horn disruption lesion (CHDL) is the collective
term used for sole ulcers, sole hemorrhage, and white
line disease, with the term describing the presentation
rather than any underlying etiopathogenesis (Hoblet
and Weiss, 2001). These lesions, particularly sole ulcers
and white line disease, are the main cause of lameness
in dairy cattle and are most prevalent during the early
lactation period (Hoblet and Weiss, 2001; Bicalho et
al., 2009).

Compressive forces which damage the corium dur-
ing normal weight-bearing and foot strikes have been
hypothesized to be the insult behind the development
of these CHDL (Réber et al., 2004). The suspensory
apparatus of the cow is limited and greater reliance is
placed upon the supportive apparatus, which includes
the digital cushion (Réber et al., 2004, 2006). The digi-
tal cushion, located between the distal phalanx and the
corium, is comprised of 3 soft tissue pads, composed
of fat and connective tissue (Raber et al., 2004, 2006).
They are hypothesized to protect the corium from the
compressive forces placed upon it during weight-bear-
ing and ambulation. The size of this cushion has been
associated with CHDL in several cross-sectional and
longitudinal studies with thinner digital cushions being
associated with the development of CHDL (Bicalho et
al., 2009; Machado et al., 2011; Newsome et al., 2017b;

a).

When the thickness of the sole horn is inadequate, it is
hypothesized that the load-bearing capacity of the claw
is disrupted, triggering compression of the corium (Ar-
cher et al., 2015). Sole horn which is too thin does not
provide adequate protection from external mechanical
and chemical insults (Manske, 2002; van Amstel et al.,
2004). Overgrown soles are associated with displaced
loading forces through the hoof, altered toe angles, and
an increased risk of lameness causing lesions (Manske
et al., 2002; van der Tol et al., 2004). Although the
importance of appropriate load-bearing is well known,
there is a paucity of peer-reviewed evidence directly
linking sole horn thickness to CHDL.
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Appropriate load bearing is intrinsically linked to
both foot angle and heel depth. The evidence for the
importance of foot angle and heel depth in CHDL
development is mainly driven by studies examining
them as breeding traits (Boelling and Pollott, 1998;
Oikonomou et al., 2013). An increase in foot angle was
associated with a reduction in the likelihood of clinical
lameness however, feet were not examined for specific
lesions such as CHDL (Wells et al., 1993).

Inflammation is thought to play a key role in the
development of CHDL (Wilson et al., 2022), being both
a sequela and a possible inciting insult (Watson et al.,
2022). The temperature of the extremities and skin is
largely dependent upon underlying blood circulation
and the rate of tissue metabolism (Berry et al., 2003).
An insult, which could be biomechanical or inflamma-
tory in nature, causing damage to keratinocytes within
the corium would affect blood circulation. This result-
ing temperature change would alter the heat pattern,
allowing infrared thermography to be a potentially use-
ful tool for detecting elevated temperatures associated
with foot lesions in dairy cattle (Stokes et al., 2012;
Alsaaod et al., 2015). Sole temperature is also associ-
ated with increased locomotion scores (Oikonomou et
al., 2014). Sole temperature therefore may be a proxy
for determining inflammation within the claw at key
time points.

Parturition and the management and biological
changes which occur in preparation for the next lac-
tation within the transition period are critically im-
portant to the health and production of dairy cattle
(Drackley, 1999). Historically the etiopathogenesis of
CHDL has not been associated with parturition, how-
ever, prompted by key research undertaken by Tarlton
et al. (2002) who showed increased laxity in supportive
structures within the foot at calving, it is now regarded
as an area of increasing interest.

In summary, the development of CHDL is multifac-
torial, representing the inter-relationship of genetic
(Barden et al., 2022; Li et al., 2023), anatomic, manage-
ment (Griffiths et al., 2018), and environmental com-
ponents (Barker et al., 2009; Rutherford et al., 2009;
Solano et al., 2015). The objective of the present study
was to assess claw anatomy and sole temperature and
their association with CHDL by examining key mea-
surements during the transition period and the subse-
quent development of sole and white line lesions during
early lactation in a large cohort of well-monitored UK
dairy cows. The null hypothesis was that claw anatomy
and sole temperature have no association with the de-
velopment of sole or white line lesions.
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MATERIALS AND METHODS

This study was conducted under the ethical approval
of the University of Liverpool Research Ethics Commit-
tee (VREC269a, VREC466ab).

Study Design

This prospective cohort study was designed to evalu-
ate the study population at 3 key time points during a
lactation cycle. Animals were enrolled from 4 UK com-
mercial dairy farms (Farms A-D) in the Northwest of
England and North Wales. Due to the practicalities of
frequent visits, the farms were selected for convenience
based on proximity and their willingness to participate.
A total of 2,352 animals registered as Holstein and
expected to calve between April and December 2019
were prospectively enrolled with no further inclusion or
exclusion criteria employed. Data were collected weekly
or twice weekly by the researchers on each farm from
February 2019 to March 2020. Animals were examined
at 3 time points (Supplementary Figure S1, https:
//data.mendeley.com/drafts/vk42vz8cht; Griffiths,
2023); before parturition (T1-Precalving), immediately
after parturition (T2-Calving), and in early lactation
(T3-Early). Animals were enrolled for 6 mo, after which
additional enrolments ceased due to resource con-
straints and the practicalities of sampling at multiple
time points.

Study Population

All farms calved cows all year-round. Farms A-C
housed lactating cattle year-round. Farm D housed
high-yielding cattle year-round, while low-yielding
animals were grazed during summer. All farms housed
their lactating cattle on freestall cubicles with deep
sand bedding (farms B and C), mattresses with a layer
of sand (farm D), or mattresses with a layer of sawdust
(farm A). All herds had rubber matting in the par-
lor and grooved concrete in the passageways, loafing
areas, and collecting yards. Cows were milked thrice
daily on farms A-C, with recorded 305-d milk yields of
approximately 11,000 to 11,500L. Farm D milked twice
a day, recording a 305-d milk yield of approximately
9,000L. Parous cows in all herds were prophylactically
foot trimmed twice a year at drying off and approxi-
mately 60-100 d post parturition. All herds regularly
foot-bathed lactating cows after milking. Farm A foot-
bathed 3 times a week with either copper sulfate or
formalin, farm B footbathed twice daily with formalin,
farm C footbathed cows daily with either copper sulfate
or formalin and farm D footbathed cows 3 times a week
with formalin.
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Data Collection

Digital cushion thickness, sole horn thickness, foot
angle, and heel depth, in addition to sole temperature,
were measured to examine the association between
claw anatomy traits and sole temperature, and the
development of CHDL. Measurements were taken at
T1-Precalving and T2-Calving unless otherwise stated.
The presence of CHDL was identified at all time points
(T1-Precalving; —90 to —14, T2-Calving; 0 to +14, T3-
Early; +40 to +130), while foot angle and heel depth
were only recorded at T2-Calving. Data was recorded
using Microsoft Access 2010 (Microsoft Corp.).

Lesion Identification. All claws from multipa-
rous animals were prophylactically trimmed at T1-
Precalving and T3- Early according to a modified
Dutch 5-Step method (Toussaint- Raven, 1989), which
included deeper and wider modeling of the lateral claw
of hind feet compared with the traditional method. At
T2-Calving, feet were not prophylactically trimmed
however a thin layer of horn was removed to reveal
the presence of any sole or white line lesions. Heifers
were prophylactically trimmed in the same manner at
T3-Early and T2-Calving as their multiparous herd-
mates, however, no prophylactic trim occurred at T1-
Precalving, instead a thin layer of horn was removed as
described at T2-Calving. Lesions were then recorded
according to the International Committee for Animal
Recording claw health atlas (Egger-Danner et al., 2014)
and then graded. Supplementary Table S1 (https://
data.mendeley.com/drafts/vk42vz8cht; Griffiths, 2023)
describes the grading system for sole lesions and white
line lesions, however broadly these scores are compa-
rable to absent (score 0), mild (score 1), moderate
(score 2), and severe (score 3). Over 90% of lesion as-
sessments were performed by a single researcher and
the remainder were done by a further 3 researchers. All
researchers who undertook the scoring of lesions were
qualified veterinary surgeons. On farm C, only hind
feet were examined for the presence of lesions at T2-
Calving to reduce handling time due to a large number
of recently calved cows. Lesions were treated according
to standard practice; loose horn was trimmed, and the
non-affected claw was blocked (Shearer and van Ams-
tel, 2003).

Sole Temperature. Animals were restrained in a
foot-trimming crush and each hind foot was lifted. If
required, gross contamination of the foot was wiped
with paper towel and a thermography image was taken
of the plantar aspect of each hind foot at a 30 cm
approximate distance. The thermography image was
taken using a FLIR E8-XT (FLIR Systems) camera
with an emissivity value set at 0.95.
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Digital Cushion Thickness and Sole Horn
Thickness. An ultrasound image was taken of the
hind left lateral claw, once the leg was lifted, after le-
sion identification, including the removal of horn, had
taken place. Time restraints meant that not all claws
could be examined by ultrasound. Due to the increased
frequency of CHDL, the hind lateral claw was chosen
(Murray et al., 1996), the lateral hind left claw was
arbitrarily chosen over the lateral hind right claw. The
claw was examined using B-mode ultrasonography as
described by Kofler et al. (1999). A 5-cm linear probe
inside a gel standoff was used with a DRAMINSKI Vet
4 Mini ultrasound machine (DRAMINSKI S. A.). The
frequency was set to 6MHz and an image depth of 4cm
was used. The probe was placed on the midline of the
sole, and the image was stored when the digital cush-
ion, distal phalanx, tuberculum flexorum, and interface
of the sole horn and sole soft tissues were observed.

Foot Angle and Heel Depth. At T2-Calving, foot
angle and heel depth of each hind lateral claw were
measured after the leg had been lifted but before any
trimming. Heel depth was measured using a ruler
accurate to Imm from the coronary band where the
perioplic horn becomes hard vertically to the plantar
aspect of the heel-wall junction. Foot angle was mea-
sured using a pair of calipers (Modelcraft 5 in 1 Angle
Tool & Gauge, Shesto, Watford, UK) at the middle of
the dorsal aspect of the claw and adjacent to the sole.

