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Animal health and feed intake are closely interrelated, with the latter being

an important indicator of an animal’s health status. Automated sensors for

dairy cattle have been developed to detect changes in indicators of health,

such as decreased rumination or activity. Previous studies have identified

associations between sensor measurements and feed intake. Thus, the

objective of this study was to determine if health disorders impact the

associations identified between sensors and dry matter intake (DMI), and to

measure the impact of health disorders on DMI. A total of 934 cows with

health disorders (lameness, mastitis, and other), of which 57, 94, and 333

cows had observations for a rumen bolus and one of two ear tags, were

analyzed to determine how health disorders impact the association of

sensors with DMI. Eleven sensor measurements were collected across the

three sensors, including total and point-in-time activity, rumination time,

inner-ear temperature, rumen pH and rumen temperature. Associations of

health disorders and sensor measures with DMI were evaluated when

accounting for systematic effects (i.e., contemporary group, parity, and

days in milk) and energy sinks accounted for in determination of feed

efficiency (e.g., milk production, body weight and composition). In order

to determine if inclusion of health disorders or sensor measures improved

model fit, model AICs were assessed. Health disorders were significantly

associated with all sensor measurements (P< 0.0001), with the direction of

association dependent on sensor measure and health disorder. Moreover,

DMI decreased with all health disorders, with larger impacts observed in

animals in third and higher lactations. Numerous sensor measurements

were associated with DMI, including when DMI was adjusted for energy sink

variables and health. Inclusion of rumen bolus temperature, rumination or

activity with health data reduced model AIC when evaluating DMI as the
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dependent variable. Some sensor measures, including measurements of

activity, temperature and rumination, accounted for additional variation in

feed intake when adjusted for health disorders. Results from the study

indicate that feed intake and sensor measures are impacted by health

disorders. These findings may have implications for use of sensors in

genetic evaluations and precision feeding of dairy cattle.
KEYWORDS

dairy cattle, feed intake, feed efficiency, precision livestock technologies, sensor
data, health
1 Introduction

Automated sensor and high-throughput phenotyping traits,

such as milk spectral data, have recently been identified as

associated with or predictive of feed intake (Dórea et al., 2018;

Olijhoek et al., 2020; Martin et al., 2021; Siberski-Cooper et al.,

2022). The objective of studying the relationships of these new

technologies with feed intake is to develop new, portable, lower

cost proxies (i.e., indicator traits) that are accurate and reliable,

and will increase the information sources available to monitor

individual animal feed intake. The application of sensor data for

proxies in dairy cattle is desirable because many sensors are

already used on farms, allowing for sensor data to be collected

from large numbers of commercial animals, across a variety of

management systems. Adding more feed intake data to existing

prediction models, even from correlated proxy traits, is expected

to subsequently improve the accuracy of predicting feed intake

and efficiency for use in precision feeding and genetic

evaluations (Siberski-Cooper and Koltes, 2021).

Automated sensor information and feeding behaviors were

impacted by health disorders in previous studies. For example,

Weigele et al. (2018) reported that activity measured by neck and

leg mounted accelerometers was lower in the hour after feed was

delivered or pushed up in lame animals compared to healthy

animals. Furthermore, lame animals exhibit a difference in

feeding time compared to sound animals (Thorup et al., 2016;

Barker et al., 2018). Prior to the diagnosis of mastitis, King et al.

(2018) observed that animals exhibited a decrease in rumination

time measured with a collar device. Animals with mastitis have

also been reported to exhibit disruptions in the circadian

pattern of activities, including time spent resting, feeding, and

standing in the alley (Veissier et al., 2017). Despite the known

differences in feeding behavior due to health disorders (Bareille

et al., 2003; Palmer et al., 2012; Fogsgaard et al., 2015), limited

research has quantified the change in daily feed intake and
02
feed efficiency due to health disorders. Further, in the current

era of precision technologies, there are no estimates of the

impact of health disorders on the relationship between

feed intake and sensors. Understanding the relationship

between sensors, health disorders and feed intake if sensor

measurements are planned to be used for genetic evaluations

and precision feeding strategies.

Recently, the United States implemented feed saved (FS) as a

measure of feed efficiency in their genetic evaluation of Holstein

cattle (Gaddis et al., 2021). The FS trait incorporates predicted

transmitting abilities (PTAs) of two traits related to energy use:

1) residual feed intake (RFI) which accounts for stage of

lactation, milk energy, and weight and the fluctuation in

weight of an animal (Koch et al., 1963; Kennedy et al., 1993),

and 2) maintenance requirements of the animal, measured as

body weight composite (Gaddis et al., 2021). These variables

account for a proportion of variation in feed efficiency (i.e., 14%

of genetic variation based on heritability estimates; Gaddis et al.,

2021). However, feed intake data collection is expensive and

laborious, which limits the amount of data collected today.

