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ABSTRACT

Subclinical mastitis (SCM) and intramammary infec-
tion (IMI) increase esterase activity in the glandular
secretions of dairy cattle. Our objective was to evaluate
the clinical performance of 3 commercially available
esterase tests for diagnosing SCM and IMI. Foremilk
samples were collected from 380 quarters (96 cows) at
dry-off and from 329 quarters (83 cows) within 4 to
7 d after calving. Quarter somatic cell count (SCC)
was measured using the reference method (DeLaval cell
counter; De Laval International AB, Tumba, Sweden)
with SCM defined as SCC >200,000 cells/mL. Bacterial
culture of foremilk samples was used to diagnose IMI
based on the growth of >100 cfu/mL. The SCC was
estimated using 3 PortaSCC tests (PortaCheck, Moore-
stown, NJ) from the measured esterase activity and the
California Mastitis Test (CMT). Clinical performance
was evaluated using logistic regression to determine the
area under the receiver operating characteristic curve
(AUC) and identify test sensitivity (Se) and specific-
ity (Sp) at the optimal cut-point for diagnosing SCM
and IMI. Test agreement was also evaluated using the
kappa coefficient (k) and weighted k. The PortaSCC
color test was the best-performing PortaSCC test for
diagnosing SCM at dry-off (AUC = 0.90, Se = 0.91, Sp
= 0.81, k = 0.71) and at freshening (AUC = 0.86, Se
= 0.74, Sp = 0.95, Kk = 0.72), at an optimal cut-point
of >250,000 cells/mL but required 45 min to produce
a result. For comparison, the CMT required 2 min to
produce a result and a CMT score of trace or higher
was superior to the PortaSCC color test for diagnosing
SCM at dry-off (AUC = 0.95, Se = 0.95, Sp = 0.86,
k = 0.81) and freshening (AUC = 0.88, Se = 0.79, Sp
= 0.95, k = 0.76). The PortaSCC quick test was the
best-performing PortaSCC test for diagnosing IMI at
dry-off (AUC = 0.81, Se = 0.81, Sp = 0.78 v = 0.40)
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and required 5 min to produce a result, whereas the
PortaSCC color test was the best performing PortaSCC
test for diagnosing IMI at freshening (AUC = 0.80, Se
= 0.75, Sp = 0.79 k = 0.38). For comparison, the CMT
was inferior to the PortaSCC quick test for diagnosing
IMI at dry-off (AUC = 0.73, Se = 0.76, Sp = 0.60,
k = 0.20) but was equivalent to the PortaSCC color
test at freshening (AUC = 0.79, Se = 0.58, Sp = 0.93,
k = 0.50). The PortaSCC color and quick tests and
CMT were considered good tests for diagnosing SCM
and IMI because clinically useful tests typically have an
AUC >0.80 and k >0.6. Based on the test sensitivity,
cost, and analysis time, there does not appear to be a
persuasive reason to select the PortaSCC tests over the
traditional CMT for diagnosing SCM and IMI.

Key words: mastitis, DeLaval cell counter, PortaSCC
test, California Mastitis Test

INTRODUCTION

Milk SCC is a commonly used index of udder health
in lactating dairy cattle (Constable et al., 2016). An
SCC cut-point of >200,000 cells/mL is defined as sub-
clinical mastitis (SCM) and is widely used to diagnose
the presence of inflammation in response to infection
(Schepers et al., 1997; Pyorala, 2003; Breen et al.,
2009). This SCC cut-point provides adequate sensitiv-
ity (0.75) and specificity (0.90) and minimizes the di-
agnostic error when using foremilk samples to diagnose
the presence of an IMI (Schepers et al., 1997; Schukken
et al., 2003; Pyorala, 2003). The California Mastitis
Test (CMT) is a rapid, inexpensive, semiquantitative
cow-side test that has been used for more than 60 yr to
identify quarters with SCM or IMI (Schalm and Noor-
lander, 1957; Barnum and Newbould, 1961). A range
of values for sensitivity (Se) and specificity (Sp) have
been reported when using the CMT to diagnose SCM
or IMI in quarters of dairy cows at various stages of
lactation. A CMT result of trace or higher had Se of
0.50 and Sp of 0.73 for diagnosing IMI in a US herd
with a high bulk tank SCC (Middleton et al., 2004);
Se of 0.87 and Sp of 0.26 for diagnosing IMI in 2 Eng-
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lish herds (Bhutto et al., 2012); and Se of 0.45 and Sp
of 0.56 for diagnosing IMI in cows admitted to a US
Veterinary Teaching Hospital (Kandeel et al., 2018a).
A CMT result of >1 had Se of 0.77 and Sp of 0.77 for
diagnosing IMI in cows in South Africa (Fosgate et al.,
2013). For comparison, a CMT result of >trace had
Se of 0.57 and Sp of 0.56 for diagnosing IMI on d 3 of
lactation in 3 North American herds (Sargeant et al.,
2001), and Se of 0.82 and Sp of 0.81 for detecting IMI
caused by major mastitis pathogens on d 4 of lactation
(Dingwell et al., 2003). Finally, a CMT result of >trace
had Se of 0.52 and Sp of 0.71 in early-lactation quarters
and Se of 0.63 and Sp of 0.53 in late-lactation quarters
(Godden et al., 2017). Because of the imperfect test Se
and Sp of SCC and the CMT for diagnosing SCM and
IMI, as well as the subjective nature of the CMT, there
remains a need for new on-farm tests that provide a
rapid, practical, inexpensive, and accurate method for
diagnosing quarters with SCM and IMI to guide selec-
tive intramammary treatment at dry-off and freshening
(Godden et al., 2017; Kandeel et al., 2018b).

