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Simple Summary: Foot diseases are a widespread issue in dairy herds that lead to economic losses
and cow welfare alteration. Time is a limited key resource for farmers in herd management and
especially for the control of lameness. The aim of this study is to determine the most effective time to
be allocated for digital dermatitis management and to quantify the marginal economic gain for extra
time devoted to digital dermatitis management in dairy herds. This study shows that allocating less
time to lameness detection and more to footbath application is more profitable for both farmers and
animal welfare. The optimal time to spend on footbath application ranges from 17.8 to 22.3 h/month.

Abstract: The objective of this study is to determine the most effective time allocation for digital
dermatitis management and to quantify the marginal economic gain from extra time devoted to
digital dermatitis management. The model simulating foot disease occurrence and the associated
management was Dairy Health Simulator©. Then, an econometric model was applied to identify
the relationship between the dairy workshop’s gross margin and time for lameness management as
well as the hourly marginal gain curve associated with lameness management. The gross margin
was optimized under two constraints, i.e., the overall time spent for lameness management and
the mean lameness duration (mimicking cow welfare). The results show that allocating less time to
lameness detection and more to footbath application can contribute as follows: (i) reduces time spent
for lameness management, (ii) maintains the best welfare level, and (iii) obtains the highest gross
margin. The optimal time to devote to footbath application ranged from 17.8 to 22.3 h/month. A
hiring strategy was investigated, and the break-even point ranged from 16.1 to 19.8 h/month. The
recommended time to spend on footbath application is relatively important; therefore, stakeholders
should consider the importance of lameness to the dairy industry and should devote enough time for
footbath applications.

Keywords: lameness; cow; economics; herd management; footbath; animal welfare

1. Introduction

Foot diseases are one of the most important concerns in dairy herds [1–3]; studies in
the literature describes a wide range of prevalence, from 5% to 55% [4–8]. Foot diseases
lead to deterioration in cow welfare, reduced feed intake, severe pain, arched back, as well
as abnormal posture and walking [9,10]. Foot diseases also cause major economic losses,
through treatments, reduced milk production, discarded milk due to antimicrobial use,
deteriorated reproductive performance, early culling, and interactions with other diseases
such as subclinical ketosis and mastitis [11–13]. The estimations, available in the literature,
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of the costs associated with lameness, including all types of etiologies, range between 43 and
1040 euros/case/year [2,5,11,13–16]. Although from 27% to 38% of farmers only consider
foot diseases as moderate or large problems in herds [17,18], lameness management is
one of the most important challenges for farmers [17,19]. Management of lameness relies
on different procedures at the cow level, such as trimming or use of non-steroidal anti-
inflammatory and antimicrobial drugs [20], which require observational time to detect
lame cows. Short-term herd-level actions include increasing scraping frequency to improve
hygiene and to control infectious foot diseases such as interdigital dermatitis and digital
dermatitis (DD), and applying a footbath (FB) to treat DD [21–23]. Mid-term actions notably
include systematic preventive trimming for cows at dry-off concomitantly to curative
trimming chutes for lame cows. Long-term actions are about housing design, especially
the comfort of cubicles and the nature of the floor that influences pressures applied on
the claws [24,25]. All these measures are costly and time-consuming for farmers [26].
In this context, decision making should account for multiple factors, time being very
often a limiting factor. Time devoted to lameness management can be divided into two
main categories, i.e., time spent for detection of lame cows and time spent for treatment.
Lameness detection is most often performed by visual inspection of cows. The five-scale
lameness score classification is a useful tool for evaluating the degree of lameness in
cows [27]. This classification is based on observations of the posture and position of the
limbs, and it requires both observation time as well as experience and some technical
knowledge to rightly classify the cows. Lameness detection consequently depends on the
degree of lameness [28], farmers’ skills, and time allocated to this task. The combination
of these three aspects generates different levels of expertise in the detection of lame cows,
which has already been investigated in a previous study [29]. On dairy farms, lameness is
often underestimated [18,30,31] because of a lack of consistent knowledge on the subject,
especially about the different degrees of lameness and the ability to detect all of them,
particularly the most discrete cases [4,27,30,31]. Underestimation ranges from 17% to
30% [32,33] and induces negative outcomes for farmers. A previous study showed that one
extra week spent in a lame state for one cow cost 12.1 euros [29].

Lame cows can also be automatically detected thanks to image-processing techniques,
kinetic or kinematic processes, often with poor specificity for early detections [34]. In-
frared thermography is a technique for detecting lame cows by identifying foot-located
inflammatory processes through the assessment of surface thermal responses under various
conditions [35]. However, this new and non-invasive technique also lacks specificity in
identifying lame cows [36]. Time spent for treatment includes time spent for trimming
chutes, antibiotic administration, and collective FB application to specifically treat active
lesions of DD, which is recommended when the prevalence of DD exceeds 20% [37]. Be-
tween 0 and 96.7% of dairy herds are challenged by DD occurrence worldwide [38], and
the majority of time spent for treatment is widely devoted to FB application [18]. Footbath
application is, therefore, one critical point in the time spent for treatment of lame cows.
As a result, early detection of lame cows as well as subsequent, prompt, and appropriate
treatment are critical points to minimize losses and to improve animal welfare. Inspections
and the time for treatment are both considered to be time-consuming by farmers [39].

A better understanding of substitutions for these actions devoted to lameness manage-
ment in order to increase financial performances of farms while improving animal welfare
and limiting extra labor is of interest to the dairy industry. The objective of the present
study is to determine the most effective time to be allocated for DD management and to
quantify the marginal gain for extra time devoted to DD management in dairy herds.

2. Materials and Methods
2.1. Dairy Health Simulator

DHS© (Dairy Health Simulator©) is a bioeconomic model aimed at supporting de-
cision making for farmers in French dairy herds [40]. The model consists of a biological
simulation model coupled with an economic optimization model. The biological model is
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defined on a cow-week basis and on the weekly probabilities for all cow events, including
milk production, reproduction, and diseases. It aims to achieve a long-term dynamic
representation of a dairy herd of 100 cows. In brief, from birth to death, each animal is
characterized weekly by their physiological and production status (e.g., male calf, female
calf, pregnant, in-milk cow, and dry cow).

A specific module (DHS_Lame), which had been previously described in the literature,
was built to accurately simulate the occurrence and consequences of 5 claw disorders, i.e.,
sole ulcer, white line disease, interdigital phlegmon, interdigital dermatitis, and DD [29].
M-stage dynamics were also implemented [41,42] in order to accurately simulate DD
occurrence (Figure 1). Existing interactions between foot diseases were included [42], as
well as interactions with other diseases such as mastitis and subclinical ketosis [43]. Each
claw etiology is specifically responsible for subsequent milk yield losses [34], and each
claw disorder generates a certain degree of lameness quantified by a 5-scale lameness score
classification [27]. Each level of lameness score is responsible for reproductive disorders
such as increased luteal phase duration [44] and a lack of heat expression [29]. The farmer-
level ability to detect lame cows depends on the lameness score [28] and was implemented
in the model. Once cows were detected as lame, appropriate treatments (claw trimming,
including foot block application for white line disease, sole ulcer and interdigital dermatitis,
systemic antibiotics for interdigital phlegmon, oxytetracycline spray, or collective FB for
DD, depending on the herd-level DD prevalence [37]) to cure them were applied leading
to healing with a given probability. The appropriate treatments were applied either by a
veterinarian, a trimmer, or by the farmer himself. The choice of the person applying the
treatment was governed by in-field-based probabilities in this model. As long as lame cows
were not detected and subsequently treated, they remained lame and negative effects were
still applied.
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Figure 1. Schematic summary of lame disease calibration [29]. A cow becomes lame with an initial
baseline risk for each etiology, and the degree of lameness (5-point scale) is determined with a
probability pi, j. Once the cow becomes lame, the etiology contributes to the subsequent milk yield
losses, whereas the lame state generates reproductive disorders. The detection by a farmer is based
on his/her ability to detect the lame state (arrows with dotted line) (Pdetection). Once the cow is
detected as lame, the etiology is systematically correctly identified, and a probability of treatment
(Ptreatment) is applied. Then, the probability of healing (Phealing) is applied to determine whether the
cow remains lame.
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A simulated stabilized 100 in-milk cow herd was used as a unique starting base for
all scenarios for a 728-week simulation with 100 iterations each. The last 520 weeks were
included in the results analysis to obtain stable results. The results of the preliminary study
showed a mean lameness prevalence of 55%. Relative contributions of DD, interdigital
dermatitis, interdigital phlegmon, sole ulcer, and white line disease were 36%, 28%, 4%,
19%, and 13%, respectively. The mean herd-level prevalence of DD was 28% [29].