Additional feed intake, correlated traits (i.e., indicator traits)

or information about other factors impacting feed intake (i.e.,

environment, management and health) could increase the

amount of variation in feed intake explained or increase

the accuracy of predicting the genetic merit. Therefore, due to

the relationship between health and feed intake, consideration

should be given to if health disorders should be accounted for in

genetic evaluations of feed efficiency if sensors are used as

proxies of feed intake.

The objectives of this study were to determine (1) the impact

of health disorders on feed intake; (2) the association of health

disorders with automated sensor measures, including data

recorded via rumen bolus and two different types of

commercially used ear tags; and (3) the impact of health

disorders on the association of sensor measures with feed intake.
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2 Materials and methods

2.1 Animal husbandry

The data used in this study were generated by projects

approved by the Iowa State University Institutional Animal

Care and Use Committee (IACUC), including the protocol 18-

174 and those described in Hardie et al. (2017). A total of 934

Holstein cows, ranging in parity from first to sixth and 24 to 278

days in milk (DIM) at the start of data collection, were selected

for use. Data were collected from 2013 to 2016 on 476 cows, and

from 2018 to 2021 on 458 cows. Data were collected in 39

contemporary groups (CG), with cows grouped by barn location

and study period. The CG defines a group of animals exposed to

the same diet, feeding regimen, length of data collection, season

(weather and climate), location in the barn (pen) and

management conditions. The distribution of cows by parity

and initial DIM can be found in Supplementary Figures 1 and 2.

Animals were housed at the Iowa State University (ISU)

Dairy Farm in a free stall facility and received a total mixed

ration (TMR) diet. The TMR consisted of corn silage, alfalfa hay,

whole cottonseed, molasses, ground corn, soybean meal and

hulls, dried distiller grains, and a mineral and protein mix. The

majority of animals were milked three times a day (initial 30

CG), while others were milked twice daily (9 CG). The number

of milkings per day was changed due to management decisions

and to better reflect industry standards. Data were collected for

36 to 88 days, with length of the data collection period

depending on CG.
2.2 Phenotype collection

For details regarding the collection of feed intake, milk

production and composition, body weight and condition score

traits, see Siberski-Cooper et al. (2022). Briefly, individual feed

intake data were collected using the Calan Broadbent Feeding

System (American Calan®, Northwood, NH). Animals were

required to have a minimum of 10 days of feed intake data to

be included in data analyses. Weekly feed samples were collected

and analyzed for dry matter to determine the dry matter intake

(DMI) of animals. Monthly composites of weekly samples were

analyzed for nutrient content (i.e., protein, fiber, starch, fat, etc.)

to ensure diet consistency. All feed samples were analyzed by

Dairyland Laboratories, Inc. using near infrared technology

(Arcadia, WI).
2.3 Health information

Animal health was monitored daily by farm and research

workers, with cows determined to be needing care by ISU
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veterinary personnel. All health disorders were diagnosed on a

daily basis by ISU veterinary staff following complete physical

exams and results were entered into an electronic record keeping

system (i.e., PCDart), from which data were obtained for

analyses. In the absence of a diagnosed health disorder,

animals were considered to be healthy. Health disorders

included primarily mild mastitis (mastitis) and lameness

(lame; diagnosed as a binary category), while limited

observations of various injuries or respiratory illnesses

occurred (grouped together and labeled as “other” illnesses

within this study). Additionally, animals occasionally had

multiple health disorders occur simultaneously, which were

also classified as “other”. Health disorders were therefore

classified as either mastitis, lameness or other. Mastitis was

diagnosed as mild when an animal presented with minimal

clinical symptoms (i.e., slight changes in milk appearance) but

did not show signs of systemic infections (e.g., fever,

inflammation of the udder, etc.), therefore they did not require

treatment. Cows with mild mastitis remained in the research pen

and were monitored for worsening symptoms. Clinical cases of

lameness and other illnesses were observed, but treatments were

such that the majority of cows remained in the research pen.

When animals were diagnosed with severe clinical health

disorders, we were unable to obtain feed intake data as cows

were moved to another pen for treatment. Due to the fact that

most disorders have effects on animals prior to clinical diagnosis

and following diagnosis or final treatment (i.e., subclinical

events; King et al., 2017; Aghamohammadi et al., 2018), a 7-

day buffer period pre- and post-disorder was included

surrounding all health disorders (i.e., the health disorder was

considered to have started 7 days prior to clinical diagnosis and

ended 7 days following diagnosis or final treatment).
2.4 Data collection, cleaning
and summaries

Two ear tag technologies (ear tag 1: CowSense by Quantified

Ag® [now SenseHub® Feedlot by Merck] , https ://

sensehubfeedlot.com/; ear tag 2: Allflex Heatime® Pro+ by

Merck [previously SCR], https://www.allflex.global/na/product/

heatime-pro/) and a rumen bolus (smaXtec Premium Bolus,

https://smaxtec.com/en/) were used to record activity, inner-ear

temperature, rumen temperature, rumen pH, and rumination at

varying frequencies. Specifically, ear tag 1 measured activity and

inner-ear temperature using an infrared beam directed down the

ear canal. Ear tag 2 measured activity and rumination via an

accelerometer. Lastly, the rumen bolus measured cow activity,

rumen pH and rumen temperature. All sensors utilized an

accelerometer to determine activity, measuring movement in

the X, Y and Z planes. Activity was analyzed as the average in a

one-hour (ear tag 1), two-hour (ear tag 2) or ten-minute (rumen
frontiersin.org
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bolus) interval within a day, or as the daily total activity.

