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Use of rumination and activity monitoring for the identification
of dairy cows with health disorders: Part lll. Metritis
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ABSTRACT

The objectives of this study were to evaluate (1) the
performance of an automated health-monitoring sys-
tem (AHMS) to identify cows with metritis based on
an alert system (health index score, HIS) that combines
rumination time and physical activity; (2) the number
of days between the first HIS alert and clinical diagnosis
(CD) of metritis by farm personnel; and (3) the daily
rumination time, physical activity, and HIS patterns
around CD. In this manuscript, the overall performance
of HIS to detect cows with all disorders of interest in
this study [ketosis, displaced abomasum, indigestion
(companion paper, part I), mastitis (companion paper,
part II), and metritis] is also reported. Holstein cattle
(n = 1,121; 451 nulliparous and 670 multiparous) were
fitted with a neck-mounted electronic rumination and
activity monitoring tag (HR Tags, SCR Dairy, Ne-
tanya, Israel) from at least —21 to 80 d in milk (DIM).
Raw data collected in 2-h periods were summarized per
24 h as daily rumination and activity. An HIS (0 to
100 arbitrary units) was calculated daily for individual
cows with an algorithm that used rumination and ac-
tivity. A positive HIS outcome was defined as an HIS
of <86 units during at least 1 d from —5 to 2 d after
CD. Blood concentrations of nonesterified fatty acids,
p-hydroxybutyrate, total calcium, and haptoglobin
were determined in a subgroup of cows (n = 459) at
1143, -443,0,3+1,7+1,14+1, and 28 +
1 DIM. The overall sensitivity of HIS was 55% for all
cases of metritis (n = 349), but it was greater for cows
with metritis and another disorder (78%) than for cows
with metritis only (53%). Cows diagnosed with metritis
and flagged based on HIS had substantial alterations in
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their rumination, activity, and HIS patterns around CD,
alterations of blood markers of metabolic and health
status around calving, reduced milk production, and
were more likely to exit the herd than cows not flagged
based on the HIS and cows without disease, suggesting
that cows flagged based on the HIS had a more severe
episode of metritis. Including all disorders of interest for
this study, the overall sensitivity was 59%, specificity
was 98%, positive predictive value was 58%, negative
predictive value was 98%, and accuracy was 96%. The
AHMS was effective for identifying cows with severe
cases of metritis, but less effective for identifying cows
with mild cases of metritis. Also, the overall accuracy
and timing of the AHMS alerts for cows with health
disorders indicated that AHMS that combine rumina-
tion and activity could be a useful tool for identifying
cows with metabolic and digestive disorders, and more
severe cases of mastitis and metritis.
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INTRODUCTION

Metritis is a prevalent disease that affects lactating
dairy cows in the early postpartum period. The oc-
currence of this health disorder, which may affect up
to 40% of cows (Markusfeld, 1987; Zwald et al., 2004;
Sheldon et al., 2009), has been associated with reduced
milk production, impaired reproductive performance,
and increased risk of culling during lactation (Bell and
Roberts, 2007; Wittrock et al., 2011; Giuliodori et al.,
2013). Therefore, commercial dairy farms implement
health-monitoring programs to detect and treat cows
with metritis in an attempt to reduce its consequences
for cow performance. Although health-monitoring pro-
grams vary significantly among farms, the diagnosis of
metritis is based primarily on evaluation of the uterus
and uterine discharge. The presence of an abnormally
enlarged uterus and a fetid, watery, pink-brown uterine
discharge are considered evidence of metritis (Foldi et
al., 2006; Sheldon et al., 2006; 2009). In addition, signs
of systemic illness such as anorexia, fever, depression,
and dehydration provide information about the gen-
eral status of the cow and the severity of the disease

7422



RUMINATION AND ACTIVITY FOR HEALTH MONITORING

(Benzaquen et al., 2007; Sheldon et al., 2009; Risco and
Melendez Retamal, 2011).

Beyond clinical examination and evaluation of the
uterus and its contents, few diagnostic aids are avail-
able to identify cows with metritis in dairy farms. Re-
search studies have documented moderate sensitivity
(Se) and specificity (Sp) for methods such as feeding
behavior (Urton et al., 2005) and blood concentrations
of the acute-phase protein haptoglobin (Huzzey et al.,
2009). But even though these tests may help identify
cows with metritis, the greatest limitation for their
widespread use in commercial dairy farms is on-farm
implementation. The recent development of noninvasive
sensor technologies for monitoring rumination time and
physical activity could be used to assess overall cow
health and aid in the detection of cows with metritis.
Recent studies have documented alterations in the pat-
tern of rumination and activity in cows diagnosed with
metritis. For example, Liboreiro et al. (2015) reported
lower rumination and activity after calving in cows
with metritis compared with cows without metritis. Ti-
tler et al. (2013) reported that cows with metritis spent
more time standing, took fewer steps, and had fewer
lying bouts from 1 to 3 d before and after diagnosis
than cows without a health disorder. Although results
from these studies suggested that automated rumina-
tion and activity monitoring systems could be used to
identify cows with metritis, additional data are needed
to support their use in commercial dairy operations. In
addition, little is known about the patterns of rumina-
tion and activity around the timing of clinical diagnosis
of metritis. A better understanding of the changes
in these parameters in cows with metritis may help
improve the ability of farms to detect cows that are
at risk or that already have the disorder. In addition,
rumination and activity may offer unique insights into
the overall health status of cows that are not provided
by clinical examination and evaluation of the uterus.