Mastitis in dairy cattle is accompanied by altered
activity of at least 20 enzymes in glandular secretions,
including increased esterase activity (Kitchen, 1981).
Esterases are classified broadly as cholinesterases (in-
cluding acetylcholinesterase), carboxylesterases, and
arylesterases, with arylesterases being found primarily
in blood and plasma (Williams, 1985). Esterases rapidly
split ester bonds and are therefore capable of hydrolyz-
ing several compounds. Esterase activity is increased
in mastitic milk due to an increase in blood—milk
permeability that facilitates the movement of plasma
esterase into milk and an increase in the milk leukocyte
count, especially granulocytes (neutrophils, eosinophils,
basophils) and the azurophilic granules of monocytes
(Marquardt et al., 1966). The arylesterase test was in-
vestigated extensively in the 1960s as a screening test
for SCM and IMI in dairy cattle (Forster et al., 1961;
Booth et al., 1965; Marquardt et al., 1966). The method
used to measure milk esterase activity at that time was
time consuming and required trained personnel and ex-
pensive equipment (Marquardt and Forster, 1965; Lu-
edecke et al., 1967). Moreover, esterase activity in milk
varied between cows and over a lactation (Forster et al.,
1961; Prasad and Newbould, 1968). Esterase activity
therefore lost favor as a diagnostic test for SCM and
IMI in dairy cattle, and the application of the test was
primarily directed for research purposes. The consensus
at the end of the 1960s was that measurement of es-
terase activity did not provide any clinical advantages
over measurement of SCC or milk leukocyte count in
the diagnosis of mastitis (Luedecke et al., 1967; Prasad
and Newbould, 1968).
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The PortaSCC test (PortaCheck Inc., Moorestown,
NJ) provides a rapid and simple to use diagnostic
test for measuring milk esterase activity that utilizes
a different dye substrate for esterase, 3-(N-tosyl-L-
alanyloxy)-indol, than other esterase test methodolo-
gies (Kutter et al., 1987; Mendler et al., 2010). The new
dye forms an intense indigo blue dye when hydrolyzed.
The intensity of the dye color in milk is proportional
to the esterase activity; consequently, the intensity of
the blue color in milk provides an indirect measure of
the SCC (Viguier et al., 2009). The PortaSCC test cur-
rently exists in 3 versions that are designed to measure
esterase activity in bovine milk. The PortaSCC test
involves the sequential addition of milk and reagent to
a test strip, incubation for a fixed period, and evalua-
tion of the resultant blue color using a color chart or
small handheld meter. The manufacturer recommends
that the milk sample be tested as soon as possible af-
ter milking at a sample temperature between 7°C and
35°C. If that is not possible, the manufacturer recom-
mends refrigerating the milk sample for up to 8 h and
permitting the sample to warm to room temperature
before testing. Peer-reviewed publications describing
the performance of the PortaSCC test in bovine milk
have recently become available (Balaji et al., 2016; Ira-
guha et al., 2017); however, neither study compared the
test’s performance with a suitable reference method.
We hypothesized that the PortaSCC test would provide
a more accurate method for diagnosing SCM and IMI
in bovine milk than the CMT. Accordingly, the primary
objective of this study was to characterize the clinical
utility of 3 PortaSCC tests in diagnosing SCM and IMI
in quarter milk obtained at dry-off and at freshening. A
secondary objective was to compare the clinical utility
of the 3 PortaSCC tests to that of the CMT in quanti-
fying milk SCC. Milk samples were investigated at dry-
off and freshening because decisions are made at these
time points as to whether intramammary antibiotics
should be infused to treat quarters with SCM or IMI.