Similarly, rumination was analyzed as a within day two-hour

interval average or daily total. Finally, temperature was analyzed

as a one-hour (ear tag 1) or ten-minute (rumen bolus) within

day average, and rumen pH was analyzed as the ten-minute

average within a day. Prior to placement of a rumen bolus in a

cow, pH was calibrated per manufacturer guidelines. All other

sensors and rumen bolus measures were standardized by the

manufacturer prior to receiving the product. Studies beginning

in 2018 (CG 27 and later) utilized at least one of the

aforementioned sensors during the study period. Production

traits collected include DIM, milk yield (kg/d), fat, protein and

lactose yields (kg/d), metabolic body weight (body weight0.75;

MBW; kg), body condition score (BCS; Elanco Animal Health,

1997), and DMI (kg/d).

Sensor data were cleaned to remove faulty sensor

measurements. To do so, missing observations within a day

were identified and removed, ensuring each interval of

measurement had a non-missing reading. Then sensors with a

calculated daily interval average or daily total of zero were

removed, as this is biologically unrealistic. Next, the range for

each sensor measure within a CG was determined for healthy

animals. This was done to identify sensor failure, determined to

have occurred when a daily sensor reading was outside three

standard deviations from the mean for more than five

consecutive days. Data were removed beginning three days

prior to the start of sensor failure. Following data cleaning,

cows were required to have at minimum ten days of sensor data

to be included in statistical analyses.
2.5 Statistical analyses

Average daily values (by measurement interval) or daily total

values were used for statistical analyses. Averages of daily ear tag

1 activity (CS1ACT) and temperature (CS1TEMP), rumen bolus

activity (RBACT), rumen pH (RBPH) and temperature

(RBTEMP), and ear tag 2 activity (SCRACT) and rumination

(SCRRUM) were calculated in RStudio (RStudio Inc., Boston,

MA). Total daily activity (all sensors) and rumination

(SCRRUM) were also calculated by summing all measures

recorded in a single day. The following models were fit using

PROC GLIMMIX in SAS 9.4 (SAS Inst. Inc., Cary, NC).
2.5.1 Adjusted sensor measures (ASM)
Sensor measures were adjusted for the systematic effects of

CG, parity and DIM. The model used was:

SMijk = m + CGi + Parj + DIMk + ϵijk ½1�
where the response variable, SMijk, is the daily average sensor

measure; m is the overall mean; CGi and Parj are the class effects

of the ith contemporary group and jth parity and DIMk is the
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fixed effect of days in milk. The residual of the model, eijk, was
considered to be the ASM.

2.5.2 Association of health and
sensor measures

To determine if sensor measures significantly differed when

animals where undergoing health disorders, the following model

was used.

ASMi = m +Healthi + ϵi ½2�
where the Healthi is health category (healthy, lame, mastitis

or other); m is the overall mean; ASMi is the fixed effect of the ith

adjusted sensor measure; and eij is the random residual

associated with Healthi. The model was applied a total of

eleven times with one sensor measure included at a time. Least

squares means (LSM) of sensor measures for each of the four

categories of health disorders were also estimated.

2.5.3 Association of sensor, health, and feed
intake data

Differences in DMI between animals when healthy and when

diagnosed with a health disorder were assessed using model [3].

Building on this model, ASM was included to determine if

sensors account for variation in feed intake previously

accounted for by animal health (model [4]). Model [5] was

used to determine the impact of adding health and ASM to the

model, above the variables typically used to evaluate residual

feed intake,

DMIijkl = m +Healthi + CGj + Park + DIMl + ϵijkl ½3�

DMIijklm = m + Healthi + ASMj + CGk + Parl + DIMm
+ ϵijklm ½4�

DMIijkl + m + Healthi + ASMj +MYj + Fatj + Pr otj + Lacj +MBWj+

BCSj + CGj + Park + DIMl + ϵijk

½5�
where dry matter intake is the response variable; m is the

overall mean; Healthi is the class effect of health classification

(healthy, lame, mastitis or other); CG and Par are the class effects

of contemporary group and parity (classified as 1, 2 or 3+); ASMj

is the fixed effect of adjusted sensor measure;MYj, Fatj, Protj and

Lactj are the fixed effects of milk yield, fat, protein and lactose in

kg, respectively; MBWj, BCSj and DIMj are the fixed effects of

metabolic body weight, body condition score and days in milk;