2.2. Outcomes and Metrics

The medium lameness duration (MLD) [29] represents the mean period during which
one given cow remains lame, i.e., the number of weeks during which one cow exhibits a
lameness score greater than or equal to 3. This parameter is expressed in weeks and ranges
from 4.6 to 20 weeks, depending on the different in-farm situations [29].

The milk workshop’s gross margin (GM) was calculated as the difference between
gross sales and workshop’s operational costs (Equation (1)):

GMs = (MilkRs + MeatRs + AnimRs) − (FeedEs + ReproEs + VetEs + TrimEs + TreatEs + StrawEs) (1)

where MilkRS, MeatRS, and AnimRS are revenues from milk, meat production, and sold
animals (including claves and pregnant heifers), respectively, and FeedES, ReproES, VetES,
TrimES, TreatES, and StrawES are expenses from feeding cost, reproduction cost, veterinary
cost, treatment cost, trimmer cost, and strawing cost, respectively.

AllLameTime included time spent in detecting lame cows for each different lameness
detection rate LD_i (1 ≤ i ≤ 11) (DetectTime), time dedicated for curative trimming (Trim-
Time), time devoted to antibiotic injection (ATBTime), time dedicated to topical treatment
(TopicTime), and time devoted to FB application for each DD prevalence threshold FB_j
(0 ≤ j ≤ 9) from which the FB is applied (FBTime) (Equation (2)):

AllLameTime = DetectTime + TrimTime + ATBTime + TopicTime + FBTime (2)

Time dedicated to lameness management (AllLameTime) was classified into five
classes, mimicking five different scenarios corresponding to farmers’ commitments. Each
month, farmers could spend less than 7 h (poor implication), between 7 and 14 h (low
implication), between 14 and 21 h (moderate implication), between 21 and 28 h (good
implication), and between 28 and 35 h (excellent implication) for lameness management.
Based on the range highlighted in a previous study and discussed above [29], five classes
of MLD were generated, representing five different levels of lameness-related cow welfare
as follows: between 4 and 8 weeks (excellent level of cow welfare), between 8 and 11 weeks
(good level of cow welfare), between 11 and 14 weeks (moderate level of cow welfare),
between 14 and 17 weeks (low level of cow welfare), and between 17 and 20 weeks (poor
level of cow welfare).

2.3. Management Scenarios

The dynamics among the foot diseases were simulated stochastically and holistically
leading to a panel of lameness prevalence as a result of different combinations of sce-
narios: flooring (concrete (CONCRETE) vs. textured (TEXTURED)), scraping frequency
(≤8 times per day (SCRAP ≤ 8) vs. >8 times per day (SCRAP > 8)), and existence of pre-
ventive trimming (yes (TRIM) vs. no (NOTRIM)) (Table 1). Moreover, a standard level
of lameness detection corresponding to 30 min spent per day was simulated (LD_6) by
referring to the literature [28]. Ten other levels of detections (5 below and 5 above) were
simulated, from no detection of lame cows at all (LD_1) to detection two times better than
a standard farmer (LD_11) (Table 2). The prevalence of DD that led to footbath application
was 20% [37] in the base scenario (FB_4) and simulations included steps of 5% of the
threshold, from footbath systematically used to whatever the DD prevalence (FB_0) to
footbath never applied (FB_9) (Table 3).
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Table 1. Scenarios influencing the initial baseline risk of claw disease occurrence (adapted from [29]).

Risk Factors

Sole Ulcer White Line Disease Digital Dermatitis Interdigital
Dermatitis

FLOORING

Concrete
(“CONCRETE”) reference reference reference reference

Textured
(“TEXTURED”)

2
[45]

2.5
[46]

2.7
[47]

2.7
[47]

HYGIENE
Scraping frequency

>8 times a day
(“SCRAP>8”) reference reference reference reference

≤8 times a day
(“SCRAP≤8”) 1 1 2

[48]
2

[48]

PREVENTIVE
TRIMMING

Yes
(“TRIM”)

0.7
[49]

0.7
[50] 1 0.8

[51]

No
(“NOTRIM”) reference reference reference reference

Table 2. Scenarios on lame detection (LD) by farmers.

Detection Rate Scenarios Multiplier Coefficients Corresponding Time Spent in
Detecting Lame Cows (min/Day)

LD_1 0 0
LD_2 0.2 5
LD_3 0.4 10
LD_4 0.6 15
LD_5 0.8 20

LD_6 (1) 1 30
LD_7 1.2 35
LD_8 1.4 40
LD_9 1.6 45

LD_10 1.8 50
LD_11 2 60

(1) inspired by [28].

Table 3. Scenarios relative to digital dermatitis (DD) prevalence threshold from which a collective
footbath (FB) is applied.

Footbath Use Scenarios DD Prevalence Thresholds (%)

FB_0 0
FB_1 5
FB_2 10
FB_3 15

FB_4 (1) 20
FB_5 25
FB_6 30
FB_7 35
FB_8 4
FB_9 110

(1) Standard reference of footbath application [37].

These different sets of scenarios and their combinations brought a wide range of
prevalence for lameness and DD.
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2.4. Optimization under Constraints and Econometrics

The optimization under the two constraints is schematically represented in Figure 2.
The intersection between the two groups ([a ≤ AllLameTime ≤ b] and [c ≤ MLD ≤ d])
gave the group in which all the GM favorably responded to the two constraints ([a ≤ Time
≤ b] ∩ [c≤MLD≤ d]), where a, b, c, and d are applied thresholds, see above. Then, among
these GM, the two maximum values (max1(GM) and max2(GM)) were elected according to
Formulas (3) and (4):

max1(GM), ∀GM ∈ [a ≤ Time ≤ b] ∩ [c ≤ MLD ≤ d], GM ≤ max1(GM) (3)

max2(GM), ∀GM ∈ [a ≤ Time ≤ b] ∩ [c ≤ MLD ≤ d]\{max1(GM)}, GM ≤ max2(GM) ≤ max1(GM)} (4)
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Figure 2. Optimization under two constraints. GM, gross margin and MLD, medium lameness
duration. a, b, c, and d represent thresholds for the applied constraints. [a,b] ∈ {[4, 8], [8, 11], [11, 14],
[14, 17], [17, 20]}. [c,d] ∈ {[0, 7], [7, 14], [14, 21], [21, 28], [28, 35]}.