Other Explanatory Variables. At each time point
body condition score (BCS) was assessed using a 1 to 5
scale in 0.25 increments (Ferguson et al., 1994). Infor-
mation regarding animal parity and calving dates were
taken from farm records.

Data Editing

In total, 2,352 cows were enrolled. Data handling is
summarized in Supplementary Figure S2 (https://data
.mendeley.com/drafts/vk42vz8cht;  Griffiths, 2023).
Two data sets for each time point (T1-Precalving and
T2-Calving) from the initial study population were
created. These were initially identical, but featured
variables relevant to the time point of interest. These
data sets were then filtered to remove missing data.
Missing data occurred if the animal left the herd, did
not calve during the study period, or if lesion data was
incomplete. Animals were also excluded if not sampled
at the planned time points within the study design
(T1-Precalving; —90 to —14, T2-Calving; 0 to +14, T3-
Early; +40 to +130).

This resulted in 1,960 cows for analysis of T1-Pre-
calving variables and 2,027 cows for analysis of T2-
Calving variables with sole lesion as the outcome, and
1,956 cows for analysis of T1-Precalving variables and

Journal of Dairy Science Vol. TBC No. TBC, TBC

2,024 cows for analysis of T2-Calving variables with
white line lesion as the outcome.

The proportion of missing data for each variable was
then calculated. All variables were found to be missing
< 10%, therefore single imputation based on the mean
calculated after grouping by stage, farm, and parity av-
erage for each stage and parity-farm group was utilized
(Little and Rubin, 2002).

Variable Processing

Outcome Variables. Due to the significant number
of grade one (mild) white line and sole hemorrhage le-
sions observed, in addition to also questioning how im-
portant a light pink lesion less than 2cm in diameter/
diffuse discoloration would be and whether it could be
a reflection of an earlier lesion or very minor damage
we created 2 binary outcome variables; the presence or
absence of a sole lesion, or white line lesion, both at
the T3-Early time point. Case animals for sole lesions
as an outcome were defined as those with a sole hemor-
rhage of grade 2 or above or sole ulcer (any grade) on
any claw, while case animals for white line lesion were
required to have a white line lesion of grade 2 or above
on any claw. Control animals were required to have all
4 feet checked and the absence of a sole ulcer or a sole
hemorrhage (grade 2 or above) for sole lesion and the
absence of white line lesions greater than grade 2 on
any claw for white line lesions.

Explanatory Variables

Sole Temperature. Thermography  images
were processed using FLIR Tools software (version
5.13.18031.2002) and the automated maximum tem-
perature search tool. The obtained sole temperature
measurements were corrected for ambient temperature
as previously described by Anagnostopoulos et al.
(2021). Following correction for the ambient tempera-
ture, sole temperature for each hind foot was averaged
(arithmetic mean) to create a single continuous sole
temperature variable at cow level.

Digital Cushion Thickness and Sole Horn
Thickness. Ultrasonographic images were analyzed
using ImageJ software (Schneider et al., 2012) by a
single assessor blinded to farm, parity, stage of lacta-
tion, and presence of a lesion. Two measurements were
taken from the saved images. The first; digital cushion
thickness (DCT) was measured from the distal phalanx
to the interface between the sole horn and the sole soft
tissues, and just cranial to the tuberculum flexorum,
at the thickest part of the digital cushion. This ultra-
sonographic measurement of DCT is not exclusively
that of the digital cushion due to the measurement also
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containing all soft tissues from the distal phalanx to
the sole, including connective tissue and the corium
(Réber et al., 2004). The term sole soft tissue thickness
(Newsome et al., 2017a) is, therefore, more accurate;
however, for consistency with the majority of published
research in this area, and to keep the terms used to
describe the sole soft tissue thickness and sole horn
thickness more distinct, DCT will be used throughout
this article. The second, sole horn thickness (SHT), at
the same location as DCT, measured the entire distance
from the distal phalanx to the boundary between the
sole horn and the standoff, then subtracted the DCT to
calculate the sole horn thickness. Measurements were
only taken if recorded landmarks were identifiable with
confidence. These identifiable landmarks included the
distal phalanx, the tuberculum flexorum, the interface
between the sole and the sole soft tissues, and the inter-
face between the sole and the standoff. The DCT and
SHT (left hind lateral claw) were treated as continuous
variables.

Foot Angle and Heel Depth. The average (arith-
metic mean) foot angle and heel depth across both hind
feet were calculated to create explanatory variables at
cow level. Foot angle and heel depth were analyzed as
continuous variables. Additionally, to aid interpretation
foot angle was also analyzed as a categorical variable.
The foot angle was grouped according to commonly
advised recommendations (Archer et al., 2015). The
first group consisted of cows with a narrow foot angle
(<45°). The second group had a moderate foot angle,
in keeping with the current recommendation (45° - 52°)
and the third group had a wide foot angle (>52°).

Other Explanatory Variables

Farm was included as a 4-level categorical variable.
Parity was grouped into 3 levels according to their
parity at T3-Early; primiparous, second lactation,
and third or higher lactations. Body condition score
was grouped in biologically meaningful groups (<2.5,
2.75-3.25, > 3.5), however due to a small number (<5)
of cases for white line models within each group, this
was treated as a binary variable (<3.25 or > 3.5) for
analyses with white line as the outcome. A binary vari-
able to denote the presence of a previous lesion (at
either T1-Precalving or T2-Calving) using the same
case definition as the outcome variable was created.

Statistical Analyses

To test our hypothesis, explanatory variables were
analyzed at 2 time points (T1-Precalving and T2-Calv-
ing), against 2 different outcomes (Presence of either a
sole lesion or white line lesion at T3-Early) at the cow
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level. Data analysis was undertaken using R Studio (R
Core Team, 2020), with the Tidyverse (Wickham et
al., 2019), Broom (Robinson et al., 2023), performance
(Liidecke et al., 2021), ggeffects (Liidecke, 2018) and
emmeans (Lenth, 2023) packages.

Univariable Analyses

As part of the exploratory analysis univariable
analyses were undertaken with logistic regression using
glm() function. We also tested the pairwise correlations
between explanatory variables (sole temperature, DCT,
SHT, foot angle, and heel depth) at each time point.

Multivariable Analyses

Multivariable models were built to assess the ex-
planatory variables and the outcome, adjusted for po-
tential and known confounders. Directed acyclic graphs
(DAG) were constructed (Lipsky and Greenland, 2022),
with biologically plausible relationships based on prior
literature included (Figure 1).

All explanatory variables identified in the DAG
were submitted to 4 multivariable fixed-effect logistic
regression models. The first model examined the rela-
tionship between T1-Precalving (Model 1a) variables
on the development of white line lesions. Explanatory
and adjusted variables submitted to Model la were
sole horn thickness, digital cushion thickness, sole
temperature, farm, body condition score, parity, and
the presence of a white line lesion. The second exam-
ined the relationship between T2-Calving (Model 1b)
variables on the development of white line lesions. The
explanatory and adjusted variables submitted to Model
1b were sole horn thickness, digital cushion thickness,
sole temperature, foot angle, heel depth, farm, body
condition score, parity, and the presence of a white line
lesion. The third examined the relationship between
T1-Precalving (Model 2a) variables on the development
of sole lesions. The explanatory and adjusted variables
submitted to Model 2a were sole horn thickness, digital
cushion thickness, sole temperature, farm, body condi-
tion score, parity, and the presence of a sole lesion. The
fourth examined the relationship between T2-Calving
(Model 2b) variables on the development of sole lesions.
The explanatory and adjusted variables submitted to
the model were sole horn thickness, digital cushion
thickness, sole temperature, foot angle, heel depth,
farm, body condition score, parity, and the presence
of a sole lesion. Biologically plausible 2-way interac-
tions involving explanatory variables were tested in the
model, evaluated by visual inspection, and models were
compared with a Likelihood Ratio Test (P < 0.05).
Models were evaluated using the performance package.



Griffiths et al.: Foot anatomy and claw horn disruption lesions.

a
'Ie Temperature

N

Previous.n
o ,
BC p \\ ‘ //—ﬂﬁ'ﬁ:

b
&mperature //ﬂ'b .' hickness
o-

Far. \
Sole Horn ‘.ess

Variable

. Adjusted
. Explanatory Variable
. Outcome

rity

.I Depth
.t Angle

Figure 1. Causal diagrams depicting variables at T1-Precalving (a) and T2-Calving (b) contributing to the development of the outcome
(either sole or white line lesions) at T3-Early (Textor and Hardt, 2011; Barrett, 2018). Adjusted = variables identified as having a confound-
ing effect which require conditioning, these were included within the model to limit bias. Explanatory variables = variables of interest within
the study. Outcome = the presence of a sole lesion or white line lesion depending on the model. BCS = body condition score; DCT = Digital

cushion thickness

Log-linearity was assessed by visualizing scatter plots
of explanatory variables against logit values. Multicol-
linearity was assessed for each explanatory variable by
calculating the variance inflation factors (Alin, 2010).
Outliers and influential points were evaluated using
Cooks’ Distance (Cook, 1977). The Hosmer-Lemeshow
test (Lemeshow and Hosmer, 1982) and visualization
of binned residuals (Gelman and Hill, 2006) were used
to evaluate the model fit and the coefficient of dis-
crimination (Tjur’s R?) was calculated to assess the
discriminatory power of the model (Tjur, 2009), with
1 corresponding to perfect discrimination between pre-
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dicted and known disease status and 0 corresponding to
no discriminatory power.

As there are industry recommended levels for SHT
and foot angle; to aid practical interpretation the
model adjusted probabilities of sole lesion and white
line lesion for each category of SHT and foot angle
were calculated, while averaging for the effect of the
other explanatory variables included within the model.
Sole horn thickness was categorized as thin (<5mm),
moderate (5-7mm), and thick (>7mm) (Archer et al.,
2015), the arithmetic mean of each level was then de-
termined and from this, the adjusted probability was
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calculated. Foot Angle was similarly calculated at 3
levels; the first group consisted of cows with a narrow
(<45°) foot angle. The second group had a moderate
(45-52°) foot angle, in keeping with the current recom-
mendation, and the third group had a wide (>52°) foot
angle (Archer et al., 2015), the arithmetic mean was
calculated for each level.