MATERIALS AND METHODS

An observational study was conducted using a conve-
nience sample of 124 lactating dairy cattle, 96 of which
were sampled during the last week of lactation and 83
that were sampled from 4 to 7 d postpartum. All meth-
ods were evaluated and approved by the Institutional
Animal Care and Use Committee at the University of
Illinois at Urbana-Champaign. The study reported here
was part of a series of studies investigating the diagno-
sis of SCM and IMI in lactating dairy cattle. Additional
results have been published elsewhere (Kandeel et al.,
2017, 2018b).
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Animals, Housing, and Milking

The study was performed at the University of Illinois
Dairy Research Farm over a period of 13 mo between
July 1, 2015, and July 31, 2016. The mean number of
cows in the milking herd during the course of the study
was 136. However, due to workload constraints and
occasional delays in obtaining the different PortaSCC
tests, quarter samples for analysis were obtained from
117 cows, including 96 cows at dry-off and 83 cows
at freshening. Cows in late lactation were housed in a
freestall barn. Fresh cows were kept in a tiestall barn
after calving until they recovered from any postpartum
health issues before being moved to the freestall barn.
Cows housed in the freestall barn were milked twice
daily at dry-off in a milking parlor at 0400 and 1600 h,
whereas cows in the tiestall barn were milked 3 times
daily after calving at 0500, 1400, and 2130 h.

Experimental Methods

The farm was visited at least once a week to collect
foremilk samples from each quarter in the same week
of dry-off and at 4 to 7 d postpartum (to exclude co-
lostral milk). Cows at dry-off were moved to a shaded
area of the freestall and restrained with the aid of a
halter. Foremilk samples were collected between 1200
and 1600 h for cows at dry-off (8 to 12 h after milk-
ing) and between 1200 and 1400 h for fresh cows (7
to 9 h after milking). Two investigators (SAK, AAM)
wearing disposable gloves were involved in foremilk col-
lection and situated on either side of the animal. The
teat end of each quarter was cleaned with 70% alcohol,
and 20-mL milk samples were collected separately into
sterile polypropylene tubes within 50 s of first touch-
ing any teat, by hand stripping after discarding the
first 3 squirts of milk. This sampling method ensured
that the samples were gland cistern samples and not
mixed samples with variable amounts of alveolar milk
(Sarikaya and Bruckmaier, 2006). A physical examina-
tion was then performed on each cow to identify the
presence of any systemic disorder. Udder and milk were
examined by palpation and inspection, respectively, to
detect the presence of abnormalities indicative of clini-
cal mastitis. One investigator (SAK) was responsible
for all evaluations and analyses.

The CMT was performed beside the cow according to
Schalm and Noorlander (1957). Two milliliters of fresh
foremilk sample from each quarter was added to the
corresponding chamber of the CMT plastic paddle and
mixed with 2 mL of CMT reagent by gently moving
the paddle in a circular motion. The volumes were esti-
mated visually, reflecting typical testing practices when
the CMT is applied cow-side. A change in viscosity
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indicates an increase in the DNA content (and there-
fore SCC) of the milk. The CMT reaction was visually
scored at 45 s after adding the reagent using a 5-point
scale (negative, trace, 1 positive, 2 positive, 3 positive).

The milk samples were placed in iced water in an
insulated container and transported to a laboratory at
the dairy where SCC for each quarter milk sample was
directly measured using a DeLaval cell counter (DCC,
DeLaval International AB, Tumba, Sweden). The DCC
is a portable fluorescent counter designed for the rapid
and direct measurement of milk SCC. Approximately
1 pL of milk was automatically aspirated into a small
disposable cassette and stained with propidium iodide,
which fluoresces when bound to DNA. The cassette was
then inserted into the DCC and the SCC measured
within 45 s. The DCC method has been validated
for bovine milk at 4°C and 37°C against the Fosso-
matic (Foss, Hillerad, Denmark) and direct microscopic
methods (Sarikaya and Bruckmaier, 2006; Malinowski
et al., 2008; Kawai et al., 2013; Hanus et al., 2014) and
was used as the reference method in the study reported
here. The DCC method has a measurement range of
10,000 to 4,000,000 cells/mL and the manufacturer re-
ports repeatability (coefficients of variation) of 12% at
100,000 cells/mL and 8% at 400,000 cells/mL.