and e is the random residual associated withDMI. As in previous

models, a single sensor measure was included at a time, thus

eleven total models were fit. Based on previous results in which

activity was significantly associated with feed intake only when

rumination was also included (Siberski-Cooper et al., 2022),

models [3] and [4] were run including both SCR measures (i.e.,

activity and rumination) simultaneously. This finding was
frontiersin.org
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consistent with the fact these sensors use accelerometer data to

report both activity and rumination. With each model, the LSM

of dry matter intake were determined for each of the four health

classifications to determine the impact of health disorders on

daily DMI. Finally, to examine if health disorders or sensor

measures impacted the modeling of feed intake, the AIC of

models [3], [4], and [5] were compared.
3 Results

A summary of the descriptive statistics for the traits and

model covariates recorded during the study are presented in

Supplementary Table 1. Included are summary statistics of DIM,

milk yield, fat, protein and lactose yields, BW, BCS, and DMI.

Tables 1, 2 report frequencies of each class of health disorder,

number of cows documented with each type of health disorder,

and the number of days of DMI data that were classified within a

health disorder for the complete dataset and the dataset with

automated sensor measures, respectively.
3.1 Association of health disorders with
sensor measures

Health disorders were significantly associated with all

adjusted sensor measures (P< 0.0001). The LSM of adjusted

sensor measures for each health disorder are presented in

Table 3. Adjusted activity, whether measured as the sensor

interval daily average or as a daily total, significantly differed

between healthy animals and those categorized as lame or other

(P< 0.05). Regardless of the sensor used, adjusted activity was

lower in ‘other’ animals than in healthy animals. When the

activity was measured with either of the two ear tag technologies,

lame animals had reduced activity compared to healthy animals;

however, when measured by the rumen bolus, lame animals had

increased activity. Adjusted activity of animals with mastitis was

not different from activity of healthy animals, with the exception

of total CS1ACT, for which mastitis animals had higher overall

activity (healthy: 2875.28 ± 1267.85 activity units vs. mastitis:

5108.54 ± 1267.85 activity units; P< 0.0001). Adjusted ear

temperature (i.e., CS1TEMP) was lower in lame (-0.670 ±

0.093°C) and ‘other’ (-1.048 ± 0.072°C) animals compared to
Frontiers in Animal Science 05
healthy animals (0.033 ± 0.014°C). Adjusted temperature of the

rumen (i.e., RBTEMP) was not different between healthy and

lame animals but was higher in animals with mastitis (healthy:

0.00 ± 0.01°C vs. mastitis: 0.12 ± 0.02°C) and lower in animals

categorized as other (-0.06 ± 0.02°C). The adjusted rumen pH of

animals in the lame or mastitis categories was higher than

healthy animals, whereas the ‘other’ animals had lower RBPH.

For all health categories, adjusted rumination time was lower

than that of healthy animals, irrespective of if rumination was

the sensor interval daily average or the daily total. The LSM

estimate of adjusted rumination time was most different for the

animals classified with ‘other’ illnesses, whereas the LSM for

lame animals was the closest to that for the healthy animals.
3.2 Association of health disorders with
feed intake

Health disorders were significantly associated with DMI (P<

0.0001) when simultaneously accounting for CG, parity, and

DIM. Using model [3], the decrease from healthy in LSM

estimates of DMI for each health categories are provided in

Figure 1. The DMI of each non-healthy category was

significantly lower than the healthy DMI. The lame category

had an estimated DMI 0.78 kg/d lower than healthy, followed by

mastitis (1.48 kg/d) and other (1.98 kg/d). The addition of health

in model [3] resulted in a slight reduction of AIC (Figure 2).
3.3 Association of health disorders,
sensor measures and feed intake

Regardless of the ASM included, health was always

significant (P< 0.0001) in models [4] and [5]. The majority of

sensor measures were also significantly associated with feed

intake (Supplementary Tables 2 and 3). Ear temperature

(CSTEMP) was not associated with feed intake in either

model, while SCRACT (daily total or interval average) was

only associated with feed intake when SCRRUM was also

included in the model. The estimated effect sizes for adjusted

sensor measures in model [4] ranged from 2.02E-06 ± 0.00 kg/

activity unit to -3.38 ± 0.26 kg/°C, with the smallest effect being

for CSACT and the largest for daily total RBACT, respectively.
TABLE 1 Summary of health disorders in the full dataset.

Health Disorder Number of Incidences Number of Cows Number of Days (DMI collected)

Healthy – 930 43026

Lame 66 62 697

Mastitis 81 75 717

Other 47 47 583
frontiersin.org

https://doi.org/10.3389/fanim.2022.1064205
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Siberski-Cooper et al. 10.3389/fanim.2022.1064205
TABLE 2 Summary of health disorders available for datasets including automated sensor measurements.