From the 25 subsequent levels of constraints (5 AllLameTime * 5 MLD), the two best
GMs for each of them were selected. Two levels were considered to keep variability within
the results of the combination of scenarios. An econometric model was applied to quantify
the association between the time spent for FB application and the GM and to calculate
the corresponding marginal economic gain of time spent. The raw distribution of data
describes a sum of quadratic and linear terms [52] and the general form of our production
function is:

Y = a + bX− cX2 (5)

The simple quadratic equation with a minus sign before c denotes a decrease in
marginal returns. The optimum can be obtained by deriving the production function and
resolving Equation (6):

0 = b− c2X∗ (6)

where X∗ is the solution, thus the optimum value. Substituting the optimal value of X in
Equation (5) leads to Equation (7):

Y = a + bX∗ − cX2
∗ (7)
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The inclusion of a hiring strategy was also explored. Assuming the quadratic function
governing the evolution of the marginal gain as a function of the time spent on FB applica-
tion (see above), the break-even point of employment for a farm worker was calculated by
comparing it to the marginal hourly gain obtained in each scenario and based on a gross
hourly income of 11.27 euros (French Agricultural Chamber basis).

The break-even point XBEP, obtained for an hourly marginal gain equal to the em-
ployee’s gross hourly income, is then calculated according to Equation (8):

b− 2cXBEP = 11.27 (8)

3. Results

For the 25 different combinations of constraints (AllLameTime and MLD), the best and
second-best results of scenarios are presented in Table 4. For instance, for the lowest classes
of MLD and AllLameTime (upper left part of the table), the two optimal scenarios are “CON-
CRETE_TRIM_SCRAP>8_LD_2_FB_0” and “CONCRETE_TRIM_SCRAP>8_LD_2_FB_1”,
corresponding to the scenarios in which the floor is concrete, preventive trimming is per-
formed, daily scraping frequency is above eight times, lameness detection is 80% lower
than the standard implemented one [28], and the DD prevalence for which a collective FB is
applied is 0% or 5%. The color code helps to classify the scenarios from the less acceptable
(red) to the most acceptable (green), and helps to make the interpretation easier.

More desirable scenario. Lower levels of welfare (i.e., MLD > 11 weeks, half-right side
of Table 4) are observed in the context where scenarios of flooring, trimming, and hygiene
are variable (red/green), whereas MLD ≤ 11 weeks is almost always associated with the
most acceptable scenarios CONCRETE, TRIM, and SCRAP>8 (green). Most of the change
in MLD is linked to lameness detection and FB application scenarios. Scenarios associated
with “good practices” in FB application (i.e., low numbers of classes) are observed in
classes of low MLD, and vice versa. Scenarios associated with “good practices” in lameness
detection (i.e., high numbers of classes) are also observed in classes of low MLD, and
vice versa.

The results show that the outcome AllLameTime is highly sensitive to the constraint
DetectTime (change of color with a row for lameness detection), whatever the level of
MLD. On the contrary, the threshold for FB application is not identified as a key parameter
influencing AllLameTime, for the best class of MLD (between 4 and 8 weeks) because
classes for time spent for FB application are always 1 or 2. On the contrary, AllLameTime is
sensitive to the threshold for FB application (change of class in a given column), especially
for the MLD class between 8 and 11 weeks, where FB application classes range from 2 to
9. To sum up, an interaction-like behavior is described for the variable threshold for FB
application with the variables MLD and AllLameTime.
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Table 4. Optimization of the gross margin under constraints of time spent for lameness management and lameness-related cow welfare. Numbers correspond to the
different levels of scenarios for lameness detection (LD) and footbath (FB).

Medium Lameness Duration (Weeks)

[4; 8] [8; 11] [11; 14] [14; 17] [17; 20]

FLOOR TRIMMING HYGIENE LD FB FLOOR TRIMMING HYGIENE LD FB FLOOR TRIMMING HYGIENE LD FB FLOOR TRIMMING HYGIENE LD FB FLOOR TRIMMING HYGIENE LD FB

Ti
m

e
sp

en
tf

or
la

m
e

m
an

ag
em

en
t(

ho
ur

/m
on

th
)

[0; 7]
CONCRETE TRIM SCRAP>8 2 0 CONCRETE TRIM SCRAP>8 2 2 CONCRETE TRIM SCRAP>8 2 5 CONCRETE TRIM SCRAP>8 1 7 CONCRETE TRIM SCRAP≤8 1 7
CONCRETE TRIM SCRAP>8 2 1 CONCRETE TRIM SCRAP>8 2 4 CONCRETE TRIM SCRAP>8 2 7 CONCRETE TRIM SCRAP>8 1 1 CONCRETE TRIM SCRAP≤8 1 3

[7; 14]
CONCRETE TRIM SCRAP>8 4 0 CONCRETE TRIM SCRAP>8 5 4 CONCRETE TRIM SCRAP≤8 4 7 TEXTURED TRIM SCRAP>8 3 9
CONCRETE TRIM SCRAP>8 5 1 CONCRETE TRIM SCRAP>8 4 5 CONCRETE TRIM SCRAP≤8 4 8 TEXTURED TRIM SCRAP≤8 4 9

[14; 21]
CONCRETE TRIM SCRAP>8 6 1 CONCRETE TRIM SCRAP>8 6 5 CONCRETE TRIM SCRAP≤8 6 7 TEXTURED TRIM SCRAP≤8 6 9
CONCRETE TRIM SCRAP>8 6 0 CONCRETE TRIM SCRAP>8 6 7 CONCRETE TRIM SCRAP≤8 7 9 TEXTURED NOTRIM SCRAP≤8 7 9

[21; 28]
CONCRETE TRIM SCRAP>8 9 0 CONCRETE TRIM SCRAP>8 10 5 CONCRETE TRIM SCRAP≤8 8 9 TEXTURED TRIM SCRAP>8 1 7
CONCRETE TRIM SCRAP>8 7 0 CONCRETE TRIM 1 8 5 1 1 2 8 8

[28; 35]
CONCRETE CONCRETE 1 11 0 1 1 1 11 7 1 2 2 11 9
CONCRETE CONCRETE 1 11 1 1 1 1 11 9 1 2 2 10 9

A color code was applied to make the interpretation easier. Less desirable scenario
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The Tornado diagram describing GM (highest at top) for 24 combinations of FB and
LD (Figure 3), in the context where the panel of obtained GM is the greatest (i.e., where risk
factors are effectively managed, including concrete floor, high daily scraping frequency,
and existence of preventive trimming), shows that the seven best GMs are associated with
low levels of lameness detection (i.e., LD_1 and LD_2,) and that the GM increases with an
increase in FB (from FB_7 to FB_0).

Animals 2023, 13, x FOR PEER REVIEW 10 of 20 
 

The Tornado diagram describing GM (highest at top) for 24 combinations of FB and 
LD (Figure 3), in the context where the panel of obtained GM is the greatest (i.e., where 
risk factors are effectively managed, including concrete floor, high daily scraping 
frequency, and existence of preventive trimming), shows that the seven best GMs are 
associated with low levels of lameness detection (i.e., LD_1 and LD_2,) and that the GM 
increases with an increase in FB (from FB_7 to FB_0). 

 
Figure 3. Tornado diagram illustrating the sensitivity analysis about the influence of time devoted 
to lameness detection and time spent for footbath application, in the context where risk factors are 
well-managed (concrete floor, existence of preventive trimming, and high daily scraping frequency 
(CONCRETE_TRIM_SCRAP>8)). Numbers correspond to the different levels of scenarios. LD: from 
1 (no time devoted to lameness detection) to 11 (60 min devoted to lameness detection) with a step 
of 5 min between each level. Details in Table 2. FB: from 0 (FB systematically applied whatever the 
digital dermatitis prevalence) to 9 (FB never applied) with a prevalence step of 5%. Details in Table 
3. 