We hypothesized that an automated health-monitor-
ing system (AHMS) that continuously monitors rumi-
nation and activity would be able to identify cows with
metritis. Also, we expected that changes in rumination
and activity before evident clinical signs of disease
would result in earlier identification of metritis. Thus,
the objectives of this study were to evaluate (1) the
performance of an automated rumination and physical
activity monitoring system to identify cows with me-
tritis; (2) the interval between the AHMS alert based
on a health index score (HIS) and the day of clinical
diagnosis (CD) by farm personnel; and (3) the rumina-
tion, activity, HIS, and milk-production patterns for
cows with metritis. We also used culling dynamics,
reproductive outcomes for first Al service, and markers
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of energy status [nonesterified fatty acids (NEFA) and
BHB], mineral status (total calcium), and systemic in-
flammation (haptoglobin) to complement the diagnosis
of metritis and the performance of the AHMS alert.

MATERIALS AND METHODS
Animals, Management, and Study Design

All procedures were approved by the Institutional
Animal Care and Use Committee of Cornell Univer-
sity. The study followed an observational prospective
cohort design. Details about animal management and
study design are provided in a companion manuscript
(Stangaferro et al., 2016a). Briefly, Holstein cows (n =
1,121; 451 nulliparous and 670 multiparous) were fitted
with a neck-mounted electronic rumination and activ-
ity monitoring tag (HR Tags; SCR Dairy, Netanya,
Israel) to monitor rumination and activity from at least
21 d before expected calving until at least 80 d after
calving. Of 1,121 cows enrolled in the study, 41 (3.7%)
were removed from the data set due to tag malfunction
or misplacement during data collection. Thus, 1,080
cows were included in the final data set for analysis.
Based on rumination and activity data, an HIS (0 to
100 arbitrary units) for each cow was generated by the
system software (DataFlow, Netanya, Israel) using a se-
ries of internal algorithms (proprietary to SCR Dairy).
An HIS of 100 arbitrary units represents a cow with
an ideal pattern of rumination and activity; an HIS
value <86 arbitrary units may be indicative of a health
disorder. An HIS report was generated daily to include
cows with <86 arbitrary units (as determined by SCR)
and stored for evaluation by the research group. During
the study, farm personnel did not have access to the
HIS report or any information generated by the AHMS.

Fresh Cow Monitoring Program and Case Definitions

Disease definitions and the health-monitoring pro-
gram used in the study are provided in detail in a com-
panion manuscript (Stangaferro et al., 2016a). In short,
after calving, cows were examined daily from 1 to 10
DIM. The clinical examination included direct obser-
vation, rectal temperature, urine ketones, and rumen
auscultation. For any cow not diagnosed with metritis
before 8 DIM, transrectal massage of the uterus was
conducted to obtain and evaluate uterine discharge.
Metritis was defined as the presence of watery, pink/
brown, and fetid uterine discharge with or without fe-
ver (rectal temperature >39.5°C).

Two consecutives episodes of metritis were considered
separate episodes if they occurred at least 7 d apart.
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Blood Collection and Laboratory Analyses

Briefly, blood samples were collected from a sub-
group of cows (n = 459) on d —11 £ 3 and —4 + 3
prepartum, and then at 0, 3 + 1,7 + 1, 14 + 1, and
28 £ 1 d after calving. Plasma samples were analyzed
for NEFA (d —11, —4, 0, 3, 7, 14, 28), BHB (d 0, 3, 7,
14, 28), total Ca (d 0, 3, 7, 14), and haptoglobin (d —4,
0, 3, 7, 14, 28). Details about blood collection, blood
sample processing, and analysis of metabolites (NEFA,
BHB), calcium, and markers of systemic inflammation
(haptoglobin) are provided in a companion manuscript
(Stangaferro et al., 2016a).

Statistical Analysis

System Performance. The main outcome of inter-
est for this study was the ability of the HIS to correctly
identify cows with metritis. Clinical diagnosis by farm
personnel was used as the reference test. Because HIS
does not confirm the occurrence of disease or indicate
the type of disease, a positive outcome was defined as
an HIS value of <86 arbitrary units during at least 1 d
during the 5 d before, the day of, or 2 d after CD. The
Se and 95% CI for the HIS to identify cows with metritis
was calculated using PROC FREQ in SAS (version 9.4;
SAS Institute Inc., Cary, NC) and was defined as the
ability of the HIS to correctly identify cows diagnosed
with metritis by farm personnel. To evaluate the poten-
tial confounding effect of other health disorders (i.e.,
all disorders of interest, pneumonia, and lameness) on
the Se of HIS, we conducted 3 separate analyses. The
first analysis included all cows diagnosed with metritis;
a second analysis included cows diagnosed only with
metritis during the range of interest around CD; and
a third analysis included cows diagnosed with metritis
and at least one other health disorder during the range
of interest around CD. Unfortunately, uterine discharge
characteristics (appearance, color, and odor), severity
of metritis, or both, based on clinical signs, were not
recorded. Thus, in an attempt to identify cows with
metritis cases of different severity, we also calculated
the Se of HIS for subgroups of cows with metritis cre-
ated based on rectal temperature at the time of CD.
For this analysis, cows were included in 1 of the follow-
ing rectal temperature groups: (1) <39.4°C, no fever;
(2) 39.5 to 39.9°C, moderate fever; and (3) >40°C, high
fever. We determined differences in Se of HIS between
the subgroup of cows with metritis only and cows
with metritis and at least another disorder, and for
the different rectal temperature subgroups, by logistic
regression using the events over trials option of PROC

LOGISTIC in SAS.
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Interval Between the First Positive HIS Out-
come and Clinical Diagnosis. To determine if HIS
was capable of identifying cows with metritis earlier
than CD by farm personnel, the interval (in days) be-
tween the first positive HIS outcome during the period
of interest around CD (5 d before to 2 d after) and the
day of CD of metritis was evaluated. For this analysis,
which included only cows flagged by the AHMS, we
compared the mean number of days from the first HIS-
positive outcome and the day of CD with a paired t-test
using the PROC TTEST in SAS.

