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ABSTRACT

Because a human observer is typically not present during milking process when automatic milk-
ing systems (AMS) are used, human observation is replaced by mastitis detection systems con-
sisting of sensors and algorithms that create alerts. Several authors suggest that sensing
systems to detect clinical mastitis (CM) are in need of improvement. The aim of this retrospect-
ive study was to observe trends over time of potential indicators of CM, thus identifying promis-
ing CM indicators and analysis methods. Data from a Northeastern USA commercial dairy farm
with 1280 Holstein Friesian cows using 20 AMS units were used for the analysis. Over a one-
year time period, there were 117 confirmed cases of CM in this herd. Thirty milking sessions
prior to CM confirmation were used for this analysis (n=3134). Of the 117 confirmed CM cases,
12% were in primiparous cows (L1), 24% in second lactation cows (L2) and 64% in third or
greater lactation cows (L3-+). Differences between group average CM-confirmed and non-CM
quarters were observed prior to CM confirmation for quarter-level electrical conductivity (EC,),
milk production rate (MPR;), average milk flow rate (AMF,) and peak milk flow rate (PMF).
Positive indications of CM were apparent well before confirmation of visual signs of CM for EC,
and MPR;; however, positive indications for AMF, occurred only one day before CM confirm-
ation. The combination of EC;, MPR, and AMF, is potentially useful for differentiating between
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an early (before visual signs of CM are manifested) detection and a false positive detection.

HIGHLIGHTS

e Data from 1280 Holstein Friesian cows using 20 AMS units were used for the analysis
e The progression over time of changes in milk and milking characteristics was investigated in

the period prior to clinical mastitis

e Changes in quarter electrical conductivity indicate it is possible to detect developing mastitis

before clinical signs are manifested

Introduction

The development of automatic clinical mastitis (CM)
detection systems has received much attention in the
research literature over the past five decades. This inter-
est is driven by the economic impact of CM that can
range from $36 to $470 per cow per year (Huijps et al.
2008; Lam et al. 2013) and has been intensified by the
implementation of automatic milking systems (AMS)
where human observers must be replaced by an auto-
mated mastitis detection system. Clinical mastitis is the
stage in the progression of a mastitis infection at which
visual indications of inflammation and changes in the
physical properties of milk become apparent.

A detection system consists of sensor(s) and algo-
rithms that process sensor data to produce information
or advice such as an alert that a cow has a high prob-
ability of mastitis. The aim of a CM detection scheme is
to be able to reliably detect CM and also to improve
classification of ambiguous CM incidences (Steeneveld
et al. 2010; Mollenhorst et al. 2012). Kamphuis et al.
(2010) demonstrated that increasing the length of the
time window significantly improves the apparent sensi-
tivity and specificity of mastitis detection systems.

Past research has focussed on the electrical con-
ductivity (EC) of milk for detection of CM because it
offered a relatively simple and inexpensive technique

CONTACT Dr Maddalena Zucali @ maddalena.zucali@unimi.it @ Scienze Agrarie e Ambientali - Produzione, Territorio, Agroenergia, University of Milan,

Milan, Italy

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2021.1984852&domain=pdf&date_stamp=2021-10-14
http://orcid.org/0000-0002-2380-3274
http://orcid.org/0000-0003-2514-2411
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/1828051X.2021.1984852
http://www.tandfonline.com

for in-line sensing (Mottram et al. 2007). The study by
Khatun et al. (2017) suggests that sensing systems
using EC alone were not likely to achieve the desired
sensitivity and specificity targets and that improve-
ments can be achieved by using multiple measure-
ments thereby improving the utility of mastitis
detection systems on farms. The study by Rutten et al.
(2013) reported that electrical conductivity was the
most common sensor technique for mastitis detection.
Kamphuis et al. (2008) suggested that mastitis detec-
tion performance might be improved by combining
different predictive variable types. Additional CM indi-
cators include changes over time in milk yield, milk
temperature, milk colour (Espada and Vijverberg
2002), cow activity (Chapinal et al. 2011; Saint-Dizier
and Chastant-Maillard 2012), and various milk compo-
nents (Hogeveen and Ouweltjes 2003; Reinemann and
Helgren 2004). The study by Khatun et al. (2018) dem-
onstrated that improved mastitis status prediction can
be achieved by using multiple parameters. They also
state that more accurate detection systems using mul-
tiple measurements will improve their utility on farms.