The econometric analysis of the relationship between the time spent for FB 
application in the context of DD management and GM for the eight combinations of 
scenarios (CONCRETE_TRIM_SCRAP>8, CONCRETE_TRIM_SCRAP≤8, 
CONCRETE_NOTRIM_SCRAP>8, CONCRETE_NOTRIM_SCRAP≤8, 
TEXTURED_TRIM_SCRAP>8, TEXTURED_TRIM_SCRAP≤8, 
TEXTURED_NOTRIM_SCRAP>8 and TEXTURED_NOTRIM_SCRAP≤8) (Figure 4) 
strongly follows a second-degree polynomial (r-squared ranging from 0.74 to 0.84). 
Depending on the combination, the optimized GM is reached for overall time spent for FB 
application ranging from 17.8 to 22.3 h/month (Table 5). The highest values of GM 
correspond to a zero marginal gain, as illustrated in Figure 5 and Table 5 (see below). 
Whatever the combination of scenarios observed, the optimum is observed on the right of 
the graph, showing the high economic interest of spending time on FB application to 
manage DD. 

Figure 3. Tornado diagram illustrating the sensitivity analysis about the influence of time devoted
to lameness detection and time spent for footbath application, in the context where risk factors are
well-managed (concrete floor, existence of preventive trimming, and high daily scraping frequency
(CONCRETE_TRIM_SCRAP>8)). Numbers correspond to the different levels of scenarios. LD: from
1 (no time devoted to lameness detection) to 11 (60 min devoted to lameness detection) with a step
of 5 min between each level. Details in Table 2. FB: from 0 (FB systematically applied whatever the
digital dermatitis prevalence) to 9 (FB never applied) with a prevalence step of 5%. Details in Table 3.

The econometric analysis of the relationship between the time spent for FB applica-
tion in the context of DD management and GM for the eight combinations of scenarios
(CONCRETE_TRIM_SCRAP>8, CONCRETE_TRIM_SCRAP≤8, CONCRETE_NOTRIM_
SCRAP>8, CONCRETE_NOTRIM_SCRAP≤8, TEXTURED_TRIM_SCRAP>8, TEXTURED_
TRIM_SCRAP≤8, TEXTURED_NOTRIM_SCRAP>8 and TEXTURED_NOTRIM_SCRAP≤8)
(Figure 4) strongly follows a second-degree polynomial (r-squared ranging from 0.74 to
0.84). Depending on the combination, the optimized GM is reached for overall time spent
for FB application ranging from 17.8 to 22.3 h/month (Table 5). The highest values of
GM correspond to a zero marginal gain, as illustrated in Figure 5 and Table 5 (see below).
Whatever the combination of scenarios observed, the optimum is observed on the right
of the graph, showing the high economic interest of spending time on FB application to
manage DD.
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Figure 4. Relationship between time spent for footbath (FB) application and gross margin (GM): (A) CON-
CRETE_TRIM_SCRAP>8; (B) CONCRETE_TRIM_SCRAP≤8; (C) CONCRETE_NOTRIM_SCRAP>8; (D)
CONCRETE_NOTRIM_SCRAP≤8, (E) TEXTURED_TRIM_SCRAP>8; (F) TEXTURED_TRIM_SCRAP≤8;
(G) TEXTURED_NOTRIM_SCRAP>8; (H) TEXTURED_NOTRIM_SCRAP≤8. CONCRETE, concrete floor;
TEXTURED, textured floor; TRIM, preventive trimming; NOTRIM, no preventive trimming; SCRAP>8,
daily scraping frequency >8 times; SCRAP≤8, daily scraping frequency≤8 times.
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Table 5. Optimal time to spend on footbath application according to the different combinations
of scenarios.

Combination of Scenarios Optimal Time (h/month)

CONCRETE_TRIM_SCRAP>8 22.2
CONCRETE_TRIM_SCRAP≤8 22.3

CONCRETE_NOTRIM_SCRAP>8 18.9
CONCRETE_NOTRIM_SCRAP≤8 19.0

TEXTURED_TRIM_SCRAP>8 18.8
TEXTURED_TRIM_SCRAP≤8 18.3

TEXTURED_NOTRIM_SCRAP>8 17.9
TEXTURED_NOTRIM_SCRAP≤8 17.8

CONCRETE, concrete floor; TEXTURED, textured floor; TRIM, preventive trimming; NOTRIM, no preventive
trimming; SCRAP>8, daily scraping frequency >8 times; SCRAP≤8, daily scraping frequency ≤8 times.
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Figure 5. Marginal gain relative to time spent on footbath application, for each combination of
scenarios. TEXTURED, textured floor; CONCRETE, concrete floor; TRIM, preventive trimming;
NOTRIM, no preventive trimming; SCRAP≤8, daily scraping frequency ≤8 times; SCRAP>8, daily
scraping frequency >8 times.

The marginal gain of time devoted to FB application (Figure 5) represents the value in
euro of one extra hour spent on FB application. It is obtained by calculating the derivative
function of the corresponding quadratic function for each combination of scenarios. The
marginal gain is higher in the case of SCRAP≤8 (daily scraping frequency ≤8 times)
compared to SCRAP>8 (daily scraping frequency >8 times) (from 5% to 21.9%), higher in
the case of TRIM (preventive trimming) compared to NOTRIM (no preventive trimming)
(from 7.4% to 48.4%), and higher in the case of TEXTURED (textured floor) compared to
CONCRETE (concrete floor) (from 18.6% to 55.8%).

The optimal time of use of the FB as well as the marginal gain in time spent for
FB application was determined based on a farmer exclusively working on his own. The
possibility of hiring an employee was also studied to determine the possible profitability of
such an investment.
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First, the optimal time to spend on FB application ranged from 17.8 to 22.3 h per
month, which represented between 12.8% and 15.9% of the total monthly working time
of a full-time employee (based on a working week duration of 35 h). In other words, the
optimal time devoted to FB application could be achieved by a half-time worker working
approximately one week per month.

The break-even point was calculated for all the combinations of scenarios. The results
are presented in Table 6. Depending on the combinations of scenarios, the break-even point
ranged from 16.1 and 19.8 h per month (corresponding to the combinations of scenarios
TEXTURED_NOTRIM_SCRAP>8 and CONCRETE_TRIM_SCRAP≤8, respectively). In
other words, this break-even point is the maximum amount of time that an employee can
be hired per month in order to keep the profitability of spending time of FB application.

Table 6. Break-event point for hiring a farm employee according to the different combinations
of scenarios.

Combination of Scenarios Break-Even Point (h/month)

CONCRETE_TRIM_SCRAP>8 19.4
CONCRETE_TRIM_SCRAP≤8 19.8

CONCRETE_NOTRIM_SCRAP>8 17.4
CONCRETE_NOTRIM_SCRAP≤8 17.5

TEXTURED_TRIM_SCRAP>8 17.9
TEXTURED_TRIM_SCRAP≤8 17.1

TEXTURED_NOTRIM_SCRAP>8 16.1
TEXTURED_NOTRIM_SCRAP≤8 16.4

CONCRETE, concrete floor; TEXTURED, textured floor; TRIM, preventive trimming; NOTRIM, no preventive
trimming; SCRAP>8, daily scraping frequency >8 times SCRAP≤8, daily scraping frequency ≤8 times.