Rumaination, Activity, HIS, and Milk Produc-
tion Relative to Clinical Diagnosis. Daily rumina-
tion time (min/d), daily activity (arbitrary units/d),
and HIS (arbitrary units) were evaluated from 5 d be-
fore to 5 d after CD (d 0) for the first event of metritis.
Milk production (kg/d) was evaluated only from 5 d
before until the day of CD, because data were not avail-
able after CD for cows treated with an antibiotic that
required milk withdrawal. Before statistical analysis, we
assessed normality of the data for rumination, activity,
HIS, and milk production using the Shapiro-Wilk sta-
tistic and graphical methods (histogram and Q-Q plot)
and using PROC UNIVARIATE in SAS. Based on this
analysis, no data transformations were necessary.

For this analysis, cows were grouped according to
the following criteria: CD-positive and HIS-positive
(HI+; HIS <86 arbitrary units at least 1 d within 5
d before, the day of, and 2 d after CD); CD-positive
and HIS-negative (HI—; HIS >86 arbitrary units from
5 d before, the day of, and 2 d after CD); and CD-
negative (nondisease, ND; cows not diagnosed with
a health disorder during the study period). For cows
in the ND group, we considered the average DIM at
CD for cows that had metritis “day 0.” Data was ana-
lyzed by ANOVA with repeated measurements using
PROC MIXED in SAS. Models for each outcome of
interest (rumination, activity, HIS, and milk produc-
tion) included group (e.g., ND, HI+4, and HI-), time,
parity, and the interactions between group and time,
and group and parity, as explanatory variables. The
occurrence of another health disorder (i.e., all disorders
of interest, pneumonia, and lameness) during the —5
to 5 d period after CD was offered as a categorical
variable (0 = no occurrence and 1 = occurrence) to
the initial models to evaluate the potential effect of
multiple disorders on the parameters of interest. Cow
within group was included as a random effect in all
models. The final model for each parameter of interest
was selected by backward elimination of explanatory
variables with P > 0.10 and determination of the low-
est value for the Akaike’s information criterion. Cow
was the subject of the repeated measurements, and all
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models were run using an autoregressive (AR-1) cova-
riance structure. Group, time, and the group-by-time
interaction were forced in all models. When the main
effect or interaction between explanatory variables was
significant, we used the LSD post hoc mean separation
test to determine differences between groups of means.

Plasma Concentration of NEFA, BHB, Cal-
cium, and Haptoglobin. Cows were grouped in the
same way as for evaluation of rumination, activity, and
HIS. Data were analyzed by ANOVA with repeated
measurements using PROC MIXED in SAS as de-
scribed.

Culling Dynamics and Reproductive Outcomes
for First AI Service. The proportion of cows coded
as do not breed, sold, and dead within the first 60 DIM
or up to 270 DIM were analyzed by logistic regres-
sion using PROC GLIMMIX in SAS. The proportion
of cows inseminated after a detected estrus or timed
Al, and pregnancies per Al after first Al service were
also analyzed by logistic regression using PROC GLIM-
MIX in SAS. The regression models included group
(HI+, HI—, and ND), parity, and their interaction as
explanatory variables. The final model for each vari-
able of interest was selected by backward elimination
of explanatory variables with P > 0.10. The effect of
group (HI+, HI—, and ND) was forced in all models.
We used the LSD post hoc mean separation test was
used to determine differences between groups of means.
Differences in DIM at first service were analyzed by
ANOVA using PROC MIXED in SAS and models that
included the same explanatory variables used for the
binomial outcomes.

Overall System Performance. Because HIS is
designed as an alert to identify cows for further clinical
examination rather than to provide a definitive diagno-
sis of a health disorder, false-positive outcomes could
not be assigned to a particular health disorder, because
the reason for the alert was unknown. Therefore, we
calculated Sp, positive predictive value (PPV), nega-
tive predictive value (NPV), and accuracy as an overall
test for all events recorded for the disorders of interest
[metabolic and digestive (Stangaferro et al., 2016a),
mastitis (Stangaferro et al., 2016b), and metritis (this
paper)]. Because each day was considered a new test,
the total contribution of individual cows to the number
of cow-days was determined from 2 to 80 DIM. A cow
could contribute with a positive or negative outcome
during specific periods of the study depending on her
clinical status (ND vs. with a disorder) as defined by
CD. Cows that were sold or died before the end of
the study did not contribute to the cow-day calculation
after they left the herd.
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We created a 2 x 2 frequency table based on the
following criteria:

e True positive = positive HIS outcome (HIS <86
arbitrary units) at least 1 d within the 5 d before,
the day of, and 2 d after CD. Each day within the
range of interest was counted as a true positive
outcome when HIS was <86 arbitrary units for at
least 1 d within the range of interest.

e False positive = positive HIS outcome for a cow
without a health disorder or positive HIS outcome
outside the —5 to 2 d range relative to CD for
cows with health disorders.

e True negative = negative HIS outcome (HIS
>86 arbitrary units) for a cow without a health
disorder or negative HIS outcome outside of the
—5 to 2 d range relative to CD for cows with
health disorders.

e False negative = negative HIS outcome during
the —5 to 2 d range relative to CD for a cow with
a health disorder. Each day within the range of
interest was counted as a false negative outcome.