Sensor Measurement Health Disorder Number of Incidences Number of Cows Number of Days

CS3 activity – avg1 Healthy – 92 4136

Lame 9 9 92

Mastitis 15 14 144

Other 8 8 152

CS3 activity – total2 Healthy – 93 4231

Lame 9 9 92

Mastitis 15 14 144

Other 8 8 155

CS3 temperature Healthy – 92 4131

Lame 9 9 92

Mastitis 15 14 144

Other 8 8 155

RB4 activity – avg1 Healthy – 55 2652

Lame 7 7 107

Mastitis 12 10 172

Other 8 8 176

RB4 activity – total2 Healthy – 57 2741

Lame 7 7 107

Mastitis 13 11 181

Other 8 8 176

RB4 temperature Healthy – 56 2757

Lame 6 6 97

Mastitis 12 10 179

Other 8 8 176

RB4 pH Healthy – 57 2795

Lame 7 7 107

Mastitis 13 11 189

Other 8 8 176

SCR5 activity – avg1 Healthy – 331 9864

Lame 40 39 486

Mastitis 45 42 502

Other 18 18 219

SCR5 activity – total2 Healthy – 331 9864

Lame 40 39 486

Mastitis 45 42 502

Other 18 18 219

SCR5 rumination – avg1 Healthy – 331 9864

(Continued)
F
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Effect sizes of adjusted sensor measures were typically slightly

smaller when energy sink variables (i.e., variables related to the

energy demands of a lactating cow; milk weight, components,

MBW and BCS) were included in the model (i.e., model [5]).

The range of estimated effect sizes in model [5] were 1.37E-06 ±

0.00 kg/activity unit to -3.47 ± 0.32 kg/°C for daily total CSACT

and RBTEMP, respectively (Supplementary Table 3).

Changes in AIC from a base model (i.e., model [3]) due to

the inclusion of sensor measures and/or energy sinks are

presented in Figure 2. The addition of SCRRUM to models

resulted in the largest improvement in AIC, with a considerable

reduction regardless of whether only systematic effects were

included (i.e., model [4]) or energy sinks were also included (i.e.,

model [5]). The addition of RBACT or RBTEMP also resulted in
Frontiers in Animal Science 07
a slight improvement in AIC. All other sensor measures had

little effect on the model AIC.
4 Discussion

Sensors and milk spectral data have previously been

associated with feed intake, which indicates they could be used

as indicators of feed intake in commercial dairies given their

widespread use (Dórea et al., 2018; Martin et al., 2021; Siberski-

Cooper et al., 2022). The objectives of this study were designed

to determine how sensor measures may be influenced by health

disorders, as this could impact how the sensors are used in

genetic prediction or precision feeding models. Differences in
TABLE 2 Continued

Sensor Measurement Health Disorder Number of Incidences Number of Cows Number of Days

Lame 40 39 486

Mastitis 45 42 502

Other 18 18 219

SCR5 rumination – total2 Healthy – 331 9864

Lame 40 39 486

Mastitis 45 42 502

Other 18 18 219
1Average (avg) refers to the daily average across all sensor measurement reporting periods.
2Total refers to the daily summed value for a sensor measurement.
3CS = CowSense ear tag.
4RB = SmaXtec rumen bolus.
5SCR = SCR ear tag.
TABLE 3 Least squares means of adjusted sensor measurements1 within health disorder category.

Sensor measure1 Units Healthy Lame Mastitis Other

CS activity – avg2 Activity unit 114.07 ± 54.79a -3296.65 ± 357.94b 144.76 ± 281.43a -856.69 ± 246.54c

CS activity – total3 Activity unit 2785.28 ± 1267.85a -80902.00 ± 1267.85b 5108.54 ± 1267.85c -21619.00 ± 1267.85d

CS temperature °C 0.033 ± 0.014a -0.67 ± 0.093b 0.085 ± 0.074a -1.048 ± 0.072c

RB activity – avg2 Activity unit 0.05 ± 0.03a 0.46 ± 0.13b 0.02 ± 0.11a -0.81 ± 0.10c

RB activity – total3 Activity unit 6.14 ± 3.98a 69.08 ± 20.14b -15.14 ± 15.48a -122.08 ± 15.70c

RB temperature °C 0.00 ± 0.01a 0.00 ± 0.03ac 0.12 ± 0.02b -0.06 ± 0.02c

RB pH pH unit 0.00 ± 0.00a 0.04 ± 0.02b 0.07 ± 0.01b -0.15 ± 0.02c

SCR activity – avg2 Activity unit 0.05 ± 0.04a -0.61 ± 0.18b 0.25 ± 0.18a -1.38 ± 0.27c