4. Discussion

Regardless of the farm context, spending time to detect lame cows and to treat them is
crucial, and there is a need to consider both measures in dairy herds. Digital dermatitis
plays a major role in total lameness cases, with a high correlation among herd-level DD
prevalence, lameness prevalence, and MLD [29]. The incidence rate of lesion development
has been reported to be four lesions per 100 cow foot-months on average [53]. Treponema
spp. have been implicated as the causative agents in DD due to their identification in
DD lesions [54]. However, the in-field diagnosis has mainly been based on the visual
inspection of the feet during trimming sessions [55]. This inspection method has been
adopted as a gold standard method by many researchers [56,57]. Management of DD
requires implementation of collective FBs at the herd level [22,23]. However, lameness
detection and FB application are time-consuming measures, in the context where time is
already a scarce resource for the farmer. As a result, the time spent should be effectively
allocated to obtain the best profitability as possible.

The present results confirm that the overall time spent for lameness management
(AllLameTime) is highly sensitive to the constraint time spent for lameness detection
(DetectTime). Lameness detection has already been identified as a time-consuming
task [18,39,58] and lameness detection through lameness 5-scale scoring has low sensi-
tivity, leading to low economic value attached by farmers to their application [59]. Acute
cases of lameness induce major inflammatory processes explaining severe pain, such as
increased levels of haptoglobin and proinflammatory cytokines [60]. If lameness is not
detected early, acute inflammatory processes turn into chronic stages and have systemic
repercussions with hormonal dysfunction leading to reproductive disorders [60]. Moreover,
the effectiveness of any type of treatment is significantly reduced in the case of chronic
cases [61]. As a result, acute cases of lameness turn into chronic stages and lead to negative
consequences on reproductive performance (e.g., an increase in metritis prevalence [62]
and an increase in luteal phase duration [44]). As with the management of chronic mastitis,
chronic cases of lameness should be included in culling strategies to improve herd-level
animal welfare and to reduce economic losses to the farmer [61].
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Spending less time on lameness detection but more time on footbath application can
result in the following: (i) reducing overall time for lameness management (AllLameTime),
(ii) maintaining good welfare level (MLD), and (iii) obtaining the highest margin in the set
of combinations of scenarios (Figure 5). The easiness of FB application, without negative
side effects, combined with economic benefits demonstrates that FB application is a highly
profitable practice. The therapeutic and preventive efficacies of FB in DD cases have been
widely discussed in the literature. The choice of the active principle in the FB preparation is
also a point of discussion. A meta-analysis showed that a 5% CuSO4-based FB used at least
four times a week was the only significantly effective protocol for the curative treatment
of DD [22]. Preventive efficacy was not proven, and therefore, it was not included in
the calibration. Applying a FB is an easy routine with a systematic protocol to follow,
and should be promoted for both the farmers’ and the cows’ welfare. Spending time on
detection of lame cows requires more skills to determine cows’ lame status and behaviors.
It also requires a time slot specifically dedicated to this task, which is not always respected
in practice and additionally with poorer results [59].

However, in practice, the separation of tasks is not so obvious, and the allocation
of time is not performed in a strict mechanical way. In general, lameness detection is
performed through the observation of cows for parameters related to reproduction (e.g.,
heat detection) or any other animal health issues. Here, we have a spillover effect, known
as the health impacts and costs that extend beyond a health intervention or program’s
targeted recipient to unintentionally impact other recipients either in a positive or negative
way [63]. This aspect inevitably induces a bias in the allocation of a farmer’s time and it is
a limitation of the present study.

The econometric approach shows that the optimized GM is reached for overall time
spent on FB application ranging from 17.8 to 22.3 h/month for the present 100-cow sim-
ulated dairy herd, depending on the scenarios (Figure 5 and Table 5). To the best of our
knowledge, this is the first study to investigate the relationship between time allocation
for FB application and producers’ profits. Previous studies have proposed standardized
protocols based on prevalence thresholds to manage digital dermatitis [23,37].

We also quantify the marginal gain of time spent for FB application (Figure 5). We
chose to calculate marginal gain for its ability to display where to prioritize efforts. First,
we show that FB application and preventive trimming act in synergy, and that combining
these two practices is economically justified. Indeed, on the one hand, trimming contributes
to good preventive management of foot diseases [64], especially the non-infectious ones
such as sole ulcer and white line disease [48] and concomitantly lead to the identification
of DD lesions and to subsequent treatment at the cow level. On the other hand, footbath
application is the conventional collective treatment for DD, which is the most important
infectious foot diseases in dairy herds [38]. As a result, the synergy is two-fold as it
allows for a combination of individual and collective treatments, and it also includes both
infectious and non-infectious diseases in the general lameness management.

Second, we show that the marginal gain of time spent on FB application is more
important when the floor is textured, although textured floors increased the relative risk
for claw disease. This can be interpreted as a substitution effect altogether acting as a
compensation. Third, the marginal gain of time spent on FB application is more important
in the case of limited hygiene (SCRAP≤8). A lack of hygiene is known to be a critical point
in foot disease occurrence, especially in the case of digital dermatitis [47,65]. This suggests
that FB application may have a substitution effect on those deteriorated scenarios. Even
though FB has a better marginal gain in the case of limited hygiene, our results do not
suggest that limited hygiene should be promoted, since the highest GM is systematically
observed in the scenario with SCRAP>8 (Table 4).

Whatever the combination of scenarios, hiring an employee is an effective option
for the farmer, both to keep benefits in time devoted to FB application and to gain time
which should be allocated to other crucial tasks such as heat detection, feeding plans, or
housing management. The calculated break-even points will be helpful for farmers in
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order to achieve the best herd management as possible, integrating both profitability and
time allocation.

The key variables used in the present study are evidenced based, and the final choices
of variables to be included in the study were based on the literature and author’s experience.
Previous studies have highlighted that preventive trimming is beneficial and have shown
that routine trimming reduced lameness cases by 25–34%, especially non-infectious foot
diseases [45,50]. However, because of a lack of confidence regarding the benefits, only
12.9% of farms have adopted preventive trimming [18]. It is critical to bring economic
arguments to veterinarians to convince farmers to adopt best management practices.

There are some limitations to the present study. Other etiologies of lameness, such
as interdigital hyperplasia or painful lesions regarding proximal limb regions, may be
included in the model. The chronic lameness cases discussed above should also be included
in the model, both in the treatment decision strategies and in the culling strategies. Future
investigations should, therefore, be carried out in order to have a model that is even more
representative of field conditions.

5. Conclusions

In the context of digital dermatitis management, this study demonstrates the economic
benefit of allocating time to footbath application to maintain both good welfare level and
gross margin, and time devoted to observation can be reduced in such a perspective.
The optimized gross margin is reached for the overall time spent on footbath application
ranging from 17.8 to 22.3 h/month, allowing a certain hiring policy, with an upper limit
ranging from 16.1 to 19.8 h per month, and optimizing both benefits and farmer-related
time allocation. The combination of footbath application and preventive trimming is
economically relevant.

Author Contributions: Conceptualization, R.R., A.F. and D.R.; methodology, R.R., A.F. and D.R.;
software, A.F; validation, D.R.; formal analysis, R.R., A.F., and M.B.; investigation, R.R., A.F. and
M.B.; resources, D.R.; data curation, R.R., A.F., and M.B.; writing—original draft preparation, R.R.
and A.F.; writing—review and editing, R.R., A.F., and D.R.; visualization, R.R. and A.F.; supervision,
D.R.; project administration, R.R. and A.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available for consultation by contacting the author of corre-
spondence.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dobson, H.; Walker, S.L.; Morris, M.J.; Routly, J.E.; Smith, R.F. Why is it getting more difficult to successfully artificially inseminate

dairy cows. Animal 2008, 2, 1104–1111. [CrossRef] [PubMed]
2. Esslemont, R.J.; Kossaibati, M.A. Incidence of production diseases and other health problems in a group of dairy herds in England.