RESULTS
Overview of the Data set

There were 2,348 cows with measurements recorded
at T1-Precalving and 2,220 cows at T2-Calving. In
some cases (n = 38), animals initially enrolled before
parturition were removed from any further analysis
due to the expected calving not occurring. Reasons for
this included abortion, euthanasia due to other health
reasons, or having died. Several records were removed
as they were not sampled within the planned study de-
sign (Supplementary Figure S2, https://data.mendeley
.com/drafts/vk42vz8cht; Griffiths, 2023). Most stage
records excluded occurred at the T1-Precalving time
point as the expected calving date was used, based on
farm records, which on occasion proved inaccurate.
Finally, cows were removed if sole or white line lesion
data were missing (Supplementary Figure S2).

Within our study population the number of case ani-
mals for each lesion are presented below; 589 (27.8%)
and 164 (7.7%) animals displayed a sole lesion or white
line lesion respectively. Sole lesion prevalence was high-
est at T3-Early (27.8%), compared with T1-Precalving
(10.1%) or T2-Calving (8.2%), a similar pattern was
noted with white line lesion prevalence, lesions were
most prevalent at T3-Early (7.7%), followed by T1-
Precalving (6.0%) and T2-Calving (5.7%). Descriptive
information for explanatory variables is provided in
Supplementary Table S2 (https://data.mendeley.com/
drafts/vk42vz8cht; Griffiths, 2023). At T3-Early the
timing of the assessment relative to parturition ranged
from 50 to 127 d post-calving (mean: 84 d, SD: 13.7).

Univariable Analyses

Univariable associations between explanatory, adjust-
ed variables, and the development of a white line lesion
during T3-Early are detailed in Supplementary Table
S3 (https://data.mendeley.com/drafts/vk42vz8cht;
Griffiths, 2023), while univariable associations between
explanatory, adjusted variables, and the development
of a sole lesion during T3-Early are detailed within
Supplementary Table S4 (https://data.mendeley.com/
drafts/vk42vz8cht; Griffiths, 2023). Pairwise Pearson
Correlation Coefficients between explanatory variables
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are described in Supplementary Table S5 (https://data
.mendeley.com/drafts/vk42vz8cht; Griffiths, 2023).

Multivariable Analyses: Overview

No violations of the assumptions regarding multicol-
linearity, log-linearity, and residual distributions were
detected. The Hosmer-Lemeshow test statistic was not
statistically significant (P > 0.05), indicating the fit of
each model was acceptable. The model adjusted prob-
abilities of displaying a white line lesion or sole lesion
at T3-Early were calculated for sole horn thickness and
foot angle and are detailed in Supplementary Table
S6 (https://data.mendeley.com/drafts/vk42vz8cht;
Griffiths, 2023) or Figure 3.

Multivariable Analyses: White Line Lesion

Model 1a. The first model examined explanatory
variables at the T1-Precalving time point. The out-
come was the presence of a white line lesion at the cow
level at T3-Early. Model 1a featured 1,956 cows. The
Tjur’s R* value was 0.038. Significance and effect size
for explanatory variables are presented in Table 1. A
small but statistically significant effect was present for
sole temperature, with a 1°C increase associated with
an increased odds ratio of 1.04 (95% CI: 1.01-1.07, P
= 0.009).

Model 1b. The second model examined explanatory
variables at the T2-Calving time point. The outcome of
the model was presence of a white line lesion at the cow
level at T3-Early. Model 1b featured 2,024 cows and
the significance and effect size for explanatory variables
can be seen in Table 2. The Tjur’s R? value was 0.091.
A 1°C increase in sole temperature was associated with
a very small reduction in the odds of developing a white
line lesion (OR:0.96, CI: 0.93-0.99, P = 0.006).

Multivariable Analyses: Sole Lesion

Model 2a. The first model examined explanatory
variables at the T1-Precalving time point. The out-
come of the model was the presence of a sole lesion
at the cow level at T3-Early. Model 2a featured 1,960
cows. The Tjur R* was 0.125. Significance and effect
sizes are presented in Table 3. Digital cushion thickness
was significantly associated with the development of
sole lesions (OR: 0.68, 95% CI: 0.52-0.87, P = 0.003),
however, there was an interaction between DCT and
parity (second lactation; OR: 0.95, 95% CI: 0.63-1.41,
P = 0.787, third or higher lactation; OR: 1.56, 95%
CI: 1.14-2.15, P = 0.006, Figure 2a). Sole temperature
was also significantly associated with the develop-
ment of sole lesions (OR: 1.06, 95% CI: 1.02-1.09, P =
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Figure 2. Interactions presented from the fixed effect logistic regression model (Model 2a) examining the association between foot conforma-
tion traits at T1-Precalving and the development of sole lesions during early lactation (T3-Early). a) The interaction between digital cushion
thickness (mm) and parity on the model predicted probability of developing a sole lesion at T3-Early. b) The interaction between ambient cor-
rected sole temperature and parity on the model predicted probability of developing a sole lesion at T3-Early

0.002), however, there was an interaction with parity
(second lactation; OR: 0.92, 95% CI: 0.88-0.97, P =
0.001, third or higher; OR: 0.96, 95% CI: 0.92-1.00, P
= 0.033, Figure 2b). Finally, SHT was significantly as-
sociated (OR: 0.88, 95% CI: 0.83-0.93, P < 0.001) with
the development of sole lesions, however, there was an
interaction with whether a sole lesion was already pres-
ent (sole lesion present; OR: 1.23, 95% CI:1.09-1.40, P
= 0.001, Figure 3).
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Model 2b. The second model examined explanatory
variables at the T2-Calving time point. The outcome
of this model was the presence of a sole lesion at the
cow level at T3-Early. The Tjur R* was 0.136. Model
2b featured 2027 cows. Significance and effect sizes are
presented in Table 4. Digital cushion thickness (OR:
0.74, 95% CI: 0.65-0.84, P < 0.001), sole horn thickness
(OR: 0.88, 95% CI: 0.83-0.93, P < 0.001), and sole
temperature (OR: 1.03, 95% CI: 1.02-1.05, P < 0.001)
were all associated with the development of sole lesions.
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DISCUSSION

An increased sole horn thickness at both T1-Precalv-
ing and T2-Calving was associated with reduced odds
of developing a sole lesion. The reported normal sole
horn thickness is 8-15 mm at the heel-sole junction
(van Amstel et al., 2002), and the average sole horn
thickness in our study was within the reported normal
range at both time points. Some variation was noted
with 67 out of 1982 (3.38%) cows before calving and
23 out of 2082 (1.1%) cows immediately post-calving
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displaying thin soles when using the recommended
minimum sole horn thickness of 5 mm (Archer et al.,
2015). Thin soles are the result of overtrimming or an
imbalance between horn growth and horn wear. In-
creased wear can be triggered by housing factors or an
increased water content within the claw horn (Manske,
2002; van Amstel et al., 2002; Fiihrer et al., 2019). Most
weight bearing is shared between the sole, heel bulb,
and the wall of the claw (van der Tol et al., 2003).
The weight-bearing capacity of the wall is reduced as
the sole comes into increasing contact, due to increased

Presence of a Sole Lesion

—— No Sole Lesion
—— Sole Lesion
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Figure 3. Interaction presented from the fixed effect logistic regression model (Model 2a) examining the association between foot conforma-
tion traits at T1-Precalving and the development of sole lesions during early lactation (T3-Early). The interaction between the presence of a sole
lesion at T1-Precalving and sole horn thickness on the model predicted probability of developing a sole lesion at T3-Early
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Table 1. Model 1a; categorical and continuous risk factors at the T1-Precalving time point associated with the presence of a white line lesion
on any foot at the T3 time point as the outcome. The model featured 146 (7.5%) case animals and 1,810 (92.5%) control animals. Odds ratios

for continuous variables are calculated for every one-unit increase

Odds Ratio 95%

Variable Category 0Odds Ratio Confidence Interval P value
Farm Farm A Reference
Farm B 0.40 0.21 - 0.77 0.006
Farm C 0.38 0.22 - 0.69 0.001
Farm D 0.31 0.13 - 0.72 0.008
Parity First Lactation Reference
Second Lactation 1.36 0.72 — 2.64 0.354
Third or higher Lactations 2.81 1.56 — 5.26 0.001
Digital Cushion Thickness Continuous Variable 1.18 0.97 - 1.45 0.104
Sole Temperature (°C) Continuous Variable 1.04 1.01 - 1.07 0.009
Sole Horn Thickness Continuous Variable 1.04 0.96 - 1.13 0.342
Presence of a White Line Lesion at No White Line Lesion Reference
T1-Precalving White Line Lesion Present 1.96 1.09 - 3.35 0.018
Body Condition Score <3.25 Reference
>3.5 1.18 0.80 - 1.73 0.405

wear (Telezhenko et al., 2008). A thin sole is thought
to disrupt load bearing, triggering compression of the
corium and damage to keratinocytes resulting in sole
hemorrhage and sole ulcers (Archer et al., 2015).

A sole lesion or not before calving significantly affect-
ed whether a thicker sole was protective or if it increased
the risk of that animal developing a lesion during early
lactation. We found animals with both a sole lesion
before calving and a thicker sole were at greater risk of
developing a subsequent lesion during early lactation.
Lameness has been shown to change animal behavior,
with lame cows spending more time resting (Blackie
et al., 2011; Weigele et al., 2018), less time moving
around the housing (Singh et al., 1993), and less time in
feeding areas (Palmer et al., 2012; Vazquez Diosdado et
al., 2018). This change in behavior before calving alters
weight-bearing, resulting in thicker soles due to reduced

horn wear and subsequent higher local maximum pres-
sures in softer parts of the claw such as the heel and the
sole (van der Tol et al., 2003; van der Tol et al., 2004).
Animals that have a history of lameness-causing lesions
are predisposed to suffer subsequent lesions, with ex-
ostosis on the palmar or plantar aspect of the distal
phalanx hypothesized to be an exacerbating factor
(Foditsch et al., 2016; Newsome et al., 2016; Randall et
al., 2016). Exostosis compromises the claw’s functional
capacity to cope with the local pressure applied to the
sole during movement and therefore may compound the
threat from overloading, possibly at a thickness of sole
previously considered normal. Altered weight-bearing
onto non-painful claws in combination with possible
exostosis from previous lesions could also increase the
risk of subsequently developing a sole lesion.