SCR activity – total3 Activity unit 0.54 ± 0.49a -7.38 ± 2.20b 2.95 ± 2.17a -16.54 ± 3.28c

SCR rumination – avg2 Minutes 0.29 ± 0.07a -0.86 ± 0.29b -1.99 ± 0.29c -3.92 ± 0.44d

SCR rumination – total3 Minutes 3.50 ± 0.78a -10.34 ± 3.51b -23.94 ± 3.45c -47.05 ± 5.23d
1Sensor measurements adjusted for contemporary group, days in milk, and parity.
2Average (avg) refers to the daily average across all sensor measurement reporting periods.
3Total refers to the daily summed value for a sensor measurement.
a-dLeast squares means ± standard error in the same row were statistically different from other health categories when displaying unique superscripts (P< 0.0001).
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automated sensor data from animals undergoing lameness or

mastitis have been reported in the days leading up to diagnosis of

or during diagnosed health disorders, compared to healthy

animals (De Mol et al., 2013; Thorup et al., 2016; Veissier

et al., 2017; Barker et al., 2018; King et al., 2018; Gusterer

et al., 2020). For example, lame cows were found to decrease

in average daily feeding duration (Barker et al., 2018) and cows

with mastitis had higher activity throughout the day (Veissier

et al., 2017). Thus, when considering sensor measurements as

potential indicator traits of feed intake, accounting for health is

an important consideration. In this study, sensor measures

significantly differed as a function of health disorders, different

health disorders impacted the association of sensors with DMI,

and model fit was improved when health disorders were

included in models of DMI. Notably, after accounting for

energy sinks and health disorders in the current study (i.e.,

model [5]), nearly all sensor measures were still significantly

associated with DMI, which indicates that sensors account for

variability in DMI other than that related to health (i.e., beyond

health disorders).
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4.1 Health disorders were associated
with differences in sensor measurements

Sensor measurements were found to significantly differ

between health disorders (P< 0.0001) and could record

physiological and behavioral changes associated with health

disorders. Activity was reduced in lame animals when

measured via the ear tags but was higher when recorded via

the rumen bolus. It may be possible that this reduction in activity

from the ear tag is more drastic than results show, as increased

head motion is associated with lameness (i.e., head bobbing;

Schlageter-Tello et al., 2015). Reduction in activity under

lameness conditions has been observed in previous studies

(O’Callghan et al., 2003) and would align with common

industry perceptions. The increase in rumen bolus activity

may be due to the fact that data are preprocessed by the

company for unknown factors through proprietary algorithms.

Additionally, future research should examine the impact that

increased cow activity related to estrus and how this may impact

sensor associations. As expected, compared to animals
FIGURE 1

Reduction in least squares means of dry matter intake (DMI) for health disorders compared to cows considered healthy when accounting for
systematic effects (i.e., contemporary group, days in milk, and parity; Model [3]). All reductions in DMI from healthy were significant at P<
0.0001. Importantly, the mastitis category only includes mild cases. The other category included disorders with minimal observations, including
respiratory illness, injury, and multiple concurrent health disorders.
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characterized as healthy, rumen pH was significantly higher in

the lame and mastitis groups and lower in the ‘other’ group. This

may reflect differences in feed intake or feeding behaviors in the

lame and mastitis groups, while the ‘other’ category may have

included cows with acidosis. Importantly, rumen pH is likely

influenced more by metabolic diseases, and therefore larger

effects may be seen when metabolic diseases are observed and

at greater number of instances. Temperature via the rumen

bolus was only increased in the mastitis group, which agrees with

previous research in which cows with mastitis exhibited

increased temperature when measured via a rumen bolus

(Kim et al., 2019) or rectally (Siivonen et al., 2011). Due to

sensor location, bolus temperature may be more similar to core

body temperature, thus potentially detecting temperature

changes due to inflammation or immune system activation

undetectable by ear tags. Ear temperature was lower in the

lame and ‘other’ groups compared to healthy. This could in

part be due to changes in blood flow related to diversion of blood

to the animal’s core and therefore a decrease in temperature in

the extremities. Importantly, rumination time was reduced in all

non-healthy categories, with the lowest rumination occurring for
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the ‘other’ category. This may reflect reduced feed intake when

animals are undergoing health disorders. It is important to

recognize that the sample sizes for the rumen bolus and ear

tag 1 data were limited and results for these should be given

some caution, as associations may differ in other populations

and breeds of dairy cattle.
4.2 Health disorders were associated
with reduced feed intake