After transportation to the laboratory in iced wa-
ter in an insulated container, the SCC was measured
on quarter milk samples using the 3 versions of the
PortaSCC test. All 3 versions of the PortaSCC test
use a test strip that contains several novel membrane
layers and a dry reagent system. A chemical reaction
between the dye on the test strip and esterase in the
milk changes the test strip to a blue color, with the
color intensity being proportional to the amount of es-
terase present, which is associated with the SCC. The
PortaSCC test is available in 2 versions: the original
PortaSCC color test that is read qualitatively using a
color chart or quantitatively by a digital reader and
the more recently developed PortaSCC quick test. Both
tests use the same technology but differ in the amount
of milk and reagent used and the incubation period.

Transported quarter milk samples were placed in a
water bath at 37°C for at least 20 min and thoroughly
mixed. All 3 PortaSCC tests were performed according
to the manufacturer’s recommendations except that
the milk sample temperature was approximately 37°C
when tested to reflect potential use as a cow-side test
(the recommendation was to use milk samples at 7 to
35°C). Running the test with milk samples at 37°C was
considered unlikely to negatively affect the measured
value because esterase activity is higher in milk at 37°C
than at 32°C or 23°C (Marquardt et al., 1966). The
PortaSCC color test was performed using the pipette
provided with the test kit; 1 drop of well-mixed milk
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was added to the test strip sample well and 3 drops
of activator solution were subsequently added to the
strip. The SCC value was measured 45 min later us-
ing the color chart provided by the manufacturer. The
color chart for the milk test provided 6 SCC categories:
<100,000, 250,000, 500,000, 750,000, 1,500,000, and
>3,000,000 cells/mL; the first and last values represent
cutoff values, whereas the 4 intermediate values repre-
sent the midpoint of the range.

Color was also measured using a digital reader that
calculates the SCC using a proprietary algorithm de-
pending on the intensity of the blue color on the test
pad. The reader provides a value when the measured
SCC is between 50,000 and 3,500,000 cells/mL but reg-
isters “LO” when the SCC is <50,000 cells/mL.

The PortaSCC quick test was performed using the
pipette provided with the test kit; 3 drops of well-mixed
milk were added to the test strip sample well, with each
drop being added once the test strip had absorbed the
previous milk drop. Four drops of activator solution (a
total of ~160 pL) were subsequently added to the strip.
The SCC value was measured 5 min later using the
color chart provided by the manufacturer; the digital
reader was not used in the quick test. The color chart
for the quick test provided the same 6 SCC categories
as for the PortaSCC color test. The manufacturer re-
ported the coefficient of variation for the PortaSCC
quick test to be 15% at 400,000 cells/mL.

Milk culture was performed based on National Masti-
tis Council recommendations (NMC, 1999). Blood agar
(tryptic soy agar with 5% sheep blood; Remel, Lenexa,
KS) and MacConkey plates (Remel) were divided into
2 equal halves and labeled with the cow ID and quar-
ter. Using a pipette and sterile pipette tips, a 0.1-mL
aliquot (100 pL) of each quarter foremilk sample was
placed on one-half of the blood agar and MacConkey
plates separately and then streaked using a sterile wire
loop in a manner that allowed the growth of isolated
bacterial colonies. Streaked plates were incubated at
37°C for 48 h and microbial growth was recorded. The
isolated pathogen was identified by colony morphology;
hemolysis pattern; biochemical tests, including catalase
and coagulase tests; and Gram staining reaction and
cell morphology according to National Mastitis Council
guidelines (NMC, 1999).

Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) was
applied to isolated colonies to assist in identification
to the genus or species level. A thin film of the fresh
biological material (a single colony not more than 24
h old) was smeared directly onto a cleaned MALDI
target (MSP 96 polished-steel target; Bruker Daltonik,
Bremen, Germany) using clean sterile toothpicks.
Each sample spot was overlaid with 1 pL of 70% for-
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mic acid to assist in cell disruption, allowed to dry at
room temperature, overlaid with 1 pL of matrix solu-
tion (a-cyano-4-hydroxy-cinnamic acid diluted in 50%
acetonitrile and 2.5% trifluoroacetic acid), and left to
dry at room temperature. The MALDI target was then
inserted into a MALDI-TOF MS (MBT-RUO Microflex
LT/SH, Bruker Daltonics, Billerica, MA) and operated
in the linear mode and equipped with a 337-nm nitrogen
laser using FlexControl 3.3 software (Bruker Daltonik).
Two hundred forty laser shots were used to generate
each spectrum for the classification process, and a mass
spectrum over the range of 2,000 to 20,000 m/z was
collected. Spectra were analyzed with MALDI Biotyper
2.0 software (Bruker Daltonik) using a reference library
and an integrated pattern-matching algorithm.