This frequency table was then used to estimate the
overall Se, Sp, PPV, NPV, and accuracy of the HIS
using PROC FREQ of SAS. Only the diseases of inter-
est (displaced abomasum, ketosis, indigestion, mastitis,
and metritis) could contribute as a positive disease
outcome (true positive or false negative), because the
window from —5 to 2 d relative to CD was removed for
health disorders of no interest to the study (pneumonia
and lameness).

Data for proportions are presented as arithmetical
means and their 95% CI; quantitative data are pre-
sented as LSM 4+ SEM or 95% CI, unless otherwise
stated. All explanatory variables and their interactions
were considered significant if P < 0.05, and 0.05 < P <
0.10 was considered a tendency.

RESULTS
Metritis Incidence and System Performance

Table 1 summarizes the incidence of metritis, DIM at
CD, and Se of HIS to identify cows with metritis for all
cows with a recorded case of metritis, cows diagnosed
with metritis only, and cows diagnosed with metritis
and another health disorder from —5 to 2 d after CD.
Data are also presented for subgroups of cows with
metritis and fever or no fever at the time of CD. The
overall incidence of metritis was 32% (n = 349; 331
and 9 cows with 1 or 2 events of metritis recorded,
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Table 1. Incidence of metritis, DIM at clinical diagnosis, sensitivity of health index score (HIS) to detect cows with metritis, and interval
between the first HIS-positive outcome and clinical diagnosis (CD) of metritis by farm personnel

Sensitivity HIS-positive to CD?
Events Incidence  DIM at event
Ttem (no.)! (%) (mean + SD) % (no./mno.) 95% CI Days 95% CI P-value
Metritis® 349 32 6.8 + 2.6 55 (191/349) 49, 60 -12  —1.6, -0.7  <0.01
Metritis only” 322 30 6.8 + 2.6 53 (170/322)* 47, 58 -1.2  -1.6,-0.7 <0.01
Metritis with other disorders’ 27 2 7.0+ 24 78 (21/27)" 62, 91 -1.3  -24,-02 0.03
Metritis by rectal temperature
<39.4°C 165 52 72+ 18 56 (92/165) 48, 64 -14 -19,-1.0 <0.01
39.5-39.9°C 79 25 6.2 + 2.0 49 (39/79) 38, 61 -1.3  —-29,04 0.13
>40.0°C 74 23 52+ 1.8 58 (43/74) 46, 70 —-0.2 —-0.9,04 0.46

**Different superscripts indicate differences (P < 0.05) between means based on mean separation with the LSD test.
"Number of events diagnosed (331 and 9 cows with 1 or 2 events of metritis, respectively).

HIS-positive to CD = interval in days between the first positive HIS outcome (positive outcomes only) and clinical diagnosis.

3All metritis events recorded.
‘Cows diagnosed with only metritis from —5 to 2 d relative to CD.

®Cows diagnosed with metritis and at least another health disorder from —5 to 2 d relative to CD.

respectively). The overall Se of HIS to identify cows
with metritis was 55%, and it was greater (P = 0.02)
for cows with metritis and another health disorder than
for cows with metritis only. Conversely, the Se of HIS
did not differ (P = 0.52) for subgroups of cows with or
without fever. Overall, cows with metritis and a posi-
tive HIS outcome were identified earlier than CD by
farm personnel.

Rumination, Activity, HIS, and Milk Production
Relative to Clinical Diagnosis

Daily rumination time, activity, and HIS patterns
from —5 to 5 d relative to CD for cows in the HI+,
HI—, and ND groups are presented in Figure 1. For
all parameters, the effect of parity and the group-by-
parity interaction were not significant. For rumination,
we observed an interaction between group and day (P
< 0.01). Rumination time was lower for cows with me-
tritis in the HI4+ (n = 187) than in the HI— (n = 153)
or ND groups (n = 435); however, it was similar for the
HI— and ND groups over the entire period. Because
metritis was diagnosed on average at ~7 DIM, the na-
dir for rumination for all groups (313, 376, and 368
min/d for the HI+, HI—, and ND groups) was observed
on d —5 (~2 DIM average). Thereafter, rumination
increased for all groups, but the increment was slower
for cows in the HI+ group, and faster for cows in the
HI— and ND groups. We observed the greatest differ-
ence for rumination between cows in the HI+ group
and cows in the HI— (122 min/d) and ND (131 min/d)
groups 1 d before CD. Rumination time for cows with
metritis was also affected by the occurrence of ketosis,
because cows with ketosis had reduced rumination (P
= 0.01) than cows without ketosis during the period of
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interest around CD (407 £+ 16.1 vs. 452 + 2.1 min/d,
respectively).

For activity, we observed an interaction between
group and day (P < 0.01). Cows in the HI4 group had
lower activity than cows in the HI— and ND groups
during the entire period evaluated, reaching their nadir
(434 arbitrary units/d) on d 0; cows in the HI— group
had lower activity than cows in the ND group on d —5.
Activity for cows with metritis was also affected (P =
0.03) by the occurrence of ketosis. Cows with ketosis
had less activity than cows without ketosis during the
period of interest around CD (467 £ 32.6 vs. 534 + 4.1
arbitrary units/d, respectively).

For HIS, we also detected an interaction between
group and day (P < 0.01). Cows in the HI4 group had
lower HIS than cows in the HI— and ND groups, but
cows in the HI— and ND group had similar HIS during
the entire period analyzed. The HIS for cows in the
HI4 group reached its lowest value (83 units) on d 0.
The HIS was also affected by the occurrence of ketosis,
because cows with metritis and ketosis had lower HIS
(P = 0.04) than cows without ketosis during the period
of interest around CD (90 £+ 1.7 vs. 95 £+ 0.2 arbitrary
units, respectively).