Significant reductions in feed intake were observed for all

health disorders after adjusting for CG, DIM, and parity. The

decrease in DMI for health disorders ranged from 0.78 (lame) to

1.98 (other) kg DMI/day compared to the healthy group

(Figure 1). The average length of health disorders observed in

this study were 13 days for lameness, 14 days for mastitis, and 16

days for other disorders. Considering the length of the health

disorder is important when assessing the magnitude of impact

the disorders have on DMI, as the estimated effects on DMI are

an average over the period of the disorder. Given the estimated
A B

DC

FIGURE 2

Evaluation of the impact of health disorders and sensor measures on model fit when estimating dry matter intake (DMI). Changes in Log10 AIC
were compared to a “base model” (dry matter intake = contemporary group + parity + days in milk). Lower (more negative) values indicate a
larger improvement in model fit as a result of the additional variables in the model. (A–C) Evaluate the impact of sensor measurements on
model fit, while panel (D) evaluates the impact of health disorder information model fit. (A) Models estimating DMI including CowSense (CS) ear
tag measures. A total of 93 cows had CS data, for a total of 4242 – 4331 days of data, depending on the measure. (B) Models estimating DMI
including SmaXtec rumen bolus (RB) measures. A total of 56 cows had RB data, for a total of 2745 – 2885 days of data, depending on the
measure. (C) Models estimating DMI including SCR ear tag measures. A total of 330 cows had SCR data, for a total of 10,284 days of data for all
measures. (D) Models estimating DMI including health disorders. A total of 930 cows had health data, for a total of 45,023 days of data.
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effects and average health disorder durations, resulting

reductions in feed intake would be 10.14 kg, 20.72 kg, and

31.68 kg of DMI per bout of lameness, mastitis, and other

illnesses, respectively. These results are supported by findings

in research across species, with reductions in feed intake

occurring during periods of immune activation and

inflammation (Horst et al., 2021). Moreover, Bareille et al.

(2003) and Sepúlveda-Varas et al. (2016) found a similar

reduction in DMI when cows had mastitis. González et al.

(2008) reported a slightly higher decrease in intake when cows

suffered from locomotion disorders; however, such cases

included more disorders (e.g., abnormal gate due to spinal

abscess) than observed in the current study. Importantly,

previous studies have had fewer observations of health

disorders in comparison to the current study.
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Due to the significant effect of parity in this model (i.e.,

model [3]; result not shown), we fit the same model with an

additional variable for the interaction between parity and health.

Results from this model (model [3] + parity×health) indicate

that regardless of the health disorder, first lactation cows

decrease just over 1 kg DMI/d when sick, with much more

drastic impacts on feed intake in third and later lactations

(Figure 3). Third and greater lactation cows decreased in DMI

between 0.99 (lame) and 4.09 (other) kg/d. Due to the

relationship between feed intake and milk production, it is

expected that the 3+ lactation cows that have large decreases

in feed intake would subsequently have large decreases in milk

production, with a potential to impact their production

efficiency depending on the severity of milk production loss.

As older cows are thought to have different energy demands than
FIGURE 3

Impact of parity on dry matter intake (DMI) under different health disorders. Least squares means estimates of DMI for the interaction of health
disorders and parity. The number of observations for each health category for parities 1, 2, and 3+ (P1, P2, P3+) are as follows: Healthy: 33,761
P1, 5,165 P2, 4,100 P3+; Lame: 289 P1, 146 P2, 262 P3+; Mastitis: 295 P1, 182 P2, 240 P3+; Other: 314 P1, 145 P2, 124 P3+. The other category
included disorders with minimal observations, including respiratory illness, injury, and multiple concurrent health disorders.
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younger cows which are still growing, these findings corroborate

the differences between first and third lactation cows observed in

a previous study (Hurley et al., 2018).

Sensor and health associations with feed intake could be applied

in precision feeding or genetics applications to help adjust for the

impact of health disorders on feed intake. The reported estimates of

reduced feed intake in response to health disorders provide an

initial estimate of potential industry production and revenue loses

that producers could recoup through the reduction of health

disorders. The reported associations could aid in the development

of more accurate prediction of health disorders prior to clinical

signs. These adjustments to feed intake used in genetic evaluations

would help remove the impact of temporary health disorders, which

are not indicative of the animal’s genetic potential related to feed

intake. A limitation of this study is that only mild health disorders

were included. Estimates of reduced feed intake with illness should

therefore be considered conservative since only mild cases of

mastitis (cows not requiring treatment) are observed and cows

receive rapid interventions with vet staff present nearly every day at

the ISU research dairy.
4.3 The association of sensor and health
variables with feed intake

The addition of health disorders to models including

systematic effects (i.e., CG, parity, DIM) and energy sinks

improves the model fit as measured by AIC (Figure 2). The

impact of adding a variable for health disorders on DMI changes

with the addition of energy sink data in the model, as it appears

energy sinks may capture a portion of the variability in feed

intake related to health of the animal.

It is important to consider that cows used in this study are

monitored more frequently than commercial cows since the ISU

Veterinary School has nearly constant staffing at the ISU dairy farm.