An IMI was defined as isolation of at least one masti-
tis pathogen from the quarter milk sample at >100 cfu/
mL, equivalent to the presence of 10 or more colonies
per plate from the 100-pL inoculum. This definition
of an IMI was based on a detailed analysis of culture
results of a single milk sample (Dohoo et al., 2011)
and the results of a recent study that indicated this
definition was suitable for defining the diagnostic per-
formance of a new mastitis test (Godden et al., 2017).

Effect of Sample Temperature

The effect of sample temperature on the 3 PortaSCC
tests value was investigated using 15 randomly col-
lected 20-mL composite milk samples obtained from
Holstein-Friesian cows during milking in the parlor.
The temperatures of the composite milk samples were
equilibrated to approximately 4°C, 20°C, and 37°C
by placing the samples in the refrigerator, at room
temperature, or in a water bath at 37°C, respectively,
for 30 min. The reagent solution was equilibrated to
approximately 20°C by placing the solution at room
temperature. The 3 PortaSCC tests were then run as
previously described.

Statistical Analysis

Statistical analyses were performed using MedCalc
statistical software (version 15.11.4, 2015; MedCalc
Software bvba, Ostend, Belgium) and SAS software
(version 9.4; SAS Institute Inc., Cary, NC); P < 0.05
was considered significant. A minimum sample size of
300 quarters at dry-off and freshening was identified
as a goal based on what was logistically possible due
to time and resource constraints balanced against the
need for an adequate number of quarters to satisfacto-
rily evaluate the diagnostic test performance of a new
test for SCM or IMI. The small number of DeLaval
SCC and PortaSCC reader measurements that ex-
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ceeded the upper value for the measurement interval
(4,000,000 and 3,500,000 cells/mL, respectively) were
assigned that value (i.e., the samples were not diluted
and reanalyzed).

Spearman correlation coefficients (r) were calculated
between the 3 PortaSCC test methods, the CMT (as-
signing a score of 0 to a negative result; score of 0.5 to
trace 1 to 1; 2 to 2; and 3 to 3), and the SCC. PortaSCC
reader values below the lower value of the measurement
interval (50,000 cells/mL), as indicated by a display of
“LO” by the reader, were assigned a value of 50,000
when calculating the Spearman correlation coefficient.
Spearman correlation coefficients were used because the
PortaSCC color test, PortaSCC quick test, and CMT
score were ordinal variables and because minimum and
maximum SCC values existed for the 3 PortaSCC tests
and the reference method.

Passing-Bablok regression was used to evaluate the
linear relationship between the log;;(SCC) measured by
the PortaSCC reader and the reference method. For
Passing-Bablok regression, the intercept value reflects
constant bias and the slope reflects proportional bias
(Passing and Bablok, 1983). Agreement was also ex-
amined using Bland-Altman difference plots using the
percentage difference in the log;;(SCC) relative to the
geometric mean of the 2 measurements. The upper and
lower limits of agreement were calculated from the bias
+ 1.96 x SD; the bias estimate from Bland-Altman
plots reflects the mean bias over the range of mea-
sured values and therefore includes both the constant
and proportional bias identified using Passing-Bablok
regression. PortaSCC reader values below the lower
value of the measurement interval (50,000 cells/mL),
as indicated by a display of “LLO” by the reader, were
not included in the Passing-Bablok regression proce-
dure or paired ttests (Bland-Altman plots); however,
their associated SCC values were depicted graphically.
Exclusion of “LO” values from the Passing-Bablok re-
gression procedure was required because this analytical
method assumes a constant ratio of variance between
the 2 measurements and that measurement errors in
both methods have the same distribution (Bili¢-Zulle,
2011). Based on the imperfect measurement accuracy
of the reference methodology and resolution of the Por-
taSCC reader, we assigned a range of 25% as an a priori
acceptable limit of agreement for log;((SCC).