Daily milk production from 5 d before until the day
of CD for cows with metritis, grouped based on HIS
outcome (HI+ and HI-), is presented in Figure 2. Be-
cause parity had an effect (P < 0.01) on milk produc-
tion, results are presented separately for primiparous
and multiparous cows. For primiparous cows (Figure
2A), we observed an interaction between group and day
(P < 0.01). Cows in the HI+ group produced less milk
than cows in the ND group from 4 d before until the
day of CD; cows in HI4+ group produced less milk than
cows in the HI— group on d —2 and 0 relative to CD.
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Figure 1. Rumination (A), activity (arbitrary units, AU; B), and
health index score (AU; C) patterns from —5 to 5 d relative to clinical
diagnosis (CD) for cows that developed metritis (HI4: n = 187; HI—:
n = 153; first event only) compared with cows in the nondisease group
(n = 435). Cows were assigned to the HI4 or HI— group if they pre-
sented a health index score of <86 or >86 arbitrary units, respectively,
during the 5 d before, the day of, and 2 d after CD. For the nondisease
group, the average DIM at CD for cows with metritis was considered
“day 0.” Values are presented as LSM 4+ SEM. Within a day, pairwise
comparisons that were statistically different (P < 0.05) based on LSD
are represented as follows: *control vs. HI+; {HI+ vs. HI—.
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The greatest difference between cows in the HI+ and
cows in the HI— and ND groups was observed —2 and
0 d relative to CD (2.4 and 3.2 kg/d, respectively). For
multiparous cows (Figure 2B), we observed an interac-
tion between group and day (P < 0.01). Multiparous
cows in the HI+ group produced less milk than cows in
the HI— and ND groups from 4 d before until the day
of CD, with the greatest differences —1 and 0 d relative
to CD of metritis (~7 kg/d). Cows in the HI— and ND
groups produced similar amounts of milk during the
period analyzed.

Plasma Concentrations of NEFA, BHB,
Calcium, and Haptoglobin

Plasma concentrations of NEFA, BHB, Ca, and
haptoglobin relative to the day of calving for cows
that developed metritis are presented in Figure 3.
For NEFA, we observed an interaction between group
and day (P < 0.01). Plasma concentrations of NEFA
were greater in the HI+ than in the ND group from
—11 to 7 d relative to calving. Cows in the HI— group
had lower NEFA concentrations than cows in the HI+4
group 0 and 3 d relative to calving, and we observed
no differences with the ND group during the period
analyzed. Concentrations of NEFA peaked on d 0 (488
+ 24 pEq/L) for cows in the HI+ group and differed
by 85 and 126 pEq/L compared with cows in the ND
and HI— group, respectively. For BHB, we observed an
effect of day (P = 0.04) and a tendency for an interac-
tion between group and day (P = 0.08). In addition,
BHB concentrations were also affected (P < 0.01) by
the occurrence of displaced abomasum. Cows with a
displaced abomasum had greater BHB concentrations
than cows without (13.4 + 1.5 vs. 7.6 + 0.1 mg/dL,
respectively). For concentrations of total calcium in
plasma, we observed an interaction between group
and day (P < 0.01). Cows in the HI+ group had total
calcium concentrations that were lower than the ND
group from 3 to 14 d after calving, and lower than the
HI— group from 7 to 14 d after calving. Cows in the
HI+ group had their lowest calcium concentration (8.4
mg/dL) on d 3 after calving, and the greatest difference
with cows in the HI— (0.5 mg/dL) and ND group (0.6
mg/dL) 14 d after calving. Cows in the HI— and ND
group had similar calcium concentrations during the
entire period analyzed. For concentrations of haptoglo-
bin, we observed an interaction between group and day
(P < 0.01). Cows in the HI4 group presented greater
haptoglobin concentrations than cows in the ND group
from 0 to 14 d after calving reaching peak concentra-
tions (4.0 mg/mL) and the greatest difference with the
ND group (2.1 mg/mL) 3 d after calving. Cows in the

Journal of Dairy Science Vol. 99 No. 9, 2016



7428 STANGAFERRO ETAL.

—e—Non-disease -@- HI- O Hl+
“1A “1B :
42 - +

6 30 + * 40
8 28 |
=4 38
N

2 .
g e 36 |
S 24 -
= 34
2 22 4

32 4
2 20 -
= ]
g, 18 - 30
= 16 A Group: P=0.11 28 [ Group: P< 0.01
E 14 Day: P<0.01 26 Day: P<0.01
Group*Day: P<0.01 Group*Day: P<0.01
12 T T T T T T 24 T T T T T T
5 -4 3 2 -1 0 -5 -4 3 2 1 0
Days relative to clinical diagnosis Days relative to clinical diagnosis

Figure 2. Milk production (kg/d) from —5 d to the day of clinical diagnosis (CD; d 0) for primiparous cows (A) that developed metritis
(HI4: n = 110; HI—: n = 96) compared with nondisease cows (n = 171). Cows were assigned to the HI+ or HI— group if they had a health
index score of <86 or >86 arbitrary units, respectively, during the 5 d before, the day of, and 2 d after CD. Milk production (kg/d) from —5 d
to the day of CD for multiparous cows (B) that developed metritis compared with nondisease cows (n = 264). Multiparous cows with metritis
were assigned to the HI+ (n = 77) and HI— (n = 57) groups following the same criteria as for primiparous cows with metritis. Values are pre-
sented as LSM + SEM. Within a day, pairwise comparisons that were statistically different (P < 0.05) based on LSD are represented as follows:
*control vs. HI+; $HI+ vs. HI—.
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Figure 3. Plasma concentrations of nonesterified fatty acids (NEFA; A), BHB (B), total Ca (C), and haptoglobin (D) for cows that developed
metritis compared with cows in the nondisease group (n = 161). Cows with metritis were assigned to the HI+ (n = 51) or HI— (n = 48) group
if they had a health index score of <86 or >86 arbitrary units, respectively, during the 5 d before, the day of, and 2 d after clinical diagnosis.
Values are presented as LSM 4+ SEM. Within a day, pairwise comparisons that were statistically different (P < 0.05) based on LSD are repre-
sented as follows: *control vs. HI+; fcontrol vs. HI—; 1HI+ vs. HI—.
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Table 2. Culling dynamics and reproductive outcomes for first Al service for cows diagnosed with metritis included in the ND, HI—, and HI+

groups'