Table 2. Model 1b; categorical and continuous risk factors at the T2-Calving time point associated with the presence of a white line lesion on
any foot at the T3 time point as the outcome. The model featured 155 (7.7%) case animals and 1,869 (92.3%) control animals. Odds ratios for

continuous variables are calculated for every one-unit increase

Odds Ratio 95%

Variable Category Odds Ratio Confidence Interval P value
Farm Farm A Reference

Farm B 0.52 0.27 - 1.03 0.056

Farm C 0.44 0.24 - 0.84 0.010

Farm D 0.25 0.10 — 0.58 0.002
Parity First Lactation Reference

Second Lactation 1.25 0.68 — 2.35 0.472

Third or higher Lactations 2.68 1.54 — 4.85 0.001
Digital Cushion Thickness Continuous Variable 1.11 0.90 - 1.37 0.330
Sole Temperature (°C) Continuous Variable 0.96 0.93 - 0.99 0.006
Sole Horn Thickness Continuous Variable 1.03 0.95 - 1.12 0.409
Foot Angle Continuous Variable 0.95 0.90 - 1.01 0.129
Heel Depth Continuous Variable 1.00 0.96 — 1.05 0.858
Presence of a White Line Lesion at No White Line Lesion Reference
T2-Calving White Line Lesion Present 5.49 3.47 — 8.58 <0.001
Body Condition Score <3.25 Reference

>3.5 0.90 0.63 - 1.29 0.572
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Table 3. Model 2a; categorical and continuous risk factors at T'1-Precalving associated with the presence of a Sole Lesion on any foot at the T3
time point as the outcome. The model featured 524 (26.7%) case animals and 1,436 (73.3%) control animals. Odds ratios for continuous variables

are calculated for every one-unit increase

Odds Ratio 95%

Variable Category Odds Ratio Confidence Interval P value
Farm Farm A Reference
Farm B 0.44 0.27 - 0.73 0.002
Farm C 0.66 0.41 - 1.05 0.077
Farm D 1.02 0.58 - 1.79 0.956
Parity First Lactation Reference
Second Lactation 1.45 0.10 — 20.93 0.782
Third or higher Lactations 0.10 0.01 - 0.80 0.031
Digital Cushion Thickness Continuous Variable 0.68 0.52 — 0.87 0.003
(mm)
Sole Horn Thickness (mm) Continuous Variable 0.88 0.83 - 0.93 <0.001
Sole Temperature (°C) Continuous Variable 1.06 1.02 - 1.09 0.002
Presence of a Sole Lesion at No Reference
T1-Precalving Yes 0.84 0.27 — 2.59 0.764
Body Condition Score <2.5 0.84 0.40 - 1.70 0.640
2.75 - 3.25 Reference
>3.5 0.75 0.57 - 0.98 0.036
Parity*Digital Cushion First Lactation*1mm increase Reference
Thickness (mm) Second Lactation*1mm increase 0.95 0.63 - 1.41 0.787
Third or higher Lactations*1lmm increase 1.56 1.14 - 2.15 0.006
Parity*Sole Temperature (°C) First Lactation*1°C increase Reference
Second Lactation*1°C increase 0.92 0.88 - 0.97 0.001
Third or higher Lactations*1°C increase 0.96 0.92 - 1.00 0.033
Sole Horn Thickness (mm)* No Lesion present Reference
Presence of a Sole Lesion at Lesion present and 1mm increase in Sole Horn 1.23 1.09 - 1.40 0.001

T1-Precalving Thickness

A thin digital cushion before and shortly after calv-
ing was associated with increased odds of developing a
sole lesion during the early lactation period. The digital
cushion protects the sensitive horn-producing keratino-
cytes within the corium during normal weight-bearing
and ambulation. Our results are consistent with sev-
eral studies associating a thin digital cushion in dairy
cows with CHDL (Bicalho et al., 2009; Machado et al.,
2011). Our findings are in agreement with Newsome et
al. (2017a), Stambuk et al. (2019), and Griffiths et al.
(2020) who described cows with thin digital cushions to
have an increased risk of subsequent lameness and le-
sion occurrence. There are 2 main mechanisms explain-
ing the association between thin digital cushions and
the development of CHDL. The first is that of tissue
mobilization. The digital cushion is composed of fat
and connective tissue (Réber et al., 2004). Cows are at
increased risk of fat mobilization during early lactation
to support the demands of milk production. Griffiths
et al. (2020) found that a one-point increase in BCS
was associated with a 0.3 mm estimated increase in the
digital cushion depth, and while Newsome et al. (2017b)
found no such association with body condition score, a
10 mm difference in measured back fat thickness was
associated with a 0.13 mm difference in digital cushion
thickness. Rather than the digital cushion becoming
depleted, it is alternatively hypothesized that these tis-
sues are becoming compressed through a weakening of
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the suspensory apparatus resulting in sinkage of the
distal phalanx. A significant association between partu-
rition and laxity of the suspensory apparatus has been
found. This “calving effect” was noted to be fibrogenic
in origin and hypothesized to be the result of hormonal
changes associated with normal parturition (Knott et
al., 2007).

While overall a thick digital cushion before calving
is associated with reduced odds of developing a sole
lesion, animals in their third lactation or higher with
thicker digital cushions had increased odds compared
with their lower parity herd mates. First lactation
animals display sparse amounts of fat, with the digital
cushion mainly composed of loose connective tissue
instead. As parity increases fat becomes the dominant
material. Beyond the third parity, however, the digital
cushion overall is reduced in size and the composition
is dominated by connective tissue (Réber et al., 2004).
A history of CHDL is associated with chronic damage
within the foot, which increases the likelihood of cows
with a history of lameness developing further lesions
(Newsome et al., 2016; Randall et al., 2016; Wilson
et al., 2021). Damage acquired from previous lameness
events could be responsible for the overall reduction
in size as chronic inflammation leads to a greater
proportion of connective tissue and mineralized tissue
deposition. Due to the compromised function of the
digital cushion thickness, these animals would be at an
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increased risk of acute inflammation associated with
a lameness event shortly before enrolment which may
result in an accompanying increase in the thickness of
the digital cushion. While digital cushion thickness was
associated with sole lesions; it was not associated with
white line lesions pre- or post-calving. Given the digital
cushion is proposed to support the tissues underlying
the pedal bone, the lack of association with white line
lesions is perhaps not unexpected. Newsome et al.
2017a also found a lack of association, however this was
likely due to a small number of white line lesions within
their cohort.

In our study, an increase of 1°C in sole temperature
shortly after calving was associated with the develop-
ment of a sole lesion during the early lactation period.
Previous studies have found an association between an
increased foot temperature at the time of diagnosis of
sole lesions (Main et al., 2012), foot lesions (Stokes et
al., 2012) or lameness (Oikonomou et al., 2014; Rodri-
guez et al., 2016), however Wilhelm et al. (2015) did
not find a significant association between a total claw
lesion score and concurrent claw temperature. While
our study found a small effect size, lesions found on
feet have typically recorded increased temperatures of
between 2.5°C and 5°C (Main et al., 2012; Stokes et
al., 2012). Sole horn has been highlighted as a poor
conductor of heat (Jantscher et al., 2003), therefore the
increase in temperature associated with inflammation
could be underestimated. If thermography is a proxy
measure for the inflammatory status of the corium,
then increased sole temperatures shortly after calving
could be indicative that the corium is inflamed at this
time. Parturition results in substantial biomechanical
changes within the bovine hoof, including increased
laxity of the suspensory apparatus (Tarlton et al., 2002;
Knott et al., 2007). While this “calving effect” on the
hoof connective tissue is a fibrogenic change (Tarlton
et al., 2002), these changes could lead to an inflam-
matory response should the corium become contused,
with sole lesions becoming visible as the horn above
wears away. This is somewhat supported by Wilson et
al. (2022); when cows were treated with a non-steroidal
anti-inflammatory drug at calving and at treatment for
lameness, in addition to prompt and effective treat-
ment of lameness events during the study, there was a
significantly reduced probability of lameness compared
with those only receiving a block when trimmed.

An increased foot angle at T2-Calving was not sig-
nificantly associated with either sole lesion or white line
lesion development in the multivariable analysis. Foot
angle is included within the lameness advantage index
which is associated with the incidence of sole hemor-
rhage, sole ulcers, and lameness (Barden et al., 2022).
Van Dorp et al. (2004) highlighted that cows with a
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steeper foot angle trait had genetically significantly bet-
ter locomotion, while Kougioumtzis et al. (2014) found
an intermediate foot angle breeding trait was related
to reduced lameness, with a steeper angle preferable.
A shallow foot angle trait was associated with worse
locomotion (Boelling and Pollott, 1998). Cows had an
8% reduction in the odds of being clinically lame (based
on mobility scores) when the foot angle increased by 1°
(Wells et al., 1993). However, we measured foot angle
before the lesion of interest occurred, while the Wells et
al. (1993) study was measuring clinical lameness at the
same time as foot angle was recorded.

Heel depth was not significantly associated with the
development of either sole or white line lesion when
other foot anatomy variables are considered. Heel depth
has been suggested to be the least useful trait to assess
the shape and size of feet from dairy cattle (Boelling
and Pollott, 1998).