Binary logistic regression (PROC LOGISTIC) was
used to characterize the relationship between SCM
as determined by the reference method (1 = SCC
>200,000 cells/mL; 0 = SCC <200,000 cells/mL) or
IMI as determined by milk culture (1 = >100 cfu/mL;
0 = <100 cfu/mL) and the SCC measured by the 3
PortaSCC tests, or the CMT score at dry off and at
freshening. PortaSCC reader values below the lower

Journal of Dairy Science Vol. 102 No. 2, 2019

KANDEEL ET AL.

value of the measurement interval (50,000 cells/mL)
were assigned the value of 50,000 for logistic regression.
The adequacy of the logistic regression model fit was
evaluated using plots of deviance influence statistics
against the predicted values (Hosmer and Lemeshow,
1989). Receiver operating characteristic curves were
constructed for each logistic regression model and the
area under the curve (AUC) calculated as a global
index of test performance; AUC values for curves >0.9
typically indicate a highly accurate test, whereas AUC
values of 0.7 to 0.9 indicates moderate accuracy, 0.5
to 0.7 low accuracy, and 0.5 represents a chance result
(Swets, 1988). Sensitivity and specificity were calcu-
lated at the optimal cut-point of the receiver operating
characteristic curves determined by the Youden index
(the cut-point where the following expression has its
maximum value: Se + Sp — 1), which equally weights
Se and Sp. The positive likelihood ratio (+LR) was
calculated as follows: +LR = Se/(1 — Sp); values >10
indicate that a positive test is good at ruling in a di-
agnosis such as SCM (Grimes and Schulz, 2005). The
kappa coefficient (k) was calculated at the optimal cut-
point to characterize the level of agreement between the
tests (PROC FREQ). Weighted k were calculated using
Fleiss-Cohen weights to characterize the level of agree-
ment between the PortaSCC color test and PortaSCC
quick test, between the PortaSCC reader and the Por-
taSCC color test, and between the PortaSCC reader
and the PortaSCC quick test; for the latter 2 com-
parisons the 6 categories for the PortaSCC reader were
<100,000, 100,001 to <375,000, 376,000 to <625,000,
626,000 to <1,125,000, 1,125,001 to <2,250,000, and
>2,250,000. Values for k < 0.2 indicate poor agreement,
whereas 0.2 < k < 0.4 indicates fair agreement, 0.4 <
k < 0.6 indicates moderate agreement, 0.6 < Kk < 0.8
reflects good agreement, and k > (0.8 indicates excellent
agreement (Landis and Koch, 1977). Agreement charts
(Bangdiwala and Shankar, 2013) were constructed to
compare the 3 PortaSCC tests using the 6 categories
for SCC.

The effect of milk sample temperature on the Por-
taSCC result was evaluated using Fisher’s exact test
(PROC FREQ) for the PortaSCC color and quick tests
and mixed models analysis (PROC MIXED) for the
PortaSCC reader log;,(SCC) using an unstructured cor-
relation matrix based on the lowest value for Akaike’s
information criterion.

RESULTS

Quarter milk samples were obtained at dry-off from
96 animals (9 of which were primiparous), comprising
85 Holstein-Friesian, 7 Jersey, 2 Ayrshire, 1 Brown
Swiss, and 1 Milking Shorthorn. The PortaSCC quick
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Table 1. Prevalence of pathogens isolated from 96 dairy cows at dry-
off (380 quarters, 4 blind quarters) and 83 dairy cows at freshening
(329 quarters, 3 blind quarters) over a 13-mo period

Dry-off Freshening

Pathogen n' (%) n’ (%)
Aerococcus spp. 0 0.00 1 0.30
Bacillus spp. 1 0.26 2 0.61
Brevibacterium spp. 0 0.00 1 0.30
Candida spp. 0 0.00 7 2.13
Corynebacterium spp. 3 0.79 8 2.43
Enterobacter spp. 1 0.26 1 0.30
Enterococcus spp. 1 0.26 2 0.61
FEscherichia coli 0 0.00 1 0.30
Klebsiella spp. 1 0.26 0 0.00
Lactococcus spp. 8 2.11 1 0.30
Macrococcus spp. 0 0.00 1 0.30
Micrococcus spp. 0 0.00 1 0.30
Mycobacterium spp. 1 0.26 2 0.61
Other staphylococci 37 9.74 33 10.03
Pseudomonas spp. 1 0.26 3 0.91
Serratia spp. 2 0.53 2 0.61
Staphylococcus aureus 2 0.53 1 0.30
Streptococcus dysgalactiae 1 0.26 0 0.00
Streptococcus uberis 0 0.00 1 0.30
Wautersiella falsenii 0 0.00 1 0.30
Not identified 6 1.60 16 4.90
Contaminated® 1 0.26 1 0.30
No growth 314 233