Item ND HI- HI+ P-value
Dead <60 DIM [% (no./no.)] 0.9 (4/451) 0 (0/153) 1.6 (3/187) 0.74
Dead up to 270 DIM [% (no./no.)] 2.9 (13/451) 0.7 (1/153) 2.1 (4/187) 0.33
Do not breed/sold <60 DIM [% (no./no.)] 2.5 (11/451)" 3.3 (5/153)" 7.0 (13/187)" 0.03
Do not breed/sold up to 270 DIM [% (no./no.)] 18.6 (84/451)" 14.4 (22/153)" 31.0 (58/187)" <0.01
Cows AT to estrus [% (no./no.)] 91.7 (367/400) 91.4 (128/140) 89.8 (141/157) 0.76
Cows Al by timed AI [% (no./no.)] 8.3 (33/400) 8.6 (12/140) 10.2 (16/157) 0.76
DIM at first Al 79 (400) 79 (140) 80 (157) 0.73
Pregnancies per AT at first AI [% (no./no.)] 46.0 (184/400) 42.9 (60/140) 45.9 (72/157) 0.80

*'Different superscripts within a row indicate differences (P < 0.05) between means based on mean separation with the LSD test.
'ND (n = 451) = cows not diagnosed with a health disorder during the study period; HI— (n = 153) = health index score >86 arbitrary units
during the 5 d before, the day of, or 2 d after clinical diagnosis; HI+ (n = 187) = health index score <86 arbitrary units during at least 1 d

during the 5 d before, the day of, or 2 d after clinical diagnosis.

in the HI4, HI—, and ND groups (Table 2). In contrast,
the proportion of cows coded as do not breed or sold
up to 60 DIM (end of the voluntary waiting period), as
well as up to 270 DIM, were greater (P < 0.05) for the
HI+4 than the HI— and ND groups. No differences in
the proportion of cows inseminated based on a detected
estrus or timed Al (P = 0.76), DIM at first Al (P =
0.73), or pregnancies per Al (P = 0.80) among groups
were detected.

Overall System Performance

From 2 to 80 DIM, the overall Se of HIS to detect all
the health disorders of interest for this study (displaced
abomasum, ketosis, indigestion, mastitis, and metritis)
was 59.0% (95% CI: 57.5, 60.5%; 2,416/4,096 cow-days)
and Sp was 97.6% (95% CI: 97.5, 97.7%; 70,695/72,423
cow-days). Based on the prevalence observed in the
study, the PPV was 58.3% (95% CI: 56.8, 59.8%;
2,416/4,144 cow-days), the NPV was 97.7% (95% CI
97.6, 97.8%; 70,695/72,375 cow-days), and accuracy
was 95.6% (95% CI: 95.4, 95.7%; 73,111/76,519 cow-
days).

DISCUSSION

In the current study, we evaluated the performance
of an AHMS that combined rumination and activity to
identify cows with metritis. The overall Se of the AHMS
was moderate and slightly lower for cows diagnosed
with metritis only during the —5 to 2 d range rela-
tive to CD. Conversely, the Se of HIS was substantially
greater (25 percentage points) for cows with metritis
and another health disorder during the window of inter-
est around CD. The incidence of metritis in our study
was within the upper level of the range reported for
lactating dairy cows (Bell and Roberts, 2007; Sheldon
et al., 2009; Toni et al., 2015), likely because the farm

standard operating procedures for diagnosis and treat-
ment of metritis determined that cows with very mild
watery, foul smelling, pink/brown discharge should
be treated. Therefore, we speculated that the major
reason for the Se of HIS observed in our study was a
wide range in severity of the disorder, which, in turn,
caused a wide range of alterations to the rumination
and activity patterns around CD. Thus, we evaluated
the performance of the AHMS for subgroups of cows
in an attempt to identify different levels of severity. In
this regard, the greater Se of HIS for cows that experi-
enced metritis along with another disorder supports the
notion that the AHMS was capable of detecting cows
in a poorer health state. Moreover, when HIS group
(HI+ and HI-) was used as a proxy for severity and
systemic compromise, cows in the HI+ group had more
dramatic reductions in rumination and activity, and a
greater reduction in milk production around the time
of metritis CD than cows in the HI— and ND groups.
For example, milk production before CD was lower in
primiparous and multiparous cows in the HI+ group
than in the ND group, but cows in the HI— group did
not have decreased milk production. Moreover, the
differences observed for NEFA, Ca, and haptoglobin
around calving indicated that cows in the HI+4 group
were in a more negative plane of energy balance, were
more Ca deficient, and presented more severe systemic
inflammation than cows in the HI— group. The lack of
difference in BHB concentrations was unexpected be-
cause of the differences for the other blood markers and
the results of previous studies, which have reported an
association between BHB concentrations and the risk
of metritis (Duffield et al., 2009; Galvao et al., 2010;
Ospina et al., 2010). Nevertheless, in agreement with
the current results, other studies have not reported dif-
ferences in BHB concentrations between cows with or
without metritis (Chapinal et al., 2011; Martinez et
al., 2012). For cows in the HI— group, intermediate
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haptoglobin concentrations suggested that they un-
derwent systemic inflammation, but that the degree of
inflammation was likely lower than for cows in the HI+4
group. Furthermore, cows in the HI4 group were about
twice as likely to exit the herd or be coded as do not
breed (up to 60 DIM and up to 270 DIM) than cows
in the HI— and ND groups. The differences in culling
dynamics also help explain the lack of differences in
first service reproductive performance, because many
cows expected to have poor fertility and production left
the herd before their first Al service. Taken together,
these observations suggest that not only were cases of
metritis for cows in the HI+ group more severe, but
also that these cows did not cope as well with the dis-
ease, leading to their earlier removal from the herd.

Rectal temperature was also explored as a potential
indicator of severity of metritis, because fever may be
an indication of infection and inflammation (Mack-
owiak et al., 1997; Leon, 2002; Steiner et al., 2006).
Nevertheless, the Se of the AHMS did not increase
substantially for cows with fever compared with that
of cows without fever, suggesting that in this case fe-
ver was not a good marker of severity. This was not
surprising, because a previous study (Benzaquen et al.,
2007) reported that up to 58% of lactating dairy cows
diagnosed with metritis did not develop fever (defined
as rectal temperature of >39.4°C).

Collectively, our findings seem to support the notion
that there are varying levels of severity and systemic
compromise for metritis, and that the ability of the HIS
generated by the AHMS to identify cows with metritis
depends upon the degree to which overall cow health
and behavior are compromised. Based on our current
limited knowledge of the physiological effect of metritis
on rumination and physical activity, we speculate that
the patterns of these parameters change more drastical-
ly when the uterine infection affects cows systemically
rather than when it affects the uterus only. Additional
research studies that include objective definitions of
severity and systemic compromise for cases of metritis
are needed to corroborate our observations and con-
tinue improving algorithms used to identify cows with
metritis.

For cows with metritis detected based on HIS, the
AHMS identified them earlier than farm personnel.
This is in agreement with our data for cows diagnosed
with metabolic and digestive disorders (Stangaferro et
al., 2016a) and cows diagnosed with mastitis, which
were also identified earlier based on HIS than by farm
personnel (Stangaferro et al., 2016b). The earlier iden-
tification of cows based on HIS was expected, because
cows in the HI4 group presented substantial reductions
in rumination and activity on the days leading up to
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CD. The value of identifying cows with metritis approx-
imately 1 d earlier based on HIS than with traditional
health-monitoring programs is currently unknown.
Earlier treatment could be beneficial by halting the
progression of the disorder and improving treatment
response. Earlier treatment could also help mitigate the
negative effect of the disease on milk production and
reduce the likelihood of culling. Additional studies are
necessary to determine the value of earlier treatment on
cow well-being and performance during lactation.

The pattern of rumination and activity for cows with
metritis reflected the timing of metritis diagnosis dur-
ing lactation. Dairy cattle have a rumination nadir on
the day of calving (Soriani et al., 2012; Calamari et
al., 2014; Liboreiro et al., 2015), followed by a sharp
increase until a plateau is reached at ~7 DIM. Activity
patterns are also profoundly altered around calving,
but a sharp increase rather than a decrease is usually
observed. The peak observed on the day of calving is
followed by a steady decline up to ~6 DIM, after which
activity remains steady (Liboreiro et al., 2015; M. L.
Stangaferro and J. O. Giordano, unpublished results).
These expected patterns of rumination and activity
in dairy cows explain the general trends observed for
all cows regardless of health status. For cows in the
ND group, d —5 corresponded to an average of 2 DIM
because d 0 for this group was equal to the mean DIM
for diagnosis of metritis (6.8 DIM). For cows diagnosed
with metritis, d —5 included some cows that were as
early as 1 DIM because the earliest time of metritis
diagnosis was 3 DIM. Regardless of the influence of
DIM on the pattern of rumination and activity, cows
affected by metritis showed differences compared to
cows without a health disorder. Liboreiro et al. (2015)
have also reported reduced rumination time and activ-
ity within the first week after calving in lactating dairy
cows diagnosed with metritis.

From an on-farm implementation perspective, the
results of the current experiment suggest that the HIS
generated by the AHMS tested in our study could be
used to detect severe cases of metritis that affect the
cow systemically or cases of metritis accompanied by
another health disorder. However, the most likely sce-
nario is that not all cows that develop metritis will be
detected. This is because the underlying health disorder
may not compromise cow health sufficiently to affect
rumination and activity. Thus, it seems reasonable to
suggest that for farms with proactive health-monitoring
and treatment programs, the AHMS could be used in
combination with other traditional methods of metritis
detection. For example, the AHMS could be used to
identify cows with severe cases of metritis up to 7 to
10 DIM when most cases are expected (Sheldon et al.,
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2009; current study). Thereafter, cows not diagnosed
with metritis could be examined to rule out the pres-
ence of the disorder. For cows with metritis detected
during the mandatory examination (mild cases without
a significant systemic compromise), a minor delay from
the onset of the disorder to diagnosis may not comprise
cow well-being, the outcome of the treatment, or the
future productive and reproductive performance of the
cow. Research experiments should be conducted to test
the feasibility of on-farm implementation of these types
of strategies. Unlike farms with proactive health-mon-
itoring programs, farms that do not actively examine
cows to detect metritis may benefit from using rumina-
tion and activity to detect cows with the most severe
cases of the disorder. In this case, it is also unlikely that
cows with mild or less severe cases would be identified
by farm personnel because of the lack of a systematic
health-monitoring program.

The HIS generated by the AHMS presented high
accuracy when all the disorders of interest (displaced
abomasum, ketosis, indigestion, metritis and mastitis)
were included in the analysis. This is likely a reflec-
tion of the high Sp and NPV (both >97%) and the
considerably greater number of cow-days during which
cows did not have a health disorder (n = 72,423) rather
than when they did have a health disorder (n = 4,096).
These observations also suggest that a HIS value of
>86 arbitrary units is a reasonable indicator that cows
are not affected by a health disorder. Generating the
fewest false-positive alerts is an important attribute of
an AHMS to avoid the unnecessary inclusion of cows
without a health disorder in reports created to select
cows for clinical examination. Conversely, the Se and
PPV for all disorders combined were close to 60%,
considerably lower and undesirable for on-farm imple-
mentation. The main reason, however, for the relatively
low Se was the wide range of Se for the disorders moni-
tored in the study and the considerably greater number
of cows with disorders for which the HIS presented
moderate Se. For all metabolic and digestive disorders
combined, the overall Se was 93%, and the number of
health events represented only 20% of the total number
recorded (Stangaferro et al., 2016a). In contrast, the
overall Se for cases of metritis and mastitis was ~55%
(Stangaferro et al., 2016b) but they represented 80%
of all health events. Two other factors also contributed
to the moderate PPV. First, the restricted window
around CD (=5 to 2 d after CD) to consider a positive
outcome from the AHMS as true positive led to the
misclassification of some outcomes as false positives.
Indeed, 10.7% of the cows presented an HIS-positive
outcome 6 to 8 d before CD, and 13.8% continued to
present an HIS-positive outcome 3 to 5 d after CD. On
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the other hand, a very low daily incidence of health
disorders favors a lower PPV, because the presence of
a few false-positive outcomes per day outweighs the
number of true-positive outcomes (PPV = number of
true positive outcomes divided by the total number of
true-positive + false-positive outcomes).

To determine the Sp of the HIS in a valid way, we
eliminated data from 3.7% of the cows enrolled. In these
cows the rumination and activity monitoring tag was
either misplaced or malfunctioned during the study,
resulting in a rumination and activity pattern charac-
terized by consistently low values (usually <100 min/d
of rumination or <100 arbitrary units/d for activity)
during prolonged periods (at least 14 d). Because this
is a known limitation of the AHMS used in our study,
specific reports including cows with a malfunctioning or
misplaced tag can be created to replace the tag or place
it in the correct position.

We are uncertain whether the AHMS used in our
study would be equally effective in identifying cows
with health disorders in other commercial dairy herds
with similar management. Indeed, using CD by farm
personnel as reference for the occurrence and timing of
diagnosis of clinical health disorders could make our re-
sults unique to the farm where the study was conducted.
Therefore, additional studies are needed to confirm our
findings. However, data from the present study pro-
vides compelling evidence that automated rumination
and activity monitoring systems could be incorporated
either alone or in combination with other traditional
health-monitoring strategies to identify cows with
metabolic and digestive disorders and severe cases of
clinical mastitis and metritis. For dairy herds with very
intensive health-monitoring programs, such as the herd
that participated in our study, some cows with health
disorders may not be identified by the AHMS. Never-
theless, our current data suggest that cows not flagged
based on HIS may have had a less severe episode of the
disorder and experienced a less severe reduction in per-
formance (i.e., milk production). Because rumination
and activity patterns for individual cows can also be
evaluated separately, under some circumstances it may
be possible to identify cows for clinical examination
based on rumination and activity alone, rather than by
HIS. Thus, in herds with intensive health-monitoring
programs, the AHMS could be used as an alternative
or a complement to human monitoring. Such a strat-
egy would also reduce the resources and time needed
for health monitoring while minimizing disruption of
cow normal behavior and time budgets. Conversely, for
dairy farms with passive health-monitoring programs
(i.e., no monitoring or minimal monitoring) the AHMS
may help improve overall cow health and performance
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by identifying cows with health disorders that would
not be recognized otherwise. Regardless of the level of
intensity of the current health-monitoring program,
all farms may benefit by early disease detection (for
cows detected by the AHMS) by improving the treat-
ment response and reducing the negative consequences
of health disorders on overall cow health, productive
performance, and reproductive performance. Likely, the
greatest benefit would be realized in herds with passive
health-monitoring programs. In such herds, detection
of cows with health disorders may be important not
only to optimize productivity but also to improve over-
all cow health and well-being.

CONCLUSIONS

Our findings demonstrated that automated rumina-
tion and activity monitoring was effective for identi-
fying cows with severe cases of metritis or cows with
metritis and another health disorder. Conversely, the
ability of the AHMS to identify cows with mild cases of
metritis was moderate. Overall, cows with metritis were
identified earlier than through CD by farm personnel.
The patterns of rumination, activity, and HIS from —5
to 5 d after CD for cows with metritis identified based
on HIS were characterized by marked differences com-
pared to cows in the ND group as early as 5 d before
CD. Conversely, cows with metritis not identified based
on HIS had rumination and activity patterns very simi-
lar to cows in the ND group and different from cows
diagnosed with the disorder but flagged based on HIS.
We conclude that automated health-monitoring sys-
tems that use rumination and physical activity should
be used in combination with or to complement tradi-
tional methods of metritis detection. Future research is
needed to evaluate the effect of management programs
that combine rumination and activity monitoring with
traditional methods to diagnose metritis on cow well-
being and performance.
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