Sole horn thickness, foot angle, and heel depth are
all key characteristics utilized by foot trimmers when
undertaking preventative foot trimming. Our results
suggest that sole horn thickness is the most impor-
tant of these characteristics. Sole horn thickness was
significantly associated with the development of sole
lesions in the multivariable analysis when all other foot
anatomy traits were accounted for, while foot angle and
heel depth were not significantly associated with lesion
development. Sole horn thickness is therefore likely the
variable of most importance in the development of sole
lesions. Our study did not feature a large number of
cows with extreme foot angles or cows with overgrown
sole horn (Supplementary Table S2) and therefore the
conclusions drawn should reflect normal preventative
trims. The role foot angle has in the development of
CHDL may therefore be more important in herds with
poor routine foot trimming, resulting in extreme foot
angles. Overtrimming the individual cow is an impor-
tant consideration and enough sole horn should be left
in situ such that the sole horn can provide adequate
protection to the claws from the environment. Sole
horn thickness measurements collected via ultrasonog-
raphy, showed high correlation coefficients (Kofler et
al., 1999; Laven et al., 2012), between ultrasonographic
and anatomical measurements. A study by Bach et al.
(2019) demonstrated a correlation coefficient of 0.7,
however, they highlighted that thicker soles were likely
to be underestimated using ultrasonography. Our study
showed that cows with thicker soles were less likely to
develop sole lesions. The current recommendation of
5-Tmm (Davy et al., 2023) may need to be reconsidered
in favor of a thicker sole. Given that our results show
thicker sole horn is protective even when likely underes-
timated, a conservative recommendation of 10 mm may
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Table 4. Model 2b; categorical and continuous risk factors at T2-Calving associated with the presence of a Sole Lesion on any foot at the T3
time point as the outcome. The model featured 554 (27.3%) case animals and 1,473 (72.7%) control animals. Odds ratios for continuous variables

are calculated for every one-unit increase

Odds Ratio 95%

Variable Category Odds Ratio Confidence Interval P value
Farm Farm A Reference

Farm B 0.40 0.25 - 0.65 <0.001

Farm C 0.51 0.32 -0.79 0.003

Farm D 0.95 0.56 — 1.60 0.845
Parity First Lactation Reference

Second Lactation 0.36 0.26 — 0.50 <0.001

Third or higher Lactations 1.27 0.94 - 1.73 0.123
Digital Cushion Thickness (mm) Continuous Variable 0.74 0.65 — 0.84 <0.001
Sole Horn Thickness (mm) Continuous Variable 0.88 0.83 - 0.93 <0.001
Sole Temperature (°C) Continuous Variable 1.03 1.02 - 1.05 <0.001
Foot Angle Continuous Variable 1.00 0.97 - 1.05 0.821
Heel Depth Continuous Variable 1.00 0.97 - 1.02 0.748
Presence of a Sole Lesion at T2-Calving No Reference

Yes 3.37 2.34 - 4.86 <0.001
Body Condition Score <2.5 2.86 1.50 - 5.47 0.001

2.75 - 3.25 Reference

>3.5 0.99 0.79 - 1.25 0.943

be more appropriate, but further research to test this
hypothesis is needed.

There are limitations to our study, which need to
be taken into consideration when interpreting our find-
ings. Our results are from cows enrolled from only 4
dairy farms, which although feature common operating
practices to many UK commercial dairy farms, could
not be considered representative of the full spectrum of
dairy farms. At T3-Early there was variation in days
in milk, as sole lesions were grouped into severe sole
hemorrhage and sole ulcers the authors do not antici-
pate that this variation will have an effect on the case
definition of these animals. Furthermore Newsome et
al. (2017b) found the DCT to be very similar across 2
time points which roughly correspond to the range of
days in milk featured in our study. While over 90% of
lesion assessments were undertaken by a single person,
no formal measure of agreement between researchers
was calculated. There is a small risk that when only a
small amount of horn was removed to detect lesions in
primiparous animals at T1-Precalving and T2-Calving
that small deep lesions may have been missed. This
may have affected whether a previous lesion was noted
during T1-Precalving or T2-Calving for heifers. The
wider modeling was still apparent in multiparous ani-
mals at T2-Calving and therefore the removal of a thin
layer of horn would have revealed the presence of any
lesions. This study utilized detailed lesion records col-
lected during the study period, we did not however in-
clude lesion history before enrolment within the study
due to the variable reporting quality of lesion data by
farms. As previously discussed, sole horn thickness was
measured using stored ultrasound images; cows with
a thicker sole were likely to be underestimated using
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ultrasonography (Bach et al., 2019). The measure-
ment of sole horn thickness is not easy to accomplish;
pressure applied to the sole has been advocated but
is subjective (van Amstel et al., 2003). We measured
sole temperature at the sole surface and the size of the
sole horn may affect how much heat is emitted from
the foot, thereby affecting the heat signature recorded.
Gross contamination of the foot was removed using a
paper towel, sole temperature was corrected for ambi-
ent temperature and the foot was not trimmed before
measurement, therefore several of the key factors previ-
ously associated with changes to foot temperature were
appropriately managed. The assessor was blinded to
lesion presence and stage but not farm when reading
the thermography images, however the software tool
used is automated and therefore the risk of bias is low.
We analyzed our data at the cow level, and therefore
the association between the presence of a previous sole
or white line lesion and a subsequent lesion during early
lactation is therefore not claw specific. Newsome et al.
(2017a) reported similar results to our study when
analyzing claw-level data. No significant difference in
digital cushion volume has been found between the
hindlimbs (Wilson et al., 2021), therefore we believe
that the hind left lateral claw is an adequate proxy for
that of the hind right lateral claw, given the lateral claw
of hindfeet are where most lesions occur (Murray et al.,
1996). No conclusion can be drawn about the relative
content of connective tissue to adipose tissue within the
digital cushion thickness due to the method of imaging
used, the composition of which may affect the capacity
of force dissipation. Finally, the ultrasound measure-
ments recorded were on lifted feet. Bach et al. (2019)
have developed a novel method of scanning the digital
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cushions while weight-bearing, and while the sample
size is small, it does suggest that the weight-bearing
yields different digital cushion thickness measurements
to lifted feet.

There are however several strengths to the study; it
is the largest study of its kind and a large number of
detailed lesion records were collected primarily by a
single experienced assessor. The explanatory variables
were measured objectively using ultrasound, infrared
thermography, and calipers and these thermographic
and ultrasound images were both assessed after data
collection ceased by a single assessor blinded to parity,
lesion, and stage and blinded to farm in the case of the
ultrasonographic assessor.

CONCLUSIONS

The results from our prospective cohort study con-
firm the importance of digital cushion thickness in the
occurrence of sole lesions during the early lactation
period. We suggest a potential disparity in etiopatho-
genesis between sole lesions and white line lesions. Foot
angle and heel depth at calving were not found to be
significantly associated with the development of either
sole lesions or white line lesions, however, sole horn
thickness was shown in our study to be significantly
associated with the risk of developing sole lesions and
the direction of this association before calving was de-
pendent on the presence of a sole lesion at the time
of measurement. An increased sole temperature was
associated with the development of both sole and white
line lesions. Particular care should be taken when trim-
ming and managing cows so that adequate sole horn
thickness is maintained.

ACKNOWLEDGMENTS

This study was part of a wider project funded by
UK Biotechnology and Biological Sciences Research
Council (BBSRC; Swindon, UK; Council References:
BB/S002960/1, BB/S002944/1, BB/S003614/1) and
constitutes part of a PhD funded by the Agricultural
and Horticultural Development Board and BBSRC.
The authors wish to thank the herd managers who
consented to participate in this study and the farm
staff who accommodated us. Special thanks also go to
Mollie Rudd, Kerry Long, Amy Russon, Konstantinos
Georgakoudis, Theologia Menka, Konstantina Ka-
siora, Charlotte Smith, Aiglyne Chaperone, and Ioanna
Soumtaki for assisting in data collection. The authors
have no conflict of interest to disclose.

Journal of Dairy Science Vol. TBC No. TBC, TBC

REFERENCES

Alin, A. 2010. Multicollinearity. Wiley Interdiscip. Rev. Comput. Stat.
2:370-374. https://doi.org/10.1002/wics.84.

Alsaaod, M., A. Schaefer, W. Biischer, and A. Steiner. 2015. The Role
of Infrared Thermography as a Non-Invasive Tool for the Detec-
tion of Lameness in Cattle. Sensors (Basel) 15:14513-14525. https:
//doi.org/10.3390/s150614513.

Anagnostopoulos, A., M. Barden, J. Tulloch, K. Williams, B. Griffiths,
C. Bedford, M. Rudd, A. Psifidi, G. Banos, and G. Oikonomou.
2021. A study on the use of thermal imaging as a diagnostic tool
for the detection of digital dermatitis in dairy cattle. J. Dairy Sci.
104:10194-10202. https://doi.org/10.3168/jds.2021-20178.

Archer, S. C.; R. Newsome, H. Dibble, C. J. Sturrock, M. G. G. Cha-
gunda, C. S. Mason, and J. N. Huxley. 2015. Claw length recom-
mendations for dairy cow foot trimming. Vet. Rec. 177:222. https:
//doi.org/10.1136/vr.103197.

Bach, K., S. S. Nielsen, A. M. Danscher, and N. Capion. 2019. Ultra-
sonographical examination of bovine claws through the sole horn
on weight-bearing claws. J. Dairy Sci. 102:4364-4375. https://doi
.org/10.3168/jds.2018-14803.

Barden, M., A. Anagnostopoulos, B. E. Griffiths, C. Bedford, M. Win-
ters, B. Li, M. Coffey, A. Psifidi, G. Banos, and G. Oikonomou.
2022. Association between a genetic index for lameness resistance
and the incidence of claw horn lesions in Holstein cows. Vet. Rec.
191:1632. https://doi.org/10.1002/vetr.1632.

Barker, Z. E., J. R. Amory, J. L. Wright, S. A. Mason, R. W. Blowey,
and L. E. Green. 2009. Risk factors for increased rates of sole ul-
cers, white line disease, and digital dermatitis in dairy cattle from
twenty-seven farms in England and Wales. J. Dairy Sci. 92:1971-
1978. https://doi.org/10.3168/jds.2008-1590.

Barrett, M. 2018. ggdag: Analyze and create elegant directed acyclic
graphs. R Packag. version 0.1. 0.

Bergsten, C. 1994. Haemorrhages of the sole horn of dairy cows as a
retrospective indicator of laminitis: An epidemiological study. Acta
Vet. Scand. 35:55-66. https://doi.org/10.1186/BF03548355.

Berry, R. J., A. D. Kennedy, S. L. Scott, B. L. Kyle, and A. L. Schae-
fer. 2003. Daily variation in the udder surface temperature of dairy
cows measured by infrared thermography: Potential for mastitis
detection. Can. J. Anim. Sci. 83:687-693. https://doi.org/10.4141/
A03-012.

Bicalho, R. C. C., V. S. S. Machado, and L. S. S. Caixeta. 2009. Lame-
ness in dairy cattle: A debilitating disease or a disease of debili-
tated cattle? A cross-sectional study of lameness prevalence and
thickness of the digital cushion. J. Dairy Sci. 92:3175-3184. https:
//doi.org/10.3168/jds.2008-1827.