Thus, cows with illnesses are often identified early on in the

disorder. Cows that do experience more severe illness are moved

to a hospital pen, where feed intake is not collected; thus, we tend

not to capture feed intake data on cows with more severe cases of

health disorders. Therefore, it is likely the effect of health events on

feed intake captured at the ISU dairy are conservative. It is also

important to keep in mind that the DMI estimates provided are an

average across the window of time classified as a health disorder.

Therefore, more severe decreases in DMI may be seen in the days

closest to and during clinical diagnosis.

4.3.1 Sensor measures capture extra variation
in feed intake beyond health effects

Results from the current study indicate that data recorded by

sensors account for some variation in feed intake beyond that

related to energy sinks and health of the animal based on the

improvement in model fit and significant associations of sensor

measures with feed intake after adjustment for energy sink variables
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and health disorders. Nearly all sensor measures were significantly

associated (P< 0.05) with DMI in model [5] (i.e., accounting for

systematic effects, energy sinks, and health), with the exception of

CSTEMP and SCRACT as a daily average or total. Importantly,

SCRACT was only significantly associated with DMI when

SCRRUM was also included in the model, as observed in

previous studies not evaluating the influence of animal health on

feed intake (Siberski-Cooper et al., 2022). The sensor measure with

the largest estimated effect was RBTEMP (-3.47 ± 0.32 kg/°C),

whereas daily total CSACT had the smallest estimated effect (1.37E-

06 ± 0.0 kg/activity unit). The interpretation of these estimates on

DMI would be: 1) a 3.47 decease in DMI for every one degree

increase in RBTEMP, and 2) a 1.37E-06 increase in DMI for every

one unit increase in CSACT. Importantly, the observed range of

recorded measurements for RBTEMP was very narrow (-1.57 to

2.08°C) and the range for CSACT was quite large (-23185.08 to

30021.54 activity units). Therefore, despite the small size of the

CSACT effect, the difference in associated DMI across cows could

be substantial. A potential benefit of utilization of sensor

measurements in relation to feed intake and health may be that

the length of impact of diseases on feed intake, and therefore likely

production, could be derived. Future research should examine how

sensors could aid in determining the duration of impact on intake

from health disorders, which could potentially be done utilizing

sliding windows.
4.4 Potential impact of the
relationship of health and intake on
genetic evaluations

The impact of health disorders on feed intake could impact

genetic evaluations for feed efficiency. Results from the current

study indicate that even mild illnesses have significant, measurable

impacts on daily feed intake, especially in third and higher parities.

However, this study also indicated it is possible to model the effects

of mild health disorders such that feed intake data could be included

within a genetic evaluation for feed efficiency. In some cases, the use

of energy sink data may account for health disorders. However,

more severe health disorders may not be captured by energy sink

data, and in these cases, health disorders could be modeled or

animals with severe health disorders may need to be removed from

genetic evaluations. Notably, we identified sizable CG effects (model

[3]: 6.82 kg DMI/day differences across CG), underscoring the

impact of environment, management and potentially an effect of

genetic selection over time due to the range in years data were

collected. This study indicated addition of sensor data as an

indicator trait for DMI could provide information useful to

improve genetic evaluations. This is especially true when health

data were unavailable, since sensor data accounts for some of the

variation due to illness, as well as variability in feed intake beyond

that of health, energy sinks, and environmental effects. The source

of the added variability in feed intake detected by sensors is
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currently unknown. Future studies will be needed to tease apart the

effects on feed intake that sensor measures detect.
5 Conclusions

Health disorders impacted feed intake and the statistical

relationship between sensor measures and feed intake. All health

disorders were statistically associated with reduced feed intake (P<

0.0001). Eleven different sensor measurements were significantly

associated with lameness, mild mastitis and other health disorders

(Model [2]; P< 0.0001). Health disorders had the greatest impact in

parity 3+ cows. Several sensor measures, including CSACT (daily

interval average and total), RBACT (daily interval average and

total), RBTEMP, RBPH, and SCRRUM (daily interval average and

total) were associated withDMI, even after adjusting for all variables

included in RFI and health disorders, indicating that sensors

account for health effects as well as additional unknown variation

in feed intake. For five sensor measurements (RBTEMP, daily

average and total SCRRUM, and combined SCR daily average

and total measures), sensor and health data improved model fit

(based on reduced AIC) when added into models including all

variables included in RFI estimation. Results from this study

indicate that health disorders can be detected by sensors and that

even mild health disorders impact DMI. Further, these results

indicate that health disorders may impact the relationship

between sensor data and DMI. Thus, the impact of health on

DMI and sensor measures should be evaluated in downstream uses

of feed intake such as genetic evaluations. The study also indicates

that most mild health disorders could be easily modeled to remove

their effect, though it appears mild health disorders do not impact

feed intake greatly compared to other sources of variation. The

interaction of health disorders and parity suggests that it may be

more difficult to model the impact of health disorders in older cows

(i.e., parity 3+) and may require exclusion of data used for

genetic evaluations.
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