"Includes 13 quarter samples that contained 2 types of organisms.
’Includes 12 quarter samples that contained 2 types of organisms.
*Quarter samples that contained >3 types of organisms.

test was run on samples from only 56 cows because of
delays in obtaining the test. The median SCC mea-
sured by the SCC at dry-off (380 quarter samples, with
4 cows having one blind quarter) was 364,000 cells/mL.
Cows were a median of 320 DIM at dry off, and the
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quarter prevalence of SCM at dry-off, defined as SCC
>200,000 cells/mL, was 70% (265/380).

Bacteriologic culture results at dry-off were available
for 379 quarters (1 quarter sample was considered con-
taminated). The IMI prevalence at dry-off, defined as
>100 cfu/mL on a quarter basis, was 14% (53/379).
Coagulase-negative staphylococci were the most com-
monly isolated mastitis pathogen at dry-off (Table 1).

Quarter milk samples were obtained at freshening
from 83 animals (9 of which were primiparous), com-
prising 74 Holstein-Friesian, 7 Jersey, 1 Ayrshire, and 1
Brown Swiss. The PortaSCC quick test was run on only
67 cows because of delays in obtaining the test. The
median SCC measured by the SCC at freshening (329
quarter samples, with 3 cows having one blind quarter)
was 130,000 cells/mL. The quarter prevalence of SCM
at freshening, defined as SCC >200,000 cells/mL, was
35% (116/329).

Bacteriologic culture results at freshening were avail-
able for 328 quarters (1 quarter sample was considered
contaminated). The IMI prevalence at freshening,
defined as >100 cfu/mL on a quarter basis, was 23%
(74/328). Coagulase-negative staphylococci were the
most commonly isolated mastitis pathogen at freshen-
ing (Table 1).

Methods Comparison of SCC Measurements

The Spearman correlation coefficients for the as-
sociation between SCC measured by the reference
method and the 3 PortaSCC tests were highest for the
PortaSCC color test in dry cows (ry = 0.82) and fresh
cows (r, = 0.75; Table 2). For comparison, the CMT

Table 2. Spearman correlation coefficients (no. of quarters for comparison in parcnthcscs)l among variables
of interest for 96 dairy cows at dry-off (380 quarters, 4 blind quarters) and 83 dairy cows at freshening (329

quarters, 3 blind quartcrs)2

California
DeLaval PortaSCC PortaSCC PortaSCC Mastitis Test
Variable SCC color reader quick (CMT)
Dry-off
DeLaval SCC 1.00 0.82 (380)  0.67 (380)  0.79 (222) 0.89 (380)
PortaSCC color test 1.00 0.85 (380) 0.87 (222) 0.74 (380)
PortaSCC reader 1.00 0.75 (222) 0.59 (380)
PortaSCC quick test 1.00 0.68 (222)
CMT 1.00
Freshening
DeLaval SCC 1.00 0.75 (329)  0.62 (329)  0.65 (266) 0.74 (329)
PortaSCC color test 1.00 0.81 (329) 0.83 (266) 0.74 (329)
PortaSCC reader 1.00 0.71 (266) 0.63 (329)
PortaSCC quick test 1.00 0.74 (266)
CMT 1.00

'The P-value for all comparisons was <0.001.

*DeLaval cell counter: DeLaval International AB (Tumba, Sweden); PortaSCC tests: PortaCheck (Moorestown,

NJ).
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was more strongly associated with SCC measured by
the reference method in dry cows (r, = 0.89) but not in
fresh cows (ry = 0.74).

The median SCC measured at dry-off were 126,000 (n
= 126), 348,500 (n = 124), 682,500 (n = 89), 1,330,500
(n = 24), 1,995,500 (n = &), and 3,945,000 (n = 9)
cells/mL in quarters with PortaSCC color test values
of <100,000, 250,000, 500,000, 750,000, 1,500,000, and
>3,000,000 cells/mL, respectively (Figure 1A). For
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Figure 1. Box and whisker plots of the association between the
PortaSCC (PortaCheck, Moorestown, NJ) color test category (6 lev-
els) and SCC measured by the reference method in (A) 380 quarter
milk samples obtained from 96 dairy cows at dry-off, and (B) 329
quarter milk samples obtained from 83 dairy cows at freshening. The
shaded box represents the first and third quartiles, the vertical line in
the shaded box represents the median value, the whiskers represent
the 10th and 90th percentiles, and filled circles represent data points
outside this percentile range. Vertical dashed lines indicate the SCC
cut-point for diagnosing subclinical mastitis (>200,000 cells/mL), and
horizontal dashed lines indicate the optimal cut-point for the test in
diagnosing subclinical mastitis.
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comparison, the median SCC measured at freshen-
ing were 87,000 (n = 233), 262,500 (n = 48), 583,000
(n = 15), 1,284,000 (n = 15), 1,731,000 (n = 7), and
4,000,000 (n = 11) cells/mL in quarters with PortaSCC
color test values of <100,000, 250,000, 500,000, 750,000,
1,500,000, and >3,000,000 cells/mL, respectively (Fig-
ure 1B).