In a previous study of the effects of incomplete
milking (Penry et al. 2017a), the authors observed diffi-
culty of milk removal and changes in the distribution
of quarter milk yield in cows that subsequently devel-
oped visual signs of CM. This motivated the question
of whether monitoring of changes in milk flow rates
and changes in relative quarter milk yield might
improve the sensitivity and specificity of indicators of
pending CM. Data were available from another previ-
ous study of quarter level milking characteristics for
117 confirmed CM cases in a herd of over 1000 cows
(Penry et al. 2017b). Using these data, we tested our
hypothesis that changes in milk removal characteris-
tics would occur immediately prior to the manifest-
ation of CM symptoms and further that comparing
changes in EC, milk flow rate and milk production rate
(MPR) to other quarters of the same cow would
account for some of the variability in the data and
thereby improve CM prediction. The aim of this retro-
spective study of milking characteristics prior to CM
confirmation was to observe trends over time of
potential indicators of CM, thus identifying promising
CM indicators and analysis methods.

Materials and methods

The study is based on data from a Northeastern USA
commercial dairy farm with 1280 Holstein Friesian
cows using 20 AMS units (VMS, Delaval, Tumba,
Sweden) as described by Penry et al. (2017b). Cows
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are housed year-round and fed using a partial mixed
ration system with concentrate feeding in the AMS
stall. Each AMS services 1 pen of about 55 cows. Cows
in the study herd had average daily milk yield of
346kg and an average milking interval of 9.7h.
During the study period, the bulk milk somatic cell
count averaged 175,000 cells/mL. Dataset used for the
study included 3134 milking sessions. The data
obtained from the AMS management system included
cow ID, days in milk (DIM), lactation number, milking
interval (MI, time since last successful milking, h) and
milking data from DelLaval MM25 milk metres for quar-
ter milk yield per milking (MY, kg), milking duration
(MDg, min) quarter peak milk flow rate (PMF, max-
imum 1-minute average milk flow rate, kg/min), quar-
ter average milk flow rate (AMF, kg/min) and quarter
electrical conductivity (EC, mS/cm) for each milking
session. Several additional variables were calculated
from these data: udder milk production per milking
(MY,, kg) as sum of quarter milk production, udder
milking duration (MD,, min) as maximum value of
quarter milking duration, udder peak milk flow (PMF,,
kg/min) as sum of PMF, and average milk flow (AMF,
kg/min) as ratio between MY,/MD,, udder electrical
conductivity (EC,, mS/cm) as the MY, weighted aver-
age of individual EC,, and udder and quarter milk pro-
duction rates (MPR, = MY /milking interval, MPR, =
MYq/milking interval, kg/h).

The original data set included 117 confirmed cases
of CM, from 110 cows. Of the confirmed CM cases, 14
(12%) were of first lactation cows (L1), 30 (24%) were
of second lactation cows (L2) and 73 (64%) were third
or more lactation cows (L3+). Seven of the cows had
two confirmed CM cases during the one-year observa-
tion period. These seven repeated cases were given a
new cow number so that each case was treated as an
independent occurrence. We do not have data on
cases that occurred before our observation time
period, and thus some additional number of cases
may be repeat occurrences within the same cow.
Confirmation of CM was made by a trained technician
using visual assessment of the gland and milk charac-
teristics. The farm relied heavily on identification of
cows by the AMS mastitis detection algorithm as hav-
ing a high probability of CM, although we do not
know with certainty if all confirmed CM cases were
identified by the AMS detection algorithm. In all of
the 117 cases used in our study; mastitis, was con-
firmed by a human observation. Furthermore, in all of
these cases, only one-quarter was confirmed as having
CM. Examination of the data set revealed that in three
of the 117 cases of CM, there may have been a
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Table 1. Summary statistics of data for up to 30 milking ses-
sions prior to human confirmation of 117 clinical mastitis
cases (n=3134 milking sessions).