Vet. Rec. 1996, 139, 486–490. [CrossRef] [PubMed]
3. Peake, K.A.; Biggs, A.M.; Argo, C.M.; Smith, R.F.; Christley, R.M.; Routly, J.E.; Dobson, H. Effects of lameness, subclinical mastitis

and loss of body condition on the reproductive performance of dairy cows. Vet. Rec. 2011, 168, 301. [CrossRef] [PubMed]
4. Barker, Z.E.; Vázquez Diosdado, J.A.; Codling, E.A.; Bell, N.J.; Hodges, H.R.; Croft, D.P.; Amory, J.R. Use of novel sensors

combining local positioning and acceleration to measure feeding behavior differences associated with lameness in dairy cattle.
J. Dairy Sci. 2018, 101, 6310–6321. [CrossRef]

5. Charfeddine, N.; Pérez-Cabal, M.A. Effect of claw disorders on milk production, fertility, and longevity, and their economic
impact in Spanish Holstein cows. J. Dairy Sci. 2017, 100, 653–665. [CrossRef]

6. Hernandez, J.; Shearer, J.K.; Webb, D.W. Effect of lameness on milk yield in dairy cows. J. Am. Vet. Med. Assoc. 2002, 220, 640–644.
[CrossRef]

https://doi.org/10.1017/S175173110800236X
https://www.ncbi.nlm.nih.gov/pubmed/20396609
https://doi.org/10.1136/vr.139.20.486
https://www.ncbi.nlm.nih.gov/pubmed/8950818
https://doi.org/10.1136/vr.c6180
https://www.ncbi.nlm.nih.gov/pubmed/21498196
https://doi.org/10.3168/jds.2016-12172
https://doi.org/10.3168/jds.2016-11434
https://doi.org/10.2460/javma.2002.220.640


Animals 2023, 13, 1988 18 of 20

7. Manske, T.; Hultgren, J.; Bergsten, C. Prevalence and interrelationships of hoof lesions and lameness in Swedish dairy cows. Prev.
Vet. Med. 2002, 54, 247–263. [CrossRef]

8. Whay, H.R.; Webster, A.J.F.; Waterman-Pearson, A.E. Role of ketoprofen in the modulation of hyperalgesia associated with
lameness in dairy cattle. Vet. Rec. 2005, 157, 729–733. [CrossRef]

9. Laven, R.A.; Lawrence, K.E.; Weston, J.F.; Dowson, K.R.; Stafford, K.J. Assessment of the duration of the pain response associated
with lameness in dairy cows, and the influence of treatment. N. Z. Vet. J. 2008, 56, 210–217. [CrossRef]

10. Whay, H.R.; Shearer, J.K. The Impact of Lameness on Welfare of the Dairy Cow. Vet. Clin. North Am. Food Anim. Pract. 2017,
33, 153–164. [CrossRef]

11. Dolecheck, K.A.; Overton, M.W.; Mark, T.B.; Bewley, J.M. Use of a stochastic simulation model to estimate the cost per case
of digital dermatitis, sole ulcer, and white line disease by parity group and incidence timing. J. Dairy Sci. 2019, 102, 715–730.
[CrossRef]

12. Galligan, D. Economic assessment of animal health performance. Vet. Clin. North Am. Food Anim. Pract. 2006, 22, 207–227.
[CrossRef] [PubMed]

13. Liang, D.; Arnold, L.M.; Stowe, C.J.; Harmon, R.J.; Bewley, J.M. Estimating US dairy clinical disease costs with a stochastic
simulation model. J. Dairy Sci. 2017, 100, 1472–1486. [CrossRef] [PubMed]

14. Cha, E.; Hertl, J.A.; Bar, D.; Gröhn, Y.T. The cost of different types of lameness in dairy cows calculated by dynamic programming.
Prev. Vet. Med. 2010, 97, 1–8. [CrossRef] [PubMed]

15. Häggman, J.; Junni, R.; Simojoki, H.; Juga, J.; Soveri, T. The costs of interdigital phlegmon in four loose-housed Finnish dairy
herds. Acta Vet. Scand. 2015, 57, 90. [CrossRef]

16. Willshire, J.A.; Bell, N.J. An economic review of cattle lameness. Cattle Pract. 2009, 17, 136–141.
17. Pothmann, H.; Nechanitzky, K.; Sturmlechner, F.; Drillich, M. Consultancy to dairy farmers relating to animal health and herd

health management on small- and medium-sized farms. J. Dairy Sci. 2014, 97, 851–860. [CrossRef]
18. Ranjbar, S.; Rabiee, A.R.; Ingenhoff, L.; House, J.K. Farmers’ perceptions and approaches to detection, treatment and prevention

of lameness in pasture-based dairy herds in New South Wales, Australia. Aust. Vet. J. 2020, 98, 264–269. [CrossRef]
19. Caraviello, D.Z.; Weigel, K.A.; Fricke, P.M.; Wiltbank, M.C.; Florent, M.J.; Cook, N.B.; Nordlund, K.V.; Zwald, N.R.; Rawson, C.L.

Survey of management practices on reproductive performance of dairy cattle on large US commercial farms. J. Dairy Sci. 2006,
89, 4723–4735. [CrossRef]

20. Thomas, H.J.; Miguel-Pacheco, G.G.; Bollard, N.J.; Archer, S.C.; Bell, N.J.; Mason, C.; Maxwell, O.J.R.; Remnant, J.G.; Sleeman, P.;
Whay, H.R.; et al. Evaluation of treatments for claw horn lesions in dairy cows in a randomized controlled trial. J. Dairy Sci. 2015,
98, 4477–4486. [CrossRef]

21. Holzhauer, M.; Döpfer, D.; de Boer, J.; van Schaik, G. Effects of different intervention strategies on the incidence of papillomatous
digital dermatitis in dairy cows. Vet. Rec. 2008, 162, 41–46. [CrossRef]

22. Jacobs, C.; Beninger, C.; Hazlewood, G.S.; Orsel, K.; Barkema, H.W. Effect of footbath protocols for prevention and treatment of
digital dermatitis in dairy cattle: A systematic review and network meta-analysis. Prev. Vet. Med. 2019, 164, 56–71. [CrossRef]
[PubMed]

23. Solano, L.; Barkema, H.W.; Pickel, C.; Orsel, K. Effectiveness of a standardized footbath protocol for prevention of digital
dermatitis. J. Dairy Sci. 2017, 100, 1295–1307. [CrossRef]

24. Harris, D.J.; Hibburt, C.D.; Anderson, G.A.; Younis, P.J.; Fitspatrick, D.H.; Dunn, A.C.; Parsons, I.W.; McBeath, N.R. The incidence,
cost and factors associated with foot lameness in dairy cattle in south-western Victoria. Aust. Vet. J. 1988, 65, 171–176. [CrossRef]
[PubMed]

25. Phillips, C.J.; Morris, I.D. The locomotion of dairy cows on concrete floors that are dry, wet, or covered with a slurry of excreta.
J. Dairy Sci. 2000, 83, 1767–1772. [CrossRef]

26. Horseman, S.V.; Whay, H.R.; Huxley, J.N.; Bell, N.J.; Mason, C.S. A survey of the on-farm treatment of sole ulcer and white line
disease in dairy cattle. Vet. J. 2013, 197, 461–467. [CrossRef]

27. Sprecher, D.J.; Hostetler, D.E.; Kaneene, J.B. A lameness scoring system that uses posture and gait to predict dairy cattle
reproductive performance. Theriogenology 1997, 47, 1179–1187. [CrossRef]

28. Alawneh, J.I.; Laven, R.A.; Stevenson, M.A. Interval between detection of lameness by locomotion scoring and treatment for
lameness: A survival analysis. Vet. J. 2012, 193, 622–625. [CrossRef] [PubMed]