The PortaSCC reader provided a “LO” reading on
42% (160/380) of the quarter samples obtained at
dry-off, and these 160 samples were not included in
the methods comparison analysis (Figure 2). Passing-
Bablok regression of the comparison between measured
log1y(SCC) using the PortaSCC reader and the refer-
ence method at dry-off had a proportional bias of 0.97
(95% CI: 0.84 to 1.09, which included 1) and a constant
bias of 0.01 (95% CI: —0.69 to 0.72, which was less than
1) [logo(1) = 0; Figure 2A]. The accompanying Bland-
Altman plot indicated that the PortaSCC reader read
log,o(SCC) 3.4% lower than the reference method (P <
0.001 compared with 0) and 95% limits of agreement
from —16.0 to 9.1% (Figure 2B). The calculated range
for the 95% limits of agreement of 25.1% approximated
the 25% range regarded a priori as being acceptable for
log14(SCC).

The PortaSCC reader provided a “LO” reading in 24%
(78/329) of the quarter samples obtained at freshening,
and these 78 samples were not included in the methods
comparison analysis (Figure 3). Passing-Bablok regres-
sion of the comparison between measured log;,(SCC)
using the PortaSCC reader and the reference method
at freshening had a proportional bias of 1.05 (95% CI:
0.91 to 1.22, which included 1) and a constant bias of
—0.38 (95% CI: —1.49 to 0.41, which was less than 1)
[logio(1) = 0; Figure 3A]. The accompanying Bland-
Altman plot indicated that the PortaSCC reader read
log;o(SCC) 2.9% lower than the reference method (P <
0.001 compared with 0) and 95% limits of agreement
from —14.4 to 8.6% (Figure 3B). The calculated range
for the 95% limits of agreement of 23.0% was within
the 25% range regarded a priori as being acceptable for
log14(SCC).

The median SCC measured at dry-off was 158,500 (n
= 78), 403,500 (n = 78), 831,500 (n = 38), 1,330,500
(n = 16), 3,182,000 (n = 6), and 3,946,500 (n = 6)
cells/mL in quarters with PortaSCC quick test values
of <100,000, 250,000, 500,000, 750,000, 1,500,000, and
>3,000,000 cells/mL, respectively (Figure 4A). For
comparison, the median SCC measured at freshening
was 95,500 (n = 212), 439,000 (n = 25), 719,000 (n =
11), 1,517,000 (n = 9), 2,876,000 (n = 5), and 4,000,000
(n = 4) cells/mL in quarters with PortaSCC quick test
values of <100,000, 250,000, 500,000, 750,000, 1,500,000,
and >3,000,000 cells/mL, respectively (Figure 4B).
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Agreement charts are provided for the PortaSCC
color and quick tests at dry-off and freshening (Fig-
ure 5). At dry-off, the PortaSCC color test exhibited

good agreement (

= 0.68; 95% CI: 0.63-0.73) with
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the reference method for SCC, whereas the PortaSCC
quick test had moderate agreement (kv = 0.58; 95% CI:
0.50-0.66), with the PortaSCC reader having the lowest
value for agreement (k = 0.46; 95% CI: 0.40-0.53). The
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Figure 2. (A) Scatterplot of the relationship between the SCC
measured by PortaSCC (PortaCheck, Moorestown, NJ) reader and the
reference method in 380 quarter milk samples obtained from 96 dairy
cows at dry-off. The diagonal solid line is the line of identity, and the
dashed blue line is the line of best fit from Passing-Bablok regression
using only PortaSCC reader values >50,000 cells/mL (n = 225 quar-
ters). The horizontal dashed line is the optimal cut-point (>200,000
cells/mL) for diagnosing subclinical mastitis that was identified using
logistic regression. (B) Bland-Altman plot of the percentage difference