Blackie, N.; J. Amory, E. Bleach, and J. Scaife. 2011. The effect of
lameness on lying behaviour of zero grazed Holstein dairy cattle.
Appl. Anim. Behav. Sci. 134:85-91. https://doi.org/10.1016/j
.applanim.2011.08.004.

Boelling, D., and G. E. Pollott. 1998. Locomotion, lameness, hoof
and leg traits in cattle I. Phenotypic influences and relationships.
Livest. Prod. Sci. 54:193-203. https://doi.org/10.1016/S0301
-6226(97)00166-8.

Bran, J. A., J. H. C. Costa, M. A. G. von Keyserlingk, and M. J. Hot-
zel. 2019. Factors associated with lameness prevalence in lactating
cows housed in freestall and compost-bedded pack dairy farms in
southern Brazil. Prev. Vet. Med. 172:104773. https://doi.org/10
.1016/j.prevetmed.2019.104773.

Charfeddine, N., and M. Pérez-Cabal. 2016. Effect of claw disorders
on milk production, fertility, and longevity, and their economic
impact in Spanish Holstein cows. J. Dairy Sci. 100:381-391. https:
//doi.org/10.3168/jds.2016-11434.

Cook, R. D. 1977. Detection of Influential Observation in Linear
Regression. Technometrics 19:15-18. https://doi.org/10.1080/
00401706.1977.10489493.

Davy, W., I. Chantziaras, and G. Opsomer. 2023. Current practices in
preventive hoof trimming in dairy cattle: preliminary results of an
international survey. European Buiatrics Conference. Berlin, 2023.


https://doi.org/10.1002/wics.84
https://doi.org/10.3390/s150614513
https://doi.org/10.3390/s150614513
https://doi.org/10.3168/jds.2021-20178
https://doi.org/10.1136/vr.103197
https://doi.org/10.1136/vr.103197
https://doi.org/10.3168/jds.2018-14803
https://doi.org/10.3168/jds.2018-14803
https://doi.org/10.1002/vetr.1632
https://doi.org/10.3168/jds.2008-1590
https://doi.org/10.1186/BF03548355
https://doi.org/10.4141/A03-012
https://doi.org/10.4141/A03-012
https://doi.org/10.3168/jds.2008-1827
https://doi.org/10.3168/jds.2008-1827
https://doi.org/10.1016/j.applanim.2011.08.004
https://doi.org/10.1016/j.applanim.2011.08.004
https://doi.org/10.1016/S0301-6226(97)00166-8
https://doi.org/10.1016/S0301-6226(97)00166-8
https://doi.org/10.1016/j.prevetmed.2019.104773
https://doi.org/10.1016/j.prevetmed.2019.104773
https://doi.org/10.3168/jds.2016-11434
https://doi.org/10.3168/jds.2016-11434
https://doi.org/10.1080/00401706.1977.10489493
https://doi.org/10.1080/00401706.1977.10489493

Griffiths et al.: Foot anatomy and claw horn disruption lesions.

Drackley, J. K. 1999. Biology of Dairy Cows During the Transition
Period: the Final Frontier? J. Dairy Sci. 82:2259-2273. https://doi
.org/10.3168/jds.S0022-0302(99) 75474-3.

Egger-Danner, C., P. Nielsen, A. Fiedler, K. Miiller, T. Fjeldaas, D.
Dopfer, V. Daniel, C. Bergsten, G. Cramer, A.M. Christen, K.F.
Stock, G. Thomas, M. Holzhauer, A. Steiner, J. Clarke, N. Capion,
N. Charfeddine, E. Pryce, E. Oakes, J. Burgstaller, B. Heringstad,
C. @degard, and J. Kofler. 2014. ICAR Claw Health Atlas.

Espejo, L., M. I. Endres, and J. A. Salfer. 2006. Prevalence of lame-
ness in high-producing holstein cows housed in freestall barns in
Minnesota. J. Dairy Sci. 89:3052-3058. https://doi.org/10.3168/
jds.S0022-0302(06)72579-6.

Ferguson, J. D.; D. T. Galligan, and N. Thomsen. 1994. Principal De-
scriptors of Body Condition Score in Holstein Cows. J. Dairy Sci.
77:2695-2703.  https://doi.org/10.3168/jds.S0022-0302(94) 77212
-X.

Foditsch, C., G. Oikonomou, V. S. Machado, M. L. Bicalho, E. K.
Ganda, S. F. Lima, R. Rossi, B. L. Ribeiro, A. Kussler, and R. C.
Bicalho. 2016. Lameness prevalence and risk factors in large dairy
farms in upstate New York. Model development for the prediction
of claw horn disruption lesions. PLoS One 11:1-15. https://doi
.org/10.1371 /journal.pone.0146718.

Fihrer, G., A. Majoros Osova, C. Vogl, J. Kofler, A. M. Osov4, C.
Vogl, and J. Kofler. 2019. Prevalence of thin soles in the hind limbs
of dairy cows housed on fully-floored vs. partially-floored mastic
asphalt areas in Austria. Vet. J. 254:105409. https://doi.org/10
.1016/5.tvj1.2019.105409.

Gelman, A., and J. Hill. 2006. Data Analysis Using Regression and
Multilevel /Hierarchical Models. Analytical Methods for Social Re-
search. Cambridge University Press.

Griffiths, B. E., P. J. Mahen, R. Hall, N. Kakatsidis, N. Britten, K.
Long, L. Robinson, H. Tatham, R. Jenkin, and G. Oikonomou.
2020. A Prospective Cohort Study on the Development of Claw
Horn Disruption Lesions in Dairy Cattle; Furthering our Under-
standing of the Role of the Digital Cushion. Front. Vet. Sci. 7:440.
https://doi.org/10.3389/fvets.2020.00440.

Griffiths, B. E.; D. G. White, and G. Oikonomou. 2018. A cross-sec-
tional study into the prevalence of dairy cattle lameness and as-
sociated herd-level risk factors in England and Wales. Front. Vet.
Sci. 5:65. https://doi.org/10.3389/fvets.2018.00065.

Hoblet, K. H., and W. Weiss. 2001. Metabolic Hoof Horn Disease
Claw Horn Disruption. Vet. Clin. North Am. Food Anim. Pract.
17:111-127. https://doi.org/10.1016/S0749-0720(15)30057-8.

Jantscher, H., J. Kofler, J. Haller, and G. Windischbauer. 2003. MES-
SUNG DER WARMELEITFAHIGKEIT DES SOHLENHORNS
VON RINDERKLAUEN IM HINBLICK AUF THERMISCHE
SCHADIGUNG DER SOHLENLEDERHAUT BEI DER MAS-
CHINELLEN KLAUENPFLEGE. Biomed. Eng. Biomed. Tech.
(Berl.) 48:292-293. https://doi.org/10.1515/bmte.2003.48.51.292.

Knott, L., J. F. Tarlton, H. Craft, and A. J. F. Webster. 2007. Effects
of housing, parturition and diet change on the biochemistry and
biomechanics of the support structures of the hoof of dairy heifers.
Vet. J. 174:277-287. https://doi.org/10.1016/j.tvj1.2006.09.007.

Kofler, J., P. Kubber, and W. Henninger. 1999. Ultrasonographic im-
aging and thickness measurement of the sole horn and the underly-
ing soft tissue layer in bovine claws. Vet. J. 157:322-331. https://
doi.org/10.1053/tvjl.1998.0315.

Kougioumtzis, A., G. E. Valergakis, G. Oikonomou, G. Arsenos, and
G. Banos. 2014. Profile and genetic parameters of dairy cattle
locomotion score and lameness across lactation. Animal 8:20-27.
https://doi.org/10.1017/S1751731113001717.

Laven, L. J., J. K. Margerison, and R. A. Laven. 2012. Validation of a
portable ultrasound machine for estimating sole thickness in dairy
cattle in New Zealand. N. Z. Vet. J. 60:123-128. https://doi.org/
10.1080/00480169.2011.644215.

Lemeshow, S., and D. W. Hosmer Jr.. 1982. A review of goodness
of fit statistics for use in the development of logistic regression
models. Am. J. Epidemiol. 115:92-106. https://doi.org/10.1093/
oxfordjournals.aje.al13284.

Lenth, R. V. 2023. emmeans: Estimated Marginal Means, aka Least-
Squares Means.

Journal of Dairy Science Vol. TBC No. TBC, TBC

Li, B., M. Barden, V. Kapsona, E. Sdnchez-Molano, A. Anagnostopou-
los, B. E. Griffiths, C. Bedford, X. Dai, M. Coffey, A. Psifidi, G.
Oikonomou, and G. Banos. 2023. Single-step genome-wide associa-
tion analyses of claw horn lesions in Holstein cattle using linear
and threshold models. Genet. Sel. Evol. 55:1-15. https://doi.org/
10.1186/s12711-023-00784-4.

Lipsky, A. M., and S. Greenland. 2022. Causal Directed Acyclic
Graphs. JAMA 327:1083-1084. https://doi.org/10.1001/jama
.2022.1816.

Lischer, C. J., and P. Ossent. 2001. Pathogenesis of Sole Lesions. Proc.
12th Int. Symp. Lameness Ruminants, Orlando, FL.

Little, R.J.A., and D.B. Rubin. 2002. Statistical Analysis with Missing
Data. John Wiley & Sons, Incorporated, Newy York, UNITED
STATES.

Liidecke, D. 2018. ggeffects: Tidy Data Frames of Marginal Effects
from Regression Models. J. Open Source Softw. 3:772. https://doi
.org/10.21105 /joss.00772.

Liidecke, D., M. S. Ben-Shachar, 1. Patil, P. Waggoner, and D. Ma-
kowski. 2021. {performance}: An {R} Package for Assessment,
Comparison and Testing of Statistical Models. J. Open Source
Softw. 6:3139. https://doi.org/10.21105/joss.03139.

Machado, V. S., L. S. Caixeta, and R. C. Bicalho. 2011. Use of data
collected at cessation of lactation to predict incidence of sole ulcers
and white line disease during the subsequent lactation in dairy
cows. Am. J. Vet. Res. 72:1338-1343. https://doi.org/10.2460/ajvr
.72.10.1338.