Item Mean Std. dev.Coeff. var. (%)Min. Max.

Udder/cow-level
Days in milk, days 137 86.0 63 0 441
Lactation number 3.00 1.24 41 1 6
Milk yield, kg/milking 134 4.78 36 0.59 304
Milk production rate, kg/h 147 044 30 0.08 3.25
Milking duration, min 440 1.92 44 0.83 13.6
Average milk flow rate, kg/min  3.28 1.11 34 030 7.76
Peak milk flow rate, kg/min 6.08 1.51 25 0.60 129
Electrical conductivity, mS/cm 539 0.61 1 320 7.71
Milking interval, h 943 342 36 4.00 23.8

Quarter-level
Milk yield, kg/milking 341 1.60 47 0.12 128
Milk production rate, kg/h 038 0.16 42 0.01 1.66
Milking duration, min 337 164 48 0.20 13.6
Average milk flow rate, kg/min  1.05 0.36 34 012 294
Peak milk flow rate, kg/min 155 046 30 0.18 4.62
Electrical conductivity, mS/cm 539  0.89 16 1.21 115

second quarter infected within the same udder. In two
additional cases, the infected quarter within udder
may have been misidentified. The time base used for
our analysis was the number of milking sessions prior
to human confirmation of CM. Because of the variabil-
ity of milking interval, 30 milking sessions represented
a variable time window ranging from 177 to 341 h (7.4
to 14 days) before CM confirmation. On this farm,
some cows began lactation while being milked in a
conventional milking system and were subsequently
moved to a pen served by an AMS. As a result, some
cows moved into an AMS pen less than 30 milkings
prior to CM confirmation did not have 30 milking ses-
sions recorded prior to CM confirmation.

Statistical analysis

An initial analysis was performed to compare CM-con-
firmed quarters to non-CM quarters at each of the 30
milking sessions prior to CM confirmation. Descriptive
statistics (mean and standard error of the mean) were
calculated for the following outcome variables: EC,,
MPRy MY, MD,, AMF, and PMF, for CM quarters and
non-CM quarters for each milking session prior to CM
confirmation. The within-cow differences between the
CM quarter and the average of non-CM quarters for
each pre-CM milking session were tested for signifi-
cance using a SAS MIXED model (SAS, 2012, Version
9.4) with a Tukey's adjustment for multiple compari-
sons. Cow was declared as a random variable with
observations repeated over time (pre-CM milking num-
ber). The model was run for each lactation class separ-
ately: first lactation cows (L1), second lactation cows
(L2) and third or more lactation cows (L3+).

Results and discussion

The normality of the differences between CM and
non-CM quarters was examined for all outcome varia-
bles. These revealed that the data were reasonably
normally distributed. Descriptive statistics are reported
in Table 1. The daily udder milk yield was comparable
to that reported by Siewert et al. (2018) in a study
including 33 US farms using AMS. Quarter milk yield
was higher in rear quarters (3.77 +1.75kg/milking)
than front quarters (3.06+ 1.32kg/milking) in agree-
ment with previous results (Weiss et al. 2004, Penry
et al. 2018). Electrical conductivity was not different
between quarters. The coefficient of variation (stand-
ard deviation/mean) for MPR, (42%) was somewhat
lower than for MY, (47%) as expected because MPR,
accounts for variability introduced by uneven milking
intervals. The coefficient of variation for MPR, was
greater (42%) than MPR, (30%) probably because
some aspects of the regulation of milk production
occur at the quarter level and the magnitude of
change is diluted in udder level averages (e.g. a 40%
change in one-quarter results in about a 10% change
at the udder level).

All of the quarter response variables tested (EC,,
MPRg, MYy MD,, AMF, and PMF,) showed a differ-
ence between healthy and CM quarters at the time of
CM confirmation (p <.001). An association between
poor quarter health, milking duration and peak milk
flow was found also by Tancin et al. (2007). The pre-
CM milking number at which CM quarters deviated
from healthy quarters depended on the variable as
well as lactation class.

There was no apparent trend in ECy for non-CM
quarters, while the EC, of CM-confirmed quarters was
consistently greater than for non-CM quarters 5 milk-
ing sessions prior to CM confirmation for L1 cases 6
milking session prior to CM confirmation for L2 cases
and 12 milking sessions prior to CM confirmation for
L3+ cases, (p <.05) (Figure 1). The earlier significance
of EC, differences in L34 cases suggests the higher
odds that these older cows may have experienced
previous mastitis events that compromised the quar-
ter, modifying inter-mammary epithelial cell tight junc-
tions and causing chronic milk electrical conductivity
changes (Sheldrake et al. 1983). It is also possible that
the immune response of these cows results in a longer
subclinical phase of the mastitis infection. The udder
level EC trends were much smaller and occurred
nearer to CM confirmation than did the CM quarters.

The MPR response trends were similar at the udder
and quarter levels (Figure 2) with all showing a down-
ward trend prior to CM. The CM-confirmed quarters
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Figure 1. Least square means values of milk electrical conductivity at the quarter (ECy) and udder level (EC,) prior to clinical mas-
titis (CM) confirmation by lactation class (L1, L2, L3+). Orange lines represent CM-confirmed quarters of 117 cows. Blue lines rep-
resent the non-CM quarters of the same cows. Black lines are data aggregated at the udder-level. A star on the orange line
indicates a difference (Tukey’s corrected p < .05) between CM-confirmed quarters and non-CM quarters.

had consistently lower MPR, than non-CM quarters for
three milking sessions prior to CM confirmation for
L3+ cases (p<.0018) (Figure 2). The reduction in
MPR, over time is probably an indicator of both the
direct effect of disease in the infected quarter, as well
as a systemic effect resulting in MPR, reduction in
healthy quarters of the same udder. Siivonen et al.
(2011) reported decreased lying, ruminating and drink-
ing time, and lower feed intake for cows with CM
which would produce reduced MPR in all quarters.
The AMF response trends were similar for the quar-
ter and udder (Figure 3) with all showing a downward
trend prior to CM confirmation. The CM-confirmed
quarters had consistently lower AMFg than non-CM
quarters three milking sessions prior to CM

confirmation for L2 cases (p<.01) (Figure 3). It is
unclear why differences in AMF, between CM and
non-CM quarters were more pronounced for L2 cases.
The PMF response patterns were similar to AMF but
with smaller percentage differences between CM and
non-CM quarters and differences becoming significant
nearer to CM confirmation; for L2 cases, the CM-con-
firmed quarters had consistently lower PMF, than
non-CM quarters two milking sessions prior to CM
confirmation (p <.01).

The time sequence of detectable differences in the
most consistent indicators was: ECy (5 to 12 milking
sessions) followed (but not for all lactation categories)
by MPR;, MY, and AMF, (3 milking sessions) and then
PMF, (2 milking sessions).
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Figure 2. Least square means values of milk production rate at the quarter (MPR,) and udder level (MPR,) prior to clinical mas-
titis (CM) confirmation by lactation class (L1, L2, L3). Orange lines represent CM-confirmed quarters of 117 cows. Blue lines repre-
sent the non-CM quarters of the same cows. Black lines are data aggregated at the udder-level. A star on the orange line
indicates a difference (Tukey’s corrected p < .05) between CM-confirmed quarters and non-CM quarters.

The initial analysis showed that both EC, and MPR,
changed (over time and relative to other quarters of
the same udder) from 3 to 12 milking sessions (or 1 to
4 days) before CM was confirmed. A similar time his-
tory of increase in somatic cell count prior to the gold
standard culture positive confirmation subclinical mas-
titis and veterinary diagnosis of CM was reported by
Dalen et al. (2019). Our hypothesis that a change in
MPR and EC might provide a specific indicator imme-
diately before CM confirmation was confirmed by our
analyses, whereas our hypothesis regarding AMF was
not confirmed. The maximum case-positive rate for
AMF (56%) was considerably lower than the case-posi-
tive rates for EC and MPR.

The recommendations of Kamphuis et al. (2016) to
extend the time window from four to five milkings for
timely alerts of CM and setting a maximum number of
10 milkings for the time window to detect a CM epi-
sode appear reasonable based on our results.

Mastitis infection follows a natural course from ini-
tial invasion by the pathogen to the battle within the
quarter between the multiplying pathogens and the
development of the cow’s immune response, poten-
tially leading finally to the onset of clinical symptoms.
Detection of the developing disease by monitoring of
milk composition, secretion rate, and milk flow rate
can at best detect infection only after it has pro-
gressed to significant proliferation of the invasive
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Figure 3. Least square means values of average production rate at the quarter (AMF,) and udder level (AMF,) prior to clinical
mastitis (CM) confirmation by lactation class (L1, L2, L3+). Orange lines represent CM-confirmed quarters of 117 cows. Blue lines
represent the non-CM quarters of the same cows. Black lines are data aggregated at the udder-level. A star on the orange line
indicates a difference (Tukey's corrected p < .05) between CM-confirmed quarters and non-CM quarters.

pathogens or to a systemically expressed inflammatory
response of the cow. The implied hope of the work
presented here is that as clinical signs develop, the
time-course of their development and differences
between infected and unaffected quarters might allow
detection of a developing infection earlier in its pro-
gression, or with more certainty at the time that clin-
ical signs become apparent. We saw clear benefits of
the use of quarter level data, which can now be
obtained with AMS and perhaps other quarter milking
technologies. Where practical, earlier treatment (pre-
sumed to be more effective than later treatment), or
earlier isolation of the offending cow and removal of
her milk from the supply to be shipped, would
improve both the economic results of the dairy and

the quality of milk shipped. Our goal was not to
develop a complete multivariate CM detection algo-
rithm, but rather to suggest variables that if presented
to such algorithms, might improve their accuracy.

Conclusions

This retrospective study of milking characteristics prior
to CM confirmation provides some insight into trends
over time of potential indicators of CM. Quarter-level
indicators had a higher case-positive rate than did
udder level indicators for EC MPR and AMF. Within-
udder comparison of quarters resulted in a further
improvement in the case-positive rate for EC and had
similar results for MPR and AMF than did following
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individual quarters over time. Comparison of milk
composition and milking characteristics within udders
is made possible with AMS and other quarter milking
technologies, thus improving their potential for CM
detection accuracy as compared to cluster or udder
level milking technologies.

Positive indications of CM were apparent well
before confirmation of visual signs of CM for EC and
MPR. Changes in AMF occurred much nearer the time
to CM confirmation. The combination of EC, MPR and
AMF may therefore be useful in differentiating
between an early (before visual signs of CM are mani-
fested) detection and a false positive detection.

The gold standard for CM confirmation is visual
assessment of the quarter and its milk by a human
observer. This CM diagnosis is used to make decisions
such as further testing (bacterial culture and/or
Somatic Cell Count), antibiotic treatment and with-
holding milk from the bulk tank.

The indicators assessed in this study have potential
to improve the algorithms use to support
these decisions.
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