29. Robcis, R.; Ferchiou, A.; Berrada, M.; Ndiaye, Y.; Herman, N.; Lhermie, G.; Raboisson, D. Cost of lameness in dairy herds: An
integrated bioeconomic modeling approach. J. Dairy Sci. 2023, 106, 2519–2534. [CrossRef]

30. Jensen, K.C.; Oehm, A.W.; Campe, A.; Stock, A.; Woudstra, S.; Feist, M.; Müller, K.E.; Hoedemaker, M.; Merle, R. German Farmers’
Awareness of Lameness in Their Dairy Herds. Front. Vet. Sci. 2022, 9, 866791. [CrossRef]

31. Sadiq, M.B.; Ramanoon, S.Z.; Mansor, R.; Syed-Hussain, S.S.; Shaik Mossadeq, W.M. Claw Trimming as a Lameness Management
Practice and the Association with Welfare and Production in Dairy Cows. Animals 2020, 10, 1515. [CrossRef]

32. Leach, K.A.; Whay, H.R.; Maggs, C.M.; Barker, Z.E.; Paul, E.S.; Bell, A.K.; Main, D.C.J. Working towards a reduction in cattle
lameness: 1. Understanding barriers to lameness control on dairy farms. Res. Vet. Sci. 2010, 89, 311–317. [CrossRef]

33. Whay, H.R.; Main, D.C.J.; Green, L.E.; Webster, A.J.F. Assessment of the welfare of dairy cattle using animal-based measurements:
Direct observations and investigation of farm records. Vet. Rec. 2003, 153, 197–202. [CrossRef] [PubMed]

34. Alsaaod, M.; Fadul, M.; Steiner, A. Automatic lameness detection in cattle. Vet. J. 2019, 246, 35–44. [CrossRef] [PubMed]

https://doi.org/10.1016/S0167-5877(02)00018-1
https://doi.org/10.1136/vr.157.23.729
https://doi.org/10.1080/00480169.2008.36835
https://doi.org/10.1016/j.cvfa.2017.02.008
https://doi.org/10.3168/jds.2018-14901
https://doi.org/10.1016/j.cvfa.2005.11.007
https://www.ncbi.nlm.nih.gov/pubmed/16517303
https://doi.org/10.3168/jds.2016-11565
https://www.ncbi.nlm.nih.gov/pubmed/28012631
https://doi.org/10.1016/j.prevetmed.2010.07.011
https://www.ncbi.nlm.nih.gov/pubmed/20801533
https://doi.org/10.1186/s13028-015-0181-4
https://doi.org/10.3168/jds.2013-7364
https://doi.org/10.1111/avj.12933
https://doi.org/10.3168/jds.S0022-0302(06)72522-X
https://doi.org/10.3168/jds.2014-8982
https://doi.org/10.1136/vr.162.2.41
https://doi.org/10.1016/j.prevetmed.2019.01.011
https://www.ncbi.nlm.nih.gov/pubmed/30771895
https://doi.org/10.3168/jds.2016-11464
https://doi.org/10.1111/j.1751-0813.1988.tb14294.x
https://www.ncbi.nlm.nih.gov/pubmed/3415615
https://doi.org/10.3168/jds.S0022-0302(00)75047-8
https://doi.org/10.1016/j.tvjl.2013.02.027
https://doi.org/10.1016/S0093-691X(97)00098-8
https://doi.org/10.1016/j.tvjl.2012.06.042
https://www.ncbi.nlm.nih.gov/pubmed/22883926
https://doi.org/10.3168/jds.2022-22446
https://doi.org/10.3389/fvets.2022.866791
https://doi.org/10.3390/ani10091515
https://doi.org/10.1016/j.rvsc.2010.02.014
https://doi.org/10.1136/vr.153.7.197
https://www.ncbi.nlm.nih.gov/pubmed/12956296
https://doi.org/10.1016/j.tvjl.2019.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30902187


Animals 2023, 13, 1988 19 of 20

35. Mota-Rojas, D.; Martinez-Burnes, J.; Casas-Alvarado, A.; Gomez-Prado, J.; Hernandez-Avalos, I.; Dominguez-Oliva, A.; Lezama-
Garcia, K.; Jacome-Romero, J.; Rodriguez-Gonzalez, D.; Pereira, A.M.F. Clinical usefulness of infrared thermography to detect
sick animals: Frequent and current cases. CABI Rev. 2022. [CrossRef]

36. Alsaaod, M.; Schaefer, A.L.; Büscher, W.; Steiner, A. The Role of Infrared Thermography as a Non-Invasive Tool for the Detection
of Lameness in Cattle. Sensors 2015, 15, 14513–14525. [CrossRef]

37. Relun, A.; Lehebel, A.; Bareille, N.; Guatteo, R. Effectiveness of different regimens of a collective topical treatment using a solution
of copper and zinc chelates in the cure of digital dermatitis in dairy farms under field conditions. J. Dairy Sci. 2012, 95, 3722–3735.
[CrossRef]

38. Pirkkalainen, H.; Riihimäki, A.; Simojoki, H.; Soveri, T.; Rajala-Schultz, P.J.; Hintikka, T.; Pelkonen, S.; Kontturi, M.; Kujala-
Wirth, M. Prevalence of digital dermatitis using mirror scoring in Finnish freestall dairy herds. J. Dairy Sci. 2021, 104, 9173–9184.
[CrossRef]

39. Main, D.C.J.; Barker, Z.E.; Leach, K.A.; Bell, N.J.; Whay, H.R.; Browne, W.J. Sampling strategies for monitoring lameness in dairy
cattle. J. Dairy Sci. 2010, 93, 1970–1978. [CrossRef]

40. Ferchiou, A.; Lhermie, G.; Raboisson, D. New standards in stochastic simulations of dairy cow disease modelling: Bio-economic
dynamic optimization for rational health management decision-making. Agric. Syst. 2021, 194, 103249. [CrossRef]

41. Biemans, F.; Bijma, P.; Boots, N.M.; de Jong, M.C.M. Digital Dermatitis in dairy cattle: The contribution of different disease classes
to transmission. Epidemics 2018, 23, 76–84. [CrossRef]

42. Döpfer, D.; Koopmans, A.; Meijer, F.A.; Szakáll, I.; Schukken, Y.H.; Klee, W.; Bosma, R.B.; Cornelisse, J.L.; van Asten, A.J.; ter
Huurne, A.A. Histological and bacteriological evaluation of digital dermatitis in cattle, with special reference to spirochaetes and
Campylobacter faecalis. Vet. Rec. 1997, 140, 620–623. [CrossRef]

43. Raboisson, D.; Mounié, M.; Maigné, E. Diseases, reproductive performance, and changes in milk production associated with
subclinical ketosis in dairy cows: A meta-analysis and review. J. Dairy Sci. 2014, 97, 7547–7563. [CrossRef] [PubMed]

44. Garbarino, E.J.; Hernandez, J.A.; Shearer, J.K.; Risco, C.A.; Thatcher, W.W. Effect of lameness on ovarian activity in postpartum
holstein cows. J. Dairy Sci. 2004, 87, 4123–4131. [CrossRef]

45. Kremer, P.V.; Nueske, S.; Scholz, A.M.; Foerster, M. Comparison of claw health and milk yield in dairy cows on elastic or concrete
flooring. J. Dairy Sci. 2007, 90, 4603–4611. [CrossRef] [PubMed]

46. Barker, Z.E.; Amory, J.R.; Wright, J.L.; Mason, S.A.; Blowey, R.W.; Green, L.E. Risk factors for increased rates of sole ulcers, white
line disease, and digital dermatitis in dairy cattle from twenty-seven farms in England and Wales. J. Dairy Sci. 2009, 92, 1971–1978.
[CrossRef] [PubMed]

47. Wells, S.J.; Garber, L.P.; Wagner, B.A. Papillomatous digital dermatitis and associated risk factors in US dairy herds. Prev. Vet.
Med. 1999, 38, 11–24. [CrossRef] [PubMed]

48. Oliveira, V.H.S.; Sørensen, J.T.; Thomsen, P.T. Associations between biosecurity practices and bovine digital dermatitis in Danish
dairy herds. J. Dairy Sci. 2017, 100, 8398–8408. [CrossRef] [PubMed]

49. Thomsen, P.T.; Foldager, L.; Raundal, P.; Capion, N. Lower odds of sole ulcers in the following lactation in dairy cows that
received hoof trimming around drying off. Vet. J. 2019, 254, 105408. [CrossRef]

50. Manske, T.; Hultgren, J.; Bergsten, C. The effect of claw trimming on the hoof health of Swedish dairy cattle. Prev. Vet. Med. 2002,
54, 113–129. [CrossRef]

51. Somers, J.G.C.J.; Frankena, K.; Noordhuizen-Stassen, E.N.; Metz, J.H.M. Risk factors for digital dermatitis in dairy cows kept in
cubicle houses in The Netherlands. Prev. Vet. Med. 2005, 71, 11–21. [CrossRef]

52. Aigner, D.J.; Chu, S.-F. On estimating the industry production function. Am. Econ. Rev. 1968, 58, 826–839.
53. Krull, A.C.; Shearer, J.K.; Gorden, P.J.; Scott, H.M.; Plummer, P.J. Digital dermatitis: Natural lesion progression and regression in

Holstein dairy cattle over 3 years. J. Dairy Sci. 2016, 5, 3718–3731. [CrossRef]
54. Plummer, P.J.; Krull, A. Clinical Perspectives of Digital Dermatitis in Dairy and Beef Cattle. Vet. Clin. Food Anim. Pract. 2017,

33, 165–181. [CrossRef] [PubMed]
55. Yang, D.A.; Laven, R.A. Inter-observer agreement between two observers for bovine digital dermatitis identification in New

Zealand using digital photographs. N. Z. Vet. J. 2019, 67, 143–147. [CrossRef]
56. Jacobs, C.; Orsel, K.; Barkema, H. Prevalence of digital dermatitis in young stock in Alberta, Canada, using pen walks. J. Dairy Sci.

2017, 100, 9234–9244. [CrossRef] [PubMed]
57. Solano, L.; Barkema, H.; Jacobs, C.; Orsel, K. Validation of the M-stage scoring system for digital dermatitis on dairy cows in the

milking parlor. J. Dairy Sci. 2017, 100, 1592–1603. [CrossRef]
58. Maxwell, O.J.R.; Hudson, C.D.; Huxley, J.N. Effect of early lactation foot trimming in lame and non-lame dairy heifers: A

randomised controlled trial. Vet. Rec. 2015, 177, 100. [CrossRef]
59. Van Nuffel, A.; Zwertvaegher, I.; Pluym, L.; van Weyenberg, S.; Thorup, V.M.; Pastell, M.; Sonck, B.; Saeys, W. Lameness Detection

in Dairy Cows: Part 1. How to Distinguish between Non-Lame and Lame Cows Based on Differences in Locomotion or Behavior.
Animals 2015, 5, 838–860. [CrossRef]

60. Tsousis, G.; Boscos, C.; Praxitelous, A. The negative impact of lameness on dairy cow reproduction. Reprod. Domest. Anim. 2022,
57, 33–39. [CrossRef]

61. Maxwell, O.; Miguel-Pacheco, G.; Newsome, R.; Randall, L.; Remnant, J.; Thomas, H.; Huxley, J. Lameness in cattle 1. Recent
research to inform clinical practice. Practice 2015, 37, 127–138. [CrossRef]

https://doi.org/10.1079/cabireviews202217040
https://doi.org/10.3390/s150614513
https://doi.org/10.3168/jds.2011-4983
https://doi.org/10.3168/jds.2020-19731
https://doi.org/10.3168/jds.2009-2500
https://doi.org/10.1016/j.agsy.2021.103249
https://doi.org/10.1016/j.epidem.2017.12.007
https://doi.org/10.1136/vr.140.24.620
https://doi.org/10.3168/jds.2014-8237
https://www.ncbi.nlm.nih.gov/pubmed/25306269
https://doi.org/10.3168/jds.S0022-0302(04)73555-9
https://doi.org/10.3168/jds.2006-549
https://www.ncbi.nlm.nih.gov/pubmed/17881681
https://doi.org/10.3168/jds.2008-1590
https://www.ncbi.nlm.nih.gov/pubmed/19389954
https://doi.org/10.1016/S0167-5877(98)00132-9
https://www.ncbi.nlm.nih.gov/pubmed/10022049
https://doi.org/10.3168/jds.2017-12815
https://www.ncbi.nlm.nih.gov/pubmed/28803007
https://doi.org/10.1016/j.tvjl.2019.105408
https://doi.org/10.1016/S0167-5877(02)00020-X
https://doi.org/10.1016/j.prevetmed.2005.05.002
https://doi.org/10.3168/jds.2015-10535
https://doi.org/10.1016/j.cvfa.2017.02.002
https://www.ncbi.nlm.nih.gov/pubmed/28579041
https://doi.org/10.1080/00480169.2019.1582369
https://doi.org/10.3168/jds.2017-13044
https://www.ncbi.nlm.nih.gov/pubmed/28865852
https://doi.org/10.3168/jds.2016-11365
https://doi.org/10.1136/vr.103155
https://doi.org/10.3390/ani5030387
https://doi.org/10.1111/rda.14210
https://doi.org/10.1136/inp.h897


Animals 2023, 13, 1988 20 of 20

62. Daros, R.R.; Eriksson, H.K.; Weary, D.M.; von Keyserlingk, M.A.G. The relationship between transition period diseases and
lameness, feeding time, and body condition during the dry period. J. Dairy Sci. 2020, 10, 649–665. [CrossRef] [PubMed]

63. Muir, K.J.; Keim-Malpass, J. Analyzing the concept of spillover effects for expanded inclusion in health economics research.
J. Comp. Eff. Res. 2020, 9, 755–766. [CrossRef] [PubMed]

64. Shearer, J.K.; van Amstel, S.R. Pathogenesis and Treatment of Sole Ulcers and White Line Disease. Vet. Clin. Food Anim. Pract.
2017, 33, 283–300. [CrossRef] [PubMed]

65. Hernandez, J.A.; Garbarino, E.J.; Shearer, J.K.; Risco, C.A.; Thatcher, W.W. Evaluation of the efficacy of prophylactic hoof health
examination and trimming during midlactation in reducing the incidence of lameness during late lactation in dairy cows. J. Am.
Vet. Med. Assoc. 2007, 230, 89–93. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3168/jds.2019-16975
https://www.ncbi.nlm.nih.gov/pubmed/31704020
https://doi.org/10.2217/cer-2020-0051
https://www.ncbi.nlm.nih.gov/pubmed/32543221
https://doi.org/10.1016/j.cvfa.2017.03.001
https://www.ncbi.nlm.nih.gov/pubmed/28442154
https://doi.org/10.2460/javma.230.1.89

	Introduction 
	Materials and Methods 
	Dairy Health Simulator 
	Outcomes and Metrics 
	Management Scenarios 
	Optimization under Constraints and Econometrics 

	Results 
	Discussion 
	Conclusions 
	References