Main, D. C. J., J. E. Stokes, J. D. Reader, and H. R. Whay. 2012. De-
tecting hoof lesions in dairy cattle using a hand-held thermometer.
Vet. Rec. 171:504. https://doi.org/10.1136/vr.100533.

Manske, T. 2002. Hoof Lesions and Lameness in Swedish Dairy Cat-
tle. Prevalence, risk factors, effects of claw trimming, and conse-
quences for productivity. Doctoral thesis. Swedish University of
Agricultural Sciences

Manske, T., J. Hultgren, and C. Bergsten. 2002. The effect of claw
trimming on the hoof health of Swedish dairy cattle. Prev. Vet.
Med. 54:113-129. https://doi.org/10.1016/S0167-5877(02)00020
-X.

Murray, R. D., D. Y. Downham, M. J. Clarkson, W. B. Faull, J. W.
Hughes, F. J. Manson, J. B. Merritt, W. B. Russell, J. E. Sutherst,
and W. R. Ward. 1996. Epidemiology of lameness in dairy cattle:
description and analysis of foot lesions. Vet. Rec. 138:586-591.
https://doi.org/10.1136/vr.138.24.586.

Newsome, R., M. Green, N. Bell, N. Bollard, C. Mason, H. Whay, and
J. Huxley. 2017a. A prospective cohort study of digital cushion
and corium thickness. Part 2: Does thinning of the digital cushion
and corium lead to lameness and claw horn disruption lesions? J.
Dairy Sci. 100:4759-4771. https://doi.org/10.3168/jds.2016-12013.

Newsome, R., M. J. Green, N. J. Bell, M. G. G. Chagunda, C. S. Ma-
son, C. S. Rutland, C. J. Sturrock, H. R. Whay, and J. N. Huxley.
2016. Linking bone development on the caudal aspect of the dis-
tal phalanx with lameness during life. J. Dairy Sci. 99:4512-4525.
https://doi.org/10.3168/jds.2015-10202.

Newsome, R. F.;, M. J. Green, N. J. Bell, N. J. Bollard, C. S. Ma-
son, H. R. Whay, and J. N. Huxley. 2017b. A prospective cohort
study of digital cushion and corium thickness. Part 1: Associations
with body condition, lesion incidence, and proximity to calving. J.
Dairy Sci. 100:4759-4771. https://doi.org/10.3168/jds.2016-12013.

Oikonomou, G., N. B. Cook, and R. C. Bicalho. 2013. Sire predicted
transmitting ability for conformation and yield traits and previous
lactation incidence of foot lesions as risk factors for the incidence
of foot lesions in Holstein cows. J. Dairy Sci. 96:3713-3722. https:
//doi.org/10.3168 /jds.2012-6308.

Oikonomou, G., P. Trojacanec, E. K. Ganda, M. L. S. Bicalho, and R.
C. Bicalho. 2014. Association of digital cushion thickness with sole
temperature measured with the use of infrared thermography. J.
Dairy Sci. 97:4208-4215. https://doi.org/10.3168/jds.2013-7534.

Omontese, B. O., R. Bellet-Elias, A. Molinero, G. D. Catandi, R.
Casagrande, Z. Rodriguez, R. S. Bisinotto, and G. Cramer. 2020.
Association between hoof lesions and fertility in lactating Jersey
cows. J. Dairy Sci. 103:3401-3413. https://doi.org/10.3168/jds
.2019-17252.


https://doi.org/10.3168/jds.S0022-0302(99)75474-3
https://doi.org/10.3168/jds.S0022-0302(99)75474-3
https://doi.org/10.3168/jds.S0022-0302(06)72579-6
https://doi.org/10.3168/jds.S0022-0302(06)72579-6
https://doi.org/10.3168/jds.S0022-0302(94)77212-X
https://doi.org/10.3168/jds.S0022-0302(94)77212-X
https://doi.org/10.1371/journal.pone.0146718
https://doi.org/10.1371/journal.pone.0146718
https://doi.org/10.1016/j.tvjl.2019.105409
https://doi.org/10.1016/j.tvjl.2019.105409
https://doi.org/10.3389/fvets.2020.00440
https://doi.org/10.3389/fvets.2018.00065
https://doi.org/10.1016/S0749-0720(15)30057-8
https://doi.org/10.1515/bmte.2003.48.s1.292
https://doi.org/10.1016/j.tvjl.2006.09.007
https://doi.org/10.1053/tvjl.1998.0315
https://doi.org/10.1053/tvjl.1998.0315
https://doi.org/10.1017/S1751731113001717
https://doi.org/10.1080/00480169.2011.644215
https://doi.org/10.1080/00480169.2011.644215
https://doi.org/10.1093/oxfordjournals.aje.a113284
https://doi.org/10.1093/oxfordjournals.aje.a113284
https://doi.org/10.1186/s12711-023-00784-4
https://doi.org/10.1186/s12711-023-00784-4
https://doi.org/10.1001/jama.2022.1816
https://doi.org/10.1001/jama.2022.1816
https://doi.org/10.21105/joss.00772
https://doi.org/10.21105/joss.00772
https://doi.org/10.21105/joss.03139
https://doi.org/10.2460/ajvr.72.10.1338
https://doi.org/10.2460/ajvr.72.10.1338
https://doi.org/10.1136/vr.100533
https://doi.org/10.1016/S0167-5877(02)00020-X
https://doi.org/10.1016/S0167-5877(02)00020-X
https://doi.org/10.1136/vr.138.24.586
https://doi.org/10.3168/jds.2016-12013
https://doi.org/10.3168/jds.2015-10202
https://doi.org/10.3168/jds.2016-12013
https://doi.org/10.3168/jds.2012-6308
https://doi.org/10.3168/jds.2012-6308
https://doi.org/10.3168/jds.2013-7534
https://doi.org/10.3168/jds.2019-17252
https://doi.org/10.3168/jds.2019-17252

Griffiths et al.: Foot anatomy and claw horn disruption lesions.

Palmer, M. A., R. Law, and N. E. O’Connell. 2012. Relationships be-
tween lameness and feeding behaviour in cubicle-housed Holstein-
Friesian dairy cows. Appl. Anim. Behav. Sci. 140:121-127. https:/
/doi.org/10.1016/j.applanim.2012.06.005.

R Core Team. 2020. R: A Language and Environment for Statistical
Computing.

Réaber, M., C. J. Lischer, H. Geyer, and P. Ossent. 2004. The bovine
digital cushion - A descriptive anatomical study. Vet. J. 167:258
264. https://doi.org/10.1016/S1090-0233(03)00053-4.

Raber, M., M. R. L. Scheeder, P. Ossent, C. J. Lischer, and H. Geyer.
2006. The content and composition of lipids in the digital cushion
of the bovine claw with respect to age and location - A preliminary
report. Vet. J. 172:173-177. https://doi.org/10.1016/j.tvjl.2005.03
.009.

Randall, L. V., M. J. Green, M. G. G. G. Chagunda, C. Mason, L. E.
Green, and J. N. Huxley. 2016. Lameness in dairy heifers; impacts
of hoof lesions present around first calving on future lameness,
milk yield and culling risk. Prev. Vet. Med. 133:52-63. https://doi
.org/10.1016/j.prevetmed.2016.09.006.

Robinson, D.; A. Hayes, and S. Couch. 2023. broom: Convert Statisti-
cal Objects into Tidy Tibbles.

Rodriguez, A. R., F. J. Olivares, P. T. Descouvieres, M. P. Werner, N.
A. Tadich, and H. A. Bustamante. 2016. Thermographic assess-
ment of hoof temperature in dairy cows with different mobility
scores. Livest. Sci. 184:92-96. https://doi.org/10.1016/j.1ivsci.2015
.12.006.

Rutherford, K. M. D.; F. M. Langford, M. C. Jack, L. Sherwood, A.
B. Lawrence, and M. J. Haskell. 2009. Lameness prevalence and
risk factors in organic and non-organic dairy herds in the United
Kingdom. Vet. J. 180:95-105. https://doi.org/10.1016/j.tvjl.2008
.03.015.

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image
to ImageJ: 25 years of image analysis. Nat. Methods 9:671-675.
https://doi.org/10.1038 /nmeth.2089.

Shearer, J. K., and S. R. van Amstel. 2003. Managing Lameness for
Improved Cow Comfort and Performance. Proc. 6th West. Dairy
Manag. Conf. 167-178.

Singh, S., W. Ward, K. Lautenbach, and R. Murray. 1993. Behaviour
of lame and normal dairy cows in cubicles and in a straw yard. Vet.
Rec. 133:204-208. https://doi.org/10.1136/vr.133.9.204.

Solano, L., H. W. Barkema, E. A. Pajor, S. Mason, S. J. LeBlanc, J.
C. Zaffino Heyerhoff, C. G. R. Nash, D. B. Haley, E. Vasseur, D.
Pellerin, J. Rushen, A. M. de Passillé, and K. Orsel. 2015. Preva-
lence of lameness and associated risk factors in Canadian Holstein-
Friesian cows housed in freestall barns. J. Dairy Sci. 98:6978-6991.
https://doi.org/10.3168/jds.2015-9652.

Stambuk, C. R., J. A. A. McArt, R. C. Bicalho, A. M. Miles, and H. J.
Huson. 2019. A longitudinal study of digital cushion thickness and
its function as a predictor for compromised locomotion and hoof
lesions in Holstein cows. Transl. Anim. Sci. 3:181-192. https://doi
.org/10.1093 /tas/txy107.

Stokes, J. E., K. A. Leach, D. C. J. Main, and H. R. Whay. 2012.
An investigation into the use of infrared thermography (IRT)
as a rapid diagnostic tool for foot lesions in dairy cattle. Vet. J.
193:674-678. https://doi.org/10.1016/j.tvjl.2012.06.052.

Tarlton, J. F.,; D. E. Holah, K. M. Evans, S. Jones, G. R. Pearson,
and A. J. F. Webster. 2002. Biomechanical and histopathological
changes in the support structures of bovine hooves around the time
of first calving. Vet. J. 163:196-204. https://doi.org/10.1053/tvjl
.2001.0651.

Telezhenko, E., C. Bergsten, M. Magnusson, M. Ventorp, and C. Nils-
son. 2008. Effect of different flooring systems on weight and pres-
sure distribution on claws of dairy cows. J. Dairy Sci. 91:1874—
1884. https://doi.org/10.3168/jds.2007-0742.

Textor, J., J. Hardt, and S. Kniippel. 2011. DAGitty: A graphical tool
for analyzing causal diagrams. Epidemiology 22:745. https://doi
.org/10.1097 /EDE.0b013e318225¢2be.

Tjur, T. 2009. Coefficients of determination in logistic regression mod-
els - A new proposal: The coefficient of discrimination. Am. Stat.
63:366-372. https://doi.org/10.1198 /tast.2009.08210.

Journal of Dairy Science Vol. TBC No. TBC, TBC

Toussaint- Raven. E. 1989. Cattle Footcare and Claw Trimming.
Farming Press Books, Ipswich.

van Amstel, S. R., F. L. Palin, B. W. Rorhbach, and J. K. Shearer.
2003. Ultrasound measurement of sole horn thickness in trimmed
claws of dairy cows. J. Am. Vet. Med. Assoc. 223:492-494. https:/
/doi.org/10.2460/javma.2003.223.492.

van Amstel, S. R., F. L. Palin, and J. K. Shearer. 2004. Measurement
of the thickness of the corium and subcutaneous tissue of the hind
claws of dairy cattle by ultrasound. Vet. Rec. 155:630-633. https:/
/doi.org/10.1136/vr.155.20.630.

van Amstel, S. R., F. L. Palin, J. K. Shearer, and B. F. Robinson.
2002. Anatomical measurement of sole thickness in cattle follow-
ing application of two different trimming techniques. Bov. Pract.
36:136-140. https://doi.org/10.21423 /bovine-vol36n02p136-140.

van der Tol, P. P. J., J. H. M. Metz, E. N. Noordhuizen-Stassen, W.
Back, C. R. Braam, and W. A. Weijs. 2003. The vertical ground
reaction force and the pressure distribution on the claws of dairy
cows while walking on a flat substrate. J. Dairy Sci. 86:2875-2883.
https://doi.org/10.3168/jds.S0022-0302(03)73884-3.

van der Tol, P. P. J., S. S. Van Der Beek, J. H. M. Metz, E. N. Noord-
huizen-Stassen, W. Back, C. R. Braam, and W. A. Weijs. 2004.
The effect of preventive trimming on weight bearing and force bal-
ance on the claws of dairy cattle. J. Dairy Sci. 87:1732-1738. https:
//doi.org/10.3168 /jds.S0022-0302(04)73327-5.

van Dorp, T. E., P. Boettcher, and L. R. Schaeffer. 2004. Genetics
of locomotion. Livest. Prod. Sci. 90:247-253. https://doi.org/10
.1016/j.Jivprodsci.2004.06.003.

Vézquez Diosdado, J. A., Z. E. Barker, H. R. Hodges, J. R. Amory, D.
P. Croft, N. J. Bell, and E. A. Codling. 2018. Space-use patterns
highlight behavioural differences linked to lameness, parity, and
days in milk in barn-housed dairy cows. PLoS One 13:e0208424.
https://doi.org/10.1371 /journal.pone.0208424.

Watson, C., M. Barden, B.E. Griffiths, A. Anagnostopoulos, H.M.
Higgins, C. Bedford, S. Carter, A. Psifidi, G. Banos, and G. Oiko-
nomou. 2022. Prospective cohort study of the association between
early lactation mastitis and the presence of sole ulcers in dairy
cows. Vet. Rec. 190:no. doi:https://doi.org/10.1002/vetr.1387.

Weigele, H. C., L. Gygax, A. Steiner, B. Wechsler, and J. B. Burla.
2018. Moderate lameness leads to marked behavioral changes in
dairy cows. J. Dairy Sci. 101:2370-2382. https://doi.org/10.3168/
jds.2017-13120.

Wells, S. J., A. M. Trent, W. E. Marsh, P. G. McGovern, and R. A.
Robinson. 1993. Individual Cow Risk-Factors for Clinical Lame-
ness in Lactating Dairy-Cows. Prev. Vet. Med. 17:95-109. https:/
/doi.org/10.1016,/0167-5877(93)90059-3.

Whay, H. R., and J. K. Shearer. 2017. The Impact of Lameness on
Welfare of the Dairy Cow. Vet. Clin. North Am. Food Anim. Pract.
33:153-164. https://doi.org/10.1016/j.cvfa.2017.02.008.

Wickham, H.;, M. Averick, J. Bryan, W. Chang, L. D. McGowan, R.
Frangois, G. Grolemund, A. Hayes, L. Henry, J. Hester, M. Kuhn,
T. L. Pedersen, E. Miller, S. M. Bache, K. Miiller, J. Ooms, D.
Robinson, D. P. Seidel, V. Spinu, K. Takahashi, D. Vaughan, C.
Wilke, K. Woo, and H. Yutani. 2019. Welcome to the {tidyverse}.
J. Open Source Softw. 4:1686. https://doi.org/10.21105/joss.01686

Wilhelm, K., J. Wilhelm, and M. Fiirll. 2015. Use of thermography to
monitor sole haemorrhages and temperature distribution over the
claws of dairy cattle. Vet. Rec. 176:146. https://doi.org/10.1136/
vr.101547.

Wilson, J. P., L. V. Randall, M. J. Green, C. S. Rutland, C. R. Brad-
ley, H. J. Ferguson, A. Bagnall, and J. N. Huxley. 2021. A his-
tory of lameness and low body condition score is associated with
reduced digital cushion volume, measured by magnetic resonance
imaging, in dairy cattle. J. Dairy Sci. 104:7026-7038. https://doi
.org/10.3168/jds.2020-19843.

Wilson, J. P. P., M. J. J. Green, L. V. V. Randall, C. S. S. Rutland, N.
J. J. Bell, H. Hemingway-Arnold, J. S. S. Thompson, N. J. J. Bol-
lard, and J. N. N. Huxley. 2022. Effects of routine treatment with
nonsteroidal anti-inflammatory drugs at calving and when lame
on the future probability of lameness and culling in dairy cows: A


https://doi.org/10.1016/j.applanim.2012.06.005
https://doi.org/10.1016/j.applanim.2012.06.005
https://doi.org/10.1016/S1090-0233(03)00053-4
https://doi.org/10.1016/j.tvjl.2005.03.009
https://doi.org/10.1016/j.tvjl.2005.03.009
https://doi.org/10.1016/j.prevetmed.2016.09.006
https://doi.org/10.1016/j.prevetmed.2016.09.006
https://doi.org/10.1016/j.livsci.2015.12.006
https://doi.org/10.1016/j.livsci.2015.12.006
https://doi.org/10.1016/j.tvjl.2008.03.015
https://doi.org/10.1016/j.tvjl.2008.03.015
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1136/vr.133.9.204
https://doi.org/10.3168/jds.2015-9652
https://doi.org/10.1093/tas/txy107
https://doi.org/10.1093/tas/txy107
https://doi.org/10.1016/j.tvjl.2012.06.052
https://doi.org/10.1053/tvjl.2001.0651
https://doi.org/10.1053/tvjl.2001.0651
https://doi.org/10.3168/jds.2007-0742
https://doi.org/10.1097/EDE.0b013e318225c2be
https://doi.org/10.1097/EDE.0b013e318225c2be
https://doi.org/10.1198/tast.2009.08210
https://doi.org/10.2460/javma.2003.223.492
https://doi.org/10.2460/javma.2003.223.492
https://doi.org/10.1136/vr.155.20.630
https://doi.org/10.1136/vr.155.20.630
https://doi.org/10.21423/bovine-vol36no2p136-140
https://doi.org/10.3168/jds.S0022-0302(03)73884-3
https://doi.org/10.3168/jds.S0022-0302(04)73327-5
https://doi.org/10.3168/jds.S0022-0302(04)73327-5
https://doi.org/10.1016/j.livprodsci.2004.06.003
https://doi.org/10.1016/j.livprodsci.2004.06.003
https://doi.org/10.1371/journal.pone.0208424
https://doi.org/10.1002/vetr.1387
https://doi.org/10.3168/jds.2017-13120
https://doi.org/10.3168/jds.2017-13120
https://doi.org/10.1016/0167-5877(93)90059-3
https://doi.org/10.1016/0167-5877(93)90059-3
https://doi.org/10.1016/j.cvfa.2017.02.008
https://doi.org/10.21105/joss.01686
https://doi.org/10.1136/vr.101547
https://doi.org/10.1136/vr.101547
https://doi.org/10.3168/jds.2020-19843
https://doi.org/10.3168/jds.2020-19843

ARTICLE IN PRESS—UNCORRECTED PROOF

Griffiths et al.: Foot anatomy and claw horn disruption lesions.

randomized controlled trial. J. Dairy Sci. 105:6041-6054. https://
doi.org/10.3168/jds.2021-21329.

ORCIDS

Bethany E. Griffiths ® https://orcid.org/0000-0002-2698-9561
Matthew Barden ® https://orcid.org/0000-0003-0141-3037

Alkiviadis Anagnostopoulos ® https://orcid.org/0000-0002-5193-858X
Helen Higgins ® https://orcid.org,/0000-0003-0706-1976

Georgios Banos ® https://orcid.org/0000-0002-7674-858X

Georgios Oikonomou ® https://orcid.org/0000-0002-4451-4199

Journal of Dairy Science Vol. TBC No. TBC, TBC


https://doi.org/10.3168/jds.2021-21329
https://doi.org/10.3168/jds.2021-21329
https://orcid.org/0000-0002-2698-9561
https://orcid.org/0000-0003-0141-3037
https://orcid.org/0000-0002-5193-858X
https://orcid.org/0000-0003-0706-1976
https://orcid.org/0000-0002-7674-858X
https://orcid.org/0000-0002-4451-4199

	A prospective cohort study examining the association of claw anatomy and sole temperature with the development of claw horn disruption lesions in dairy cattle
	INTRODUCTION
	MATERIALS AND METHODS
	Study Design
	Study Population
	Data Collection
	Data Editing
	Variable Processing
	Explanatory Variables
	Other Explanatory Variables
	Statistical Analyses
	Univariable Analyses
	Multivariable Analyses

	RESULTS
	Overview of the Data set
	Univariable Analyses
	Multivariable Analyses: Overview
	Multivariable Analyses: White Line Lesion
	Multivariable Analyses: Sole Lesion

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES




