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ABSTRACT

The objective of this study was to evaluate the effect of the implementation of different
footbathing practices using a new biocide solution (Pink-Step™, Qalian, France) in the
healing and the occurrence of bovine digital dermatitis (bDD) lesions. The investigation was
conducted through a controlled within cow clinical trial in which the hind feet of cows from
each farm were allocated either to the control group or to a moderate (MR) or (IR) intensive
footbath-regimen groups. The trial involved 1036 cows (2072 feet) from 10 dairy farms
located in western France where bDD was endemic. Split-footbaths were placed at the exit of
the milking parlor of each farm, allowing the biocide to be administered to one side of the
cows while using the other empty side as a negative control. The administration frequency for
MR was of 2 days/weekiimonth, then 2 days/2 week&2nonth, and then 2 days/month,

and for IR was of 2 days/weeR{2"™ months, and then 2 days/2 weeks. Footbaths were

administered during 140 days (approx.), and feet were evaluated for the at least once a month
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in the milking parlor. Nested survival models wesed to estimate the relative impact of the
footbath regimens and other concomitant risk factor the time that bDD lesions occurred or
healed. No effect of Pink-Step™ was evidenced enbldD occurrence during the trial. The

risk for bDD occurrence was increased by poor éésnliness at both the cow (HR 1.69, CI
1.21-2.39) and farm level (HR 2.06, ClI 1.44-2.9therwise, the use of Pink-Step™ in an
IR was effective in improving the healing of bDilens (HR 1.79, Cl 1.12-2.88). The time

to healing was also improved in inactive lesionR (BL.19, CI 1.42-3.37). Conversely, the
time to healing was delayed in feet receiving hiomfiming (HR 0.41, CI 0.26-0.62), in cows

with a contralateral bDD lesion (HR 0.32, Cl 0.224) or in late lactation (HR 0.61, CI

0.43-0.85), and finally in farms with more than 1€@8ws (HR 0.48, Cl 0.34-0.67). These
findings reinforce the crucial role of hygiene iBD dynamics and highlight the importance
of implementing multiple control measures simul@uy, such as hygiene improvements in
the barn, early detection and treatment of bDDolesiand the correct usage of individual and
collective treatments. The implementation of Pin&gSM represents a promising strategy for

reducing the persistence of bDD lesions in affebiedls.

Key words: Bovine digital dermatitis, biocide, footbaths, atial trial, risk factors.

INTRODUCTION

Bovine digital dermatitis (bDD) is currently amotige principal cause of infectious lameness
in dairy cows (Sogstad et al., 2005; Cramer et24l08; Refaai et al., 2013; Solano et al.,
2016). bDD raises important economic, public-healtld animal-welfare concerns. Indeed,
bDD is associated with different challenges suchedsiced farmers’ incomes, increased use

of antibiotics and, more importantly, lameness dhédreby animal pain, impaired milk
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production and reproduction (Relun et al. 2013efE# et al. 2010; Bruijnis et al. 2010). bDD
can affect 96% of herds and between 7% to 30% wkawithin a herd (Solano et al., 2016;
Cramer et al., 2008). The disease is charactebyetthe occurrence of ulcerative lesions in
the skin of the interdigital cleft which may pets@ evolve to chronic forms (Read and
Walker, 1998). Diseased cattle act as reservoulslareby as potential sources for outbreaks
(Dopfer et al., 2012). Although the precise causkeRD has not been completely elucidated,
it is known that certain farming practices haveotable impact on the environment in which
the disease develops (Somers et al., 2005). TherddDD is considered to be a multifactorial
disease consistently associated with unhygienic vaeidconditions which mainly alter the
integrity of feet skin. However, for clinical lesi® to develop, the presence of specific
Treponemaspecies on feet suffering from cutaneous macerasieessential (Gomez et al.,
2012). Control strategies consequently aim to liexiposure to factors which might impact
the spread of bDD. In practice, the control of bBequently relies on the individual
treatment of active lesions and on the collectidmiaistration of disinfectant solutions
through footbaths for prophylactic and healing msgs. However, evidence supporting the
effectiveness of collective solutions remains seamainly due to the limitations posed by

small samples and design weaknesses (Ariza 0dl7).

The banning of antimicrobial use in footbaths ispm@ority to respond to a growing
antimicrobial resistance threat at human and anlenals (Holzhauer et al., 2017; Hyde et
al., 2017). Moreover, other common products usefbatbaths, in some cases, represent an
environmental risk, such as copper sulfate (Ippadit al., 2010), or a harmful practice for
farmers, such as formaldehyde, which has been néexd) as carcinogenic (Cogliano et al.,
2005). Several footbath solutions that claim tefiective and safe are currently available on

the market without major scientific evidence supipgr these claims (Ariza et al., 2017).
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Furthermore, the currently available footbath dsohg are not adapted to all farming
conditions. Indeed, significant differences betwésmns, for example, in terms of hygiene,
housing system, herd size or lameness prevalenag, have an important impact on the
implementation and effectiveness of footbathingcices (Relun et al., 2012; Relun et al.,
2013), and often this impact is ignored in con&dltrials (Ariza et al., 2017). Additionally,
the increasing bDD prevalence and the developméntoo-healing lesions are raising
concerns that highly pathogenic or resistant ssraame emerging (Evans et al., 2011).
Therefore, new solutions for the collective disaifen of feet must consist of efficient and
safe practices that can be easily adapted to theplea setting of each farm. Pink-step™
(Qalian, France) is a biocide that represents anpial alternative for bDD control. This is a
safe and biodegradable disinfectant solution offiomed bactericidal efficacy under soil
conditions designed for the footbath administraiigaropean Commission, 2016; European

Chemicals Agency, 2017).

A clinical trial was developed to investigate théeetiveness of this new footbath biocide
solution in delaying the occurrence of bDD lesiamsl in enhancing the healing of existent
bDD lesions. In order to obtain reliable resulte main possible risk factors present at the

cow and farm levels were concomitantly includethia trial analyses.

MATERIAL AND METHODS

This investigation is reported following the recoemdations of th&CONSORT statement,

extension to within-person trials (Pandis et @12). All procedures were carried out under

the agreement of the Ethics Veterinary Committe€limical Research and Epidemiology
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from the Veterinary School of Nantes, France (CERMance) (registered number:

CERVO-2016-12-V.)

Trial design
The trial was designed to be a controlled withimvadinical trial in which the hind feet of
cows from each farm were allocated either to thetrob group or to one of two footbath

regimen groups using Pink-step™.

Study population

The trial was conducted on 10 dairy farms in weskance from October 2016 to June 2017.
Farms were selected from a list provided by hoofttiers and veterinarians according to the
trial protocol (Supplementary material S1). Theaanls were known to have experienced
bDD during the preceding two-year period. Howevene of the farms had administered
footbaths during the two months preceding the.tidle herds were composed of Holstein
cows to reduce the potential effects of breed o bDows were milked in a rotatory or
conventional milking-parlor (location for bDD scog). Additionally, to minimize possible
imbalances between farms, after the pre-studysyisitly farms with a herd prevalenee
15% of active bDD lesions were included. Farmerkkedi on average 90 cows (range: 45—
145) twice a day. Cows were mostly housed in cabi¢® farms), and only one farm had no

access to pasture during the spring and summeorseas

Footbath regimen groups and concomitant treatments
The footbathing procedure consisted in placing aetkfath at the milking parlor exit and
administering a disinfectant solution over a cortglg-month period. A split walk-through

footbath was used to administer the disinfectahitism. The footbath consisted of 2 baths
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separated by a grill which partially avoids contaation of the footbath by cow feces (Intra-
Bath™, Intracare). Each bath measured 233 cm loi32.5 cm wide x 19 cm high. The
combined volume of the 2 sides of the footbath W&@ L. No pre-footbath foot wash was
used in the study. The disinfectant solution adstémed, named Pink-step™, was a new
biocide with recognizeth-vitro efficacy (European Commission, 2016; European Gtedm
Agency, 2017). Pink-step™ solution is composelhdtic acid (30%; w/w) and glycolic acid
(10%; w/w) as active substances, anionic and noit-isurfactants, and other excipients as a
dye. The dose recommended by the manufactureo@ibdthing was a 5% (v/v) solution in
water. The split footbath made it possible to corently administer the Pink-step™ solution
in one side of the footbath whilst the other sifi¢he footbath remained empty and was used
as a control. The feet of the lactating cows eatblh the trial thus were allocated to three
different groups, consisting of two different regns of footbath administration frequencies
and the empty bath (control group). According te willingness of the farmers, farms were
allocated to the moderate or intensive regimen. Nlbderate Regimen (MR) was planned to
resemble current field practices and consistedootbath administration for 2 days (4
consecutive milkings) every week for the finsbnth, then every two weeks for the second
month, and then once a month until the end oftlaé The Intensive Regimen (IR) aimed to
evaluate the possible advantages of increasindréggiency of footbathing over time, and
consisted in footbath administration for 2 daysreweeek for the first 2 months, and then
every fortnight until the end of the trial. For hategimens studied, the biocide solution was
expected to be renewed every 100 cow passagesviiofjadhe guidelines for the use of the

solution.

Individual concomitant treatments were allowed dgrithe trial for ethical and welfare

reasons. Therefore, during the trial, farmers vesqgected to individually detect and treat all
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ulcerative-active bDD lesions using 2 application$ oxytetracycline (30 mg/ml)
(Oxytetrin™, MSD) 2 days apart, regardless of whethe cow foot treated was allocated to

the control or treatment groups.

Follow-up, data collection, and outcomes measur es

Farms were visited by 3 investigators trained thlopractical lessons before the trial start to
fill out the questionnaires and conduct the ovdeat scoring. Each visit followed 3 steps: (1)
scoring the hind feet of all lactating cows for bDd feet hygiene during milking, (2)
checking compliance with the protocol, and (3) &g any changes in herd management
practices. The investigators filled out a questaren which included: i) the covariates
presented in Table 1, ii) items related to thegarok compliance including assessments of the
guantities of product used by month, and iii) iterakted to management practices such as
the implementation of individual treatments or tmimg according to two additional sheets
prepared for these events. Baseline records orprinéalence and other covariates of the
participant farms were recorded during pre-studytviwhich took place before the start of

the trial.

Digital dermatitis status was assessed during nglkising a swiveling mirror based on the
methodology described by Relun et al. (2011). Thel Heet of all lactating cows were

washed using tap water before the examination.hlitne feet then were recorded using the M
scoring system, modified from Dopfer et al. (198@J Berry et al. (2012). In this system, the
MO stage corresponds to healthy feet without bDdioles; M1 is considered as an early-stage
ulcerative lesion (0—2 cm diameter); M2 represgatisful ulcerative lesions with a diameter

>2 cm; M3 is the healing stage with a lesion codelng a scab; M4 is the chronic stage

characterized by dyskeratosis or surface proli@natand M4.1 consists in a chronic lesion
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with a small area of ulceration. In addition, lesiscores were gathered into 2 different
categories, inactive lesions (M3 - 4) and actiwtdes (M1 - 2 - 4.1). Otherwise, feet dirtiness
(tarsus (hock); metatarsus and digit (phalangdg}jeoentire herd was assessed in the milking
parlor prior to washing the feet for the bDD les@iagnosis. The hind feet of each cow were
scored using a 3-point nominal scale, varying frolean (score 1) to dirty (score 3), as
described by Guatteo et al. (2013) (Figure 1).damh cow, the higher of the two foot scores
(one for the left foot, the other for the right) sveetained. The first scoring was performed
immediately before the start of the administratdriootbaths. Consecutive visits at intervals
no longer than 30 days were made during the taebgd. Additionally, for ethical and welfare

concerns, farmers were informed about the overailgdences of bDD lesions one week after
the visit but without specifying which animals weatfected. This was to avoid influencing

the owners’ perceptions of the study protocol drartdecision-making process for individual

treatment.

Two different outcome measures were recorded foh éaot of the observed cows. A first
outcome studied the healing effect and evaluatedhé&aling of bDD lesions; the time in days
to heal a bDD lesion was measured, counting fraanfitist date of observation until the first
date without any bDD lesion. The second outcomdiestuand evaluated the delay in the
occurrence of bDD lesions, counting the time ind&ym the first observation of a foot

without any bDD lesion until the first date of oo@nce of a bDD lesion.

Sample size
Sample sizes were calculated for both outcomesestugsing the formula for sample size
estimation in clinical trials with clustered suralvtimes as the primary outcome (Xie and

Waksman, 2003). The sample size implemented itriddevas based on the second outcome
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because the detectable differences in the tarfgitdietween the treatment and control group
were smaller (10%) compared with the healing oute¢20%). Therefore, a larger number of
animals was needed to achieve statistical powethfioccurrence outcome than the healing
outcome. Due to the lack of previous data to actdan the within cow correlation, a

classical intra-cluster correlation coefficient QCwas set at 0.05 (Adams et al., 2004). The
number of farms included was calculated based enaterage French herd size of 60
lactating cows and on the occurrence rates (4 dasd$0 feet-months at risk) reported in a
previous study following a similar approach (Redural., 2013). Therefore, with a type | error
risk of 0.05 ¢=0.1), at least 264 cows by each footbath regimerewecessary to guarantee
80% power [§=0.2) to detect the target difference between obritet and footbath feet

(10%). These calculations led to the recruitment@fverage French farms (n= 60 lactating
cows) for the inclusion of at least 528 cows (2tlhabh regimen) and accounting for 15% of

cows lost during the follow up of the trial.

Treatment group allocation

The side allocation (left or right) of the contrgioup was balanced between the farms.
Masked envelopes containing the side allocationewaepared and chosen randomly just
before the first footbath administration. During ttecruitment process and before any lesion
scoring, half of the farms were allocated to thealitording to the farmers’ willingness to
spend more time administering the footbaths. Tlagbmths were administered by the farmers
and therefore they were aware of the side contgitiia biocide product. Likewise, due to the
pink color of the biocide substance, it might besgble that investigators were aware of the

feet being treated during the trial.

Data analysis
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All data were initially entered into a Microsoft éess database (Microsoft Corp., Redmond,
WA). New covariates were built from the raw datangsR (R Core Team, 2017). The
effectiveness of both treatment regimens was eteduan the clinical healing of bDD lesions
and the reduced occurrence of bDD lesions througiiméval analysis with a hind foot as the
statistical unit. Survival analyses were carried asing the Frailtypack package in R
(Rondeau et al., 2017). Nested survival models (Ran et al., 2012) were applied including
a nested random effect for cows grouped in farmedjast for clustering within observations,
thereby feet in the models were considered as gm#gmt observations clustered at the farm
level and subclustered at the cow level. Factonsidered as potential effect modifiers of the
healing and the occurrence of bDD lesions at thd,lmw and feet levels were included as
covariates in the models (Table 1). The temporadiyween exposure and the outcomes
studied was taken into account in the models, ameihwecurrent events were recorded time-
dependent covariates were constructed. The surdmalysis was planned in 3 steps: (i)
treatment regimens and all covariates were testedgnivariate analyses. Those covariates
which contributed to the model at a 20% signifi@amhevel were selected for multivariable
analysis including the 2 x 2 interactions betweeesé covariates (Dohoo et al., 2003). (ii)
The proportional hazards assumption and the gosdufefit of the final model were checked
by graphic procedures and the Schoenfeld residteds (Schoenfeld, 1982). (iii) The
multivariable models were checked for confounding &€very covariate using backward
stepwise selection with footbath regimen group édrénto the model. Confounding was

assumed to occur when the estimates changed bythar€0%.

For the purpose of analysis, when evaluating thedifge outcome, and to ensure the true
healed status of a lesion, only feet initially smbwith an active or inactive lesion were

considered to be healed in the models if in subsetuisits an MO (“Healthy stage”) score

10
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was noted on at least 2 consecutive visits. Likewifr the outcome evaluating the
occurrence of bDD lesions, only feet conservingghme MO score during the 2 consecutive
initial visits were included, ensuring the real@fise of any lesion. The occurrence of a lesion
was considered in the model if the included feéfiesed any bDD lesion (active or inactive)
during the trial period on 2 consecutive visitsetsure the true lesion occurrence in the feet.
For both outcomes, feet with visits spaced more #a days apart were removed from the
analysis, on the fact that bDD lesions may be cetepl healed within 1 month (Holzhauer et
al., 2008; Nielsen et al., 2012). Results of thelet® are presented as hazard ratios (HR) with
their respective confidence intervals (Cl), estedafor each covariate from the hazard
function by taking the exponent of the estimategftécts. Therefore, the HR calculated for
the occurrence outcome measures the instantanisiusra foot free of lesion to experience
a bDD lesion being treated with one of the regimersus being untreated. Meanwhile, the
HR calculated for the healing outcome measuregm#itantaneous risk for a foot with a lesion
to become healed being treated with one of thamegs versus being untreated. Finally, for
the outcome evaluating the bDD occurrence, HR nreasthe instantaneous risk for the

occurrence of a lesion in a foot being treated with of the regimens versus being untreated.

RESULTS

Farms were recruited between October and Decen@i. For each farm, hind feet were
inspected between 1 and 6 times at a median freguein30 days from January to June.
Table 2 presents the main characteristics of thmaddefore the regimen side allocation. The
baseline characteristics of the feet are summarigedable 3. In total, 2,072 feet were

allocated into one of the three groups, precisédd in the MR group, 642 in the IR group,

11
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and 1,036 in the control group (Figure 2). Duritng tfollow-up period, there were no

deviations from the trial protocol or adverse effeeported or observed.

Effect on Occurrence

At the start of the trial, 852 hind feet (41%) @fit2,072 hind feet (1,036 cows) were free of
active bDD lesions during two consecutive visithem, 109 feet were excluded from the
dataset because the interval between visits wagetahan 45 days. Finally, 743 hind feet of
468 cows from 10 herds were included in the anslyBigure 2, total initial feet without

lesion). Only 275 cows shared the same bDD-freeescpboth hind feet at the start of the
trial. Significant baseline differences were fouretween the feet allocation groups for cow
feet hygiene, initial prevalence, proportion of faes, herd size and farm feet hygiene

covariates (Table 3).

Among all of the feet included in the analyses, {&1%) experienced a bDD lesion during
the trial period. Inactive lesions (142) were mprene to occur than active lesions (19). The
median time before the occurrence of a bDD lesias 80 days (37 to 142 days), and the
mean incidence rate was 6 cases for 100 feet-maitfisk. After the analyses, only the poor
feet cleanliness at the cow level and the farmlles¥e significantly associated with a high
risk of bDD occurrence in the multivariable anasy@tigure 3). No effect of the Pink-Step™
solution was evidenced on the bDD occurrence dufiegirial. None of the other covariates
included in the multivariable model or their intetians were statistically significant in the
multivariable model. Finally, the estimated variar the cluster effect at the farm level was
0.0073 (Cl 0.0010 - 0.0132, p value=0.0126), anthatcow level 3.65 (Cl 2.29 — 5.00, p

value<0.001).

12
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Effect on Healing

Initially, 1,107 hind feet (53%) out of 2,072 hifieket (1,036 cows) were affected with active
or inactive bDD lesions. However, of these fee) 8@re excluded from the dataset because
the interval between their visits was longer th&ndays. Therefore, 807 hind feet of 508
cows from 10 herds were included in the analysiguffe 2, total initial feet with lesion).
Among these cows, 299 had bDD lesions on both featlat the start of the trial. Significant
baseline differences were found between the fdetatlon groups for cow feet hygiene,

preventive hoof-trimming, initial prevalence, propon of heifers and herd size (Table 3).

Among all of the feet included in the analyses, (B®%) achieved the healing either of an
active lesion (74) or an inactive lesion (112). Thedian time before the healing of a bDD
lesion was 46 days (30 to 140 days), and on avetagdéealing rate was 5% between two
visits. According to the group allocation, the méeaaling rates by month were 4%, 8% and
5% in the control, MR, and IR, respectively. Frame imultivariable analyses, six covariates
were significantly associated with the risk of bDiealing (Figure 4). Thus, the time to

healing was improved in inactive lesions and by tise of Pink-Step™ footbaths in IR.

Otherwise, in feet trimmed during the trial peritite time to healing was reduced. Lesions in
cows which either had a contralateral lesion orenarlate lactation were identified to be at a
higher risk of persisting. Moreover, in larger h&rdhe risk of lesion persistency was
increased. A single interaction between the iniggion aspect and the allocation footbath
group was detected, indicating that feet with ativadesion in the IR group have a reduced
time to healing compared to active lesions on &deicated to the MR and control group.

None of the others covariates included in the malttable model or their interactions were

13
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statistically significant in the multivariable mddé=inally, the estimated variance of the
cluster effect at the farm level was 0.0073 (Cl0Q® - 0.0132, p value=0.012), and at the

cow level 1.52 (CI 0.97 - 2.06, p value= 0.004).

DISCUSSION

The findings of this investigation indicate thae tbollective disinfection of herd feet using
Pink-step™ footbaths significantly improved the livepof bDD lesions when administered
at an intensive frequency. The time to healing DDblesions was increased importantly in
feet with active lesions, in trimmed feet, in comdate lactation, in cows with contralateral
lesions, and especially in larger herds. Othervifse,occurrence of bDD lesions was mainly
affected by feet cleanliness at the cow and farmellJeand no effect on delaying the

occurrence of the footbath solution (Pink-step™3$ weidenced.

The originality of our investigation was to condaatontrolled clinical trial allocating the feet
of the same cow into the control and the intenamgroups. This approach allowed a drastic
reduction (over threefold) in the trial's sampleesiwhich is important in veterinary studies
(Ariza et al., 2017). Furthermore, all of the febtred the same risk whatever group they
were allocated to (control or footbath), therebguang the farm effect. The findings of this
investigation also enabled the estimation of theetation between the feet of a same cow
regarding bDD status, a parameter which has bemyelyasuspected but not until now
reported, to support the importance of developind enplementing prophylactic collective
strategies. The trial was conducted on 10 farnanieffort to encompass the diversity of local
herd management practices. Likewise, the multifdeeovations recorded over a long trial

period were conceived to increase the precisionthef measurements and to capture
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differences in the farming environment over timeitA et al., 2017). Therefore, due to the
major role of the farm factors and the dynamic rewf bDD, the trial was designed for a
survival analysis, which enables one to adjustcfmrariates that change over time, such as
feet cleanliness or lactation stage. Additionallye nested survival model used for the
analyses accounted for the heterogeneity causathimgasured covariates at the farm and
cow level in the same model. In turn, due to thghhprevalence of bDD lesions and the high
frequency of observations planned, a scoring metlogg which had no impact on daily
farming practices had to be adopted even if it Wess accurate than bDD scoring on
restrained cows in a trimming chute (8&90; Sp> 0.80) (Relun et al., 2011). Nevertheless,
the inter-digital space remains hard to approachgushis methodology and therefore score
misclassifications might lead to underestimating ttazards for all the covariates (Dohoo et
al., 2003). Additionally, although the tree invgstiors received the same lesion scoring
training, our trial protocol did not take into aced the inter-observer agreement. However, as
each farm was monitored entirely by a single ingesbr, the random farm effect might have
reduced this bias effect. To reduce the risk ofrowe underestimation effects due to a
misdiagnosis of “M1” or “M3” stages (Cramer et &017), for the data analyses the “M5”
stages were gathered into active, inactive andteatages. Consequently, the healing or the
occurrence of bDD lesions was mainly determinethleypresence or the absence of a healthy
stage. In contrast with prior studies, and to awipotential overestimation of the footbath
effect, the “M3” and “M4” stages were consideredtiie models as a diseased status. This
original approach is one of the important featwkthe present trial. Especially when taking
into consideration that the M4 stage might repregsea most infective stage in which
diseased animals spend more time (Biemans et(dl7)2 Finally, the likelihood of obtaining
beneficial effects by the implementation of a faitb might be enhanced by the usage of

disinfectants tested in-vitro that mimic field soidnditions.

15



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

Few high-quality trails have reported footbath sols to be effective (Thomsen, 2015). To
our knowledge, the only peer-reviewed controlladl tthat found good results was that of
Solano et al., (2017), which used standardizedbfdbs of copper sulfate at 5% administered
once a week. Another study also has reported ssftt@esults using copper sulfate at 5% for
the healing of bDD lesions, however, the soluticaisvadministered by collective spraying
(Relun et al., 2012). The scarce evidence relatefbatbaths may indicate the difficulties

entailed in the design and evaluation of such ddihirials, or the small effect of footbaths in

practice when farm conditions are far from ideal theeir implementation. The present trial

also reports a beneficial effect of footbaths usagafe and a biodegradable solution.
Beneficial effects were only evidenced in the hegabf bDD lesions. Beyond the bactericidal
effect of footbaths on bDD lesions, a potential hatdsm of Pink-step™ for improving skin

healing may be the presumed dermal regeneratieetsfbf the glycolic acids present in the
biocide solution (Green et al., 2009). Otherwisés important to note that due to the design
and duration of this trial, it was not possible raxord lesion recurrence, a phenomenon
already described in individual treatment trialsickhshould be of interest when evaluating
the long-term effectiveness of footbaths. Thereftuture studies must focus on the possible
recurrence or recrudescence of bDD lesions anctffieetive healing of active lesions. The

increased intensity in footbathing has previousher noted as beneficial by other studies
(Holzhauer et al., 2012; Solano et al., 2017). €Hs=nefits were also evidenced in this study
by the healing rates recorded during the first memind the healing efficacy evidenced by the
IR group. To resemble field conditions, the admmaison frequencies implemented in the

present trial changed over the time to mimic currierfield practices were the footbaths

usage is reduced during the summer season. Therefdditional studies are necessary to
clarify the relation between the intensity of foatthing, the influence of seasons, and the

effectiveness of such measures. Moreover, as niotegrevious investigation, future studies
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must implement standardized footbath dimensionsngure the optimal performance of the
disinfectant products studied and to enable rediadold comparable results (Solano et al.,

2017).

An association between footbathing practices anetlaced risk of bDD occurrence was not
evidenced in this trial. The lack of effectivenegsboth footbathing regimens to delay the
occurrence of bDD lesions might be related to teakwveffect of the footbath solution, which
was probably below what was expected when the samsige necessary for the trial was
calculated. Likewise, as the correlation betweest f@#as unknown before this trial, the
current sample size was probably inferior to the¢ded to evidence small effects on bDD
occurrence. Additionally, in this trial all of tHeet were cleaned for the scoring at each visit,
and therefore every healthy foot periodically reediwhat can be perceived as a prophylactic
intervention. Consequently, the disinfectant efficaf a solution over an already cleaned foot
might be imperceptible, in other words, the effemtiess of disinfectants on delaying the
occurrence of bDD lesions might be roughly equintleo regular cleaning with water
(Thomsen et al., 2012). Despite the evidenced latkeffectiveness on delaying the
occurrence of bDD lesions, the time to healing @misanced in inactive lesions compared to
active lesions, and footbathing practices thus imagtt as a potential protective measure,
controlling bDD reservoirs and the recrudescencehefr lesions. One of the important
limitations of this trial was related to the biasguced by the absence of investigator blinding
during the follow-up. While this bias could be ad@d by using a colored solution instead of
an empty bath, the split-bath design implementethis trial restrained this approach for
practical reasons and for the risk of invert theitsons during their preparation. Although an
objective methodology was implemented to score l&stons, investigators could not be

blinded to the footbath allocation of feet due e tistinctive pink color of the solution

17



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

studied. Future clinical trials in bDD control shebaim to blind the investigators to ensure an
objective assessment of the lesions.

Otherwise, the split-body design of this trial ntiggead to some limitations. Although all of
the feet had the same baseline probability of agmet or healing a bDD lesion, significant
differences between the allocation groups werectiedeafter randomization. The imbalances
between the baseline characteristics of the femtgy highlight the importance of considering
confounding by adjusting for all potential effectodifiers in the data analysis. Another
limitation related to the split-body design is thessible carry across effects within feet. On
one hand, the pathogens in untreated feet might hamwained undisturbed during the trial
and thus may have increased the infection pressuhe environment. On the other hand, the
disinfectant effect of footbaths might have redutedn important degree the densities of
environmental pathogens, enhancing as well thertgeedtes and decreasing the risk of lesion
occurrence in untreated feet. In both scenariosuragter-estimation of the true effect of
footbaths was expected. However, these methodalbgmitations inherent to this design
might be compensated by the reduced sample sizheoflesign. In this trial, the small
random effect at the farm level reflected the hoemapus sample analyzed, being coherent
with the strict inclusion parameters applied. Otise, the large random effect at the cow
level suggests a greater correlation of the suhtinges for feet belonging to the same cow.
This strong correlation was evidenced, for exampiethe reduced risk of bDD healing in
cows which have contralateral lesions. Future stwidmplementing the split-body design
must consider the implications of this choice, sastestablishing an appropriate data analysis

and including a smaller number of farms or just famen but with a large herd.

The individual treatment of active lesions was rame the data set. Although their

effectiveness is supported by scientific literat{4pley, 2015), in this trial the time to healing

18



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

was not improved by individual treatments. A polesibxplanation may lie in how the
farmer's decision to treat was altered by the &ralironment which involved a close follow-
up by the veterinarians involved in the trial. Sarly, it may be possible that only the most
severe cases of bDD capture the attention of faanaend such lesions are frequently less
responsive to treatment (Evans et al., 2011). Aerodxplanation for the lack of efficacy of
Oxytetracycline treatment involves an incorrectinrmomplete implementation of the protocol
(Sawant et al., 2005; Relun et al., 2013a). Likewiuring the trial, the feet were trimmed
mainly for therapeutic reasons instead of prophidaeasons. Therefore, the healing benefits
of trimming might be missed in those severe caskghwpersisted longer than the trial
period. Similarly, the presumed preventive influeraf trimming was not evidenced in the
trial, probably because the impact of dirty comais was more important than that of the

implementation of prophylactic measures on the astudied.

As has been consistently noted in other epidemicébgtudies (Relun et al., 2013b), poor
feet hygiene was confirmed as the most importastbfanfluencing bDD lesion occurrence at
both the cow and farm levels. However, althoughvipres studies have suggested that poor
feet hygiene might delay the healing of bDD lesi@Relun et al., 2012), we were unable to
identify a relation between feet cleanliness aneetito bDD healing. Experimental studies
have confirmed that dirty and wet environmentaldibons are the main determinants for the
occurrence of bDD lesions (Gomez et al., 2012).il&ny, field studies have identified
different factors which may alter environmental ieyge and thereby increase the risk of bDD,
such as housing in cubicles, grooved concrete $loand reduced manure scraping rates
(Somers et al., 2005; Barker et al., 2009; Oliveiral., 2017). In practice, feet hygiene is a
measure of the impact of several factors that d¢mmdithe farming environment in which

cows stand. Therefore, as the bDD lesions andréagnients implemented were centered at
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the foot level, focusing cleanliness observatiomghe foot rather than the leg might improve
the precision concerning the association of thieint factors which may affect feet hygiene
and bDD lesions (Guatteo et al., 2013). Otherwisieer studies have reported an important
seasonal effect on the risk of bDD (Argaez-Rodrgaeal., 1997) and other feet disorders
(Murray et al., 1996). Although this factor is ngselated to a limited access to pasture, this
association was not evidenced in the present studglation to grazing practices or their

impact on feet cleanliness and bDD healing or cetue.

Another limitation of this trial is related to theotential selection bias on the allocation
process due that the footbath frequency regimen @MRR) was assigned base on the
willingness of the farmers. Farmers who acceptegauicipate only if included in the IR
were likely more conscientious of the disease gnobthan those opting for the MR and the
involvement of the farmers on the trial could ttiere be different. Beyond the potential
impact of different farm characteristics and farnranagement factors recorded during the
trial, the heterogeneity within cows indicates tb#ter factors affecting the bDD dynamics
differ between cows and their feet. Further in\gedton at the cow level therefore might
enhance current understanding of bDD, highlightfog.example, the role of skin microbiota

or the immune response in the disease outcome.

CONCLUSION

This investigation confirmed that multiple factargeract in the dynamics of bDD lesions
determining their occurrence and persistence. &fies to control the bDD therefore must
rely on the simultaneous implementation of multipleasures to improve the environment of
feet, and to reduce the severity of lesions andptiesence of infected cows. The results of

this study revealed the utility of footbathing piees for improving the time to healing of
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bDD lesions when the Pink-step™ solution was adstened at an intensive frequency.
Finally, to limit bDD lesion occurrence, trial fim)s confirmed the crucial importance of

implementing efficient measures to improve feetiégg.
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Figure 1. Scoring grid to assess feet cleanliness at the auivfarm level (Guatteo et al.,
2013).
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Figure 2. Flow diagram of the feet included in the clinicaght From enrollment until the final analyses.
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694  Figure 3. The effect of footbath regimen on delaying thetfiwscurrence of digital dermatitis (bDD) lesion
695 adjusted for herd, feet, and cow characteristichénnested survival model including observations743 hind
696 feet from 468 cows from 10 French dairy herds imgdlin a clinical trial.

Covariates No. of Feet (%) Hazard Ratio P Value
(95% CI)

Overall 743 (100)

Control Group Vs. 374 (51) Reference

Intensive Group 247 (33) e 1.07 (0.79 - 1.45) 0.64

Moderate Group 122 (16) —_— 1.24 (0.82 - 1.88) 0.30

Cow feet cleanliness* : Fair Vs. 1401 (81) Reference

Poor 325 (19) —— 1.69(1.21-2.39) <0.001

Absence of Contralateral lesion Vs. 497 (74) Reference

Contralateral lesion 266 (36) o | 0.84 (0.55 - 1.27) 0.40

No Grazing Vs. 175 (24) Reference

Grazing 568 (76) e 1.29 (0.78 - 2.13) 0.31

Farm feet cleanliness* : Fair Vs. 508 (29) Reference

Poor 1218 (71) ——a——— 206 (144-294) <0.01

T T T T 1

050 070 1.0 15 20 2530

<---Reduced Lesion Ocurrence-- --Increased Lesion Ocurrence--->

698 * Time-dependent covariates; “number of feet” amnsitions between categories during the followttigl
699  period.
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Figure 4. The healing effect of footbath regimen adjustedhferd, cow, and feet characteristics on the healing
of digital dermatitis (bDD) lesions in the nestedvéval model of the observations of 807 hind féetn 508
cows from 10 French dairy herds involved in a claitrial.

Covariates No. of Feet (%) Hazard Ratio P Value
(95% ClI)

Overall 807 (100)

Control Group Vs. 400 (50) Reference

Intensive Group 278 (34) —— 179(1.12-288) <0.01
Moderate Group 129 (16) ———=e—— 1.66 (0.97 - 2.86) 0.06
Initial Lesion : Active Vs. 385 (48) Reference

Inactive 422 (52) ——> 219 (1.42-3.37) <0.001
No individual Treatment Vs. 725 (90) Reference

Individual treatment 82 (10) [ 0.81(0.47 - 1.38) 0.44
No trimming Vs. 593 (73) Reference

Trimming 214 (27) —— 0.41(0.26 - 0.62)  <0.001
Absence of Contralateral lesion Vs. 121 (15) Reference

Contralateral lesion 686 (85) <« 0.32 (0.22 - 0.46) <0.001
Absence of systemic disorders Vs 741 (92) Reference

Concomitant systemic disorders 66 (8) ] 0.48 (0.23 - 1.01) 0.06
Parity:0-1 Vs. 234 (29) Reference

2 213 (26) —— 0.75 (0.49 - 1.15) 0.19
>3 360 (45) —— 0.71 (0.49 - 1.03) 0.06
Lactation Stage:* <90 Vs. 323 (15) Reference

90 - 150 500 (24) —— 1.11(0.77 - 1.59) 0.59
>150 1245 (60) —— 0.61(0.43-0.85) <0.01
Herd size <100 LC Vs. 285 (35) Reference

>100 LC 522 (65) —— 0.48 (0.34-0.67) <0.001
Control Group/Inactive Lesions Vs. 214 (50) Reference

Intensive Group/Inactive Lesions 135 (32) — 0.52 (0.27 - 0.99) <0.05
Moderate Group/Inactive Lesions 73 (18) : 'ﬁ.__" — 0.85(0.42 - 1.74) 0.66

0.25 0.50 0.751.0 1.5 2.025
<---Reduced Healing- --Increased Healing--->
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* Time-dependent covariates; “number of feet” ammnsitions between categories during the followtiigl

period.

Table 1. A detailed description of the covariates invegggaduring the clinical trial.

Level Covariates Group Definition
Footbath regimen  Control
group Moderate Allocation group.
allocation Intensive
Initial score M4 -3 Foot score recorded at the analyses inclusion doapto
Feet M1-M2-M4.1 Dopfer et al. (1997) and Berry et al. (2012).
L Yes Feet which have received a hoof-trimming duringftiow-
Hoof-trimming . : -
No up period until censoring.
. Yes Feet which have received a treatment during théperiod
Individual treatment ; .
No until censoring.
bDD lesion onthe  Yes The presence of a bDD lesion in the contralaterat fluring
contralateral foot No the follow-up period until censoring.
C ity at th =3
ow parity at the . .
start of the trial g . Number of calvings at the start of the trial follay.
Low (<36.4) . . .
Moderate Based on the milk-production yield recorded dutimg
Milk yield potential (36.4-42.2) preceding lactation to the trial start. The valuese adjusted
Cow . ) by parity.
High (>42.2)
Concomitant disease Yes C.ows experiencing a concomitant systemic diseasagithe
No trial period until censoring.
DIM <90
Lactation stage DIM 90-150 Days in milk across the follow-up visits.
DIM >15C
. Fair (< 2) . -
Cow feet hygien® Poor = 2) Score of the cow feet hygiene across the followssjis.
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Yes

Grazing N Farms which have practiced grazing during the.trial
0
Preventive Yes Farms which have practiced a h-trimming for a large part ¢
L the herd at least once during the 2 previous mantlosiring
hoof-trimming No )
the trial.
<2t
Initial prevalence 25-35 Prevalence of cows with active lesions at the jpuesvisit.
Farm >35
. . <10% . L . . . .
Heifer proportion > 10% Heifer proportion introduced in the herd during thal period.
0
. <100 LC . . L
Herd siz8 5100 LC Average number of lactating cows during the triadipd.
Good < 1.!
Farm feet hygierfe  Fair to Poor ~ Average scoring of the herd feet across the follgpawisits.
>15

*Time-dependent covariates
P C=Lactating cows

737
738
739
740

Table 2. Main farms characteristics before side randominatio

Initial Global Preventive Number of feetNumber of fee
Allocation Farm Lactating Heifers bDD  Housing feet Grazing Milking hoof included in the included in the
ID Cows prevalence system : period system trimming - occurrence
= hygiend -9 healing outcom
(%) practices outcome
1 45 14 36  Cubicles 2.00  Yes CO?]‘QT”“O Yes 59 26
2 115 37 18  Cubicles 242  No CO?]‘QT”“O Yes 75 118
Moderate . Conventic
Regimen 3 47 13 47 Cubicles 2.00 Yes nal Yes 32 21
4 78 26 33 Cubicles 2.38  Yes CO';]‘QT”“O Yes 75 43
Loose Conventio
5 57 22 21 housing 2.30 Yes nal No 20 41
6 85 33 40 Cubicles 2.31  Yes CO'L‘QT”“" Yes 99 45
7 145 49 59 Cubicles 2.18 Yes Rotary Yes 180 99
Intensive g 155 35 30 Cubicles 211 Yes CONVeNto  yeq 81 123
Regimen nal
9 123 38 31 Cubicles 2.02 Yes Rotary Yes 103 138
10 99 37 20  Cubicles 203  Yes Com\gntlo No 83 89
Cubicles
=9 Yes=9 Conventio Yes=8
Summary 10 899 (90) 304 (30) 349%'  Loose 2.17¢ - nal=8 > 807 743
; No=1 _ No=2
housing Rotary =2
=1

®Prevalence of cows with active lesions at the fpuesvisit

PAverage feet hygiene score (1-3) among the aninegisrded at the pre-study visit
“Total count and mean proportion in parenthesigsmbtherwise specified.

“Total average
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Table 3. Feet baseline characteristics according to theatilon group, the covariates recorded and the mesmf interest.

Covariates  Group

Healing outcome

Occurrence outcome

Control  Intensive Moderate

Control Intensive Moderate

(%) (%) (%) Total p-value %) (%) %) Total p-value
M4 — 3 214 (53) 135(49) 73 (57) 422 ] ] ] ) )
Initial score 0.25
M1-M2-M4.1 186 (47) 143 (51) 56(43) 385
0-1 115(28) 83(30) 36(28) 234 189 (50) 124 (50) 60 (49) 373
Cow parity 2 103(29) 68(25) 42(33) 213 050 83(22) 49(20) 29(24) 161 0.88
>3 182(45) 127(45) 51(39) 360 102 (27)74 (30) 33 (27) 209
Low (<36.4) 101(26) 63(23) 42(34) 206 132(35)77 (31) 46 (38) 255
g";'t"emiaﬁ’ie'd ?@‘é‘.jii‘i"fz) 157 (41) 120(45) 49(40) 326 021  112(30)78(32) 30(25) 220 0.56
High (>42.2) 126(33) 86(32) 32(26) 244 130 (35)92 (37) 46 (37) 268
DIM <90 109 (27) 77(28) 37(29) 223 143 (39)93 (38) 43(35) 279
'S-f‘;égﬂon DIM 90-150 85(21) 58(21) 20(15) 163 0.70 61(16) 45(18) 20(16) 126 0.90
DIM >150 206 (52) 143(51) 72(56) 421 168 (45) 107 (44) 59 (48) 334
Cow  feelFair (<2)  315(78) 215(77) 103(80) 633 283 (76) 206 (83) 78 (64) 567
hygiene  poore2)  85(22) 63(23) 26(20) 174 082 91 (24) 41(17) 44(36) 176 =0.001
Preventive yes 328(82) 240(86) 97(75) 665 318 (85)200 (81) 110 (90) 628
hoof- <0.05 0.06
trimming  No 72(18) 38(14) 32(25) 142 56 (15) 47 (19) 12(10) 115
<25 93(23) 38(14) 47(36) 178 123 (33)47 (19) 78 (64) 248
m@;lence 25.35 128(32) 95(34) 36(28) 259 <0.001 154 (41)127 (51) 23(19) 304 <0.001
>35 179 (45) 145(52) 46(36) 370 97 (26) 73(30) 21(17) 191
Proportion 0'< 33% 131(33) 55(20) 83(64) 269 <0.001 156 (42)66(27) 81(66) 303 <0.001
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heifers > 33% 269 (67) 223(80) 46(36) 538 218 (58) 181 (73) 41(34) 440
. <100 LC 144 (36) 49(18) 92(71) 285 90 (24) 24(10) 62(51) 176
Herd sizé <0.001 <0.001
> 100 LC 256 (64) 229(82) 37(28) 522 284 (76) 223 (90) 60 (49) 567
Good to Fair
Earm pel 5 Nig1 (45) 127 (46) 46(36) 354 038 151 (40)132 (53) 21(17) 304 0,001
YOIENE  poors2 219(54) 151(54) 83(64) 453 223 (60) 115 (47) 101 (83) 439

8 C=Lactating cows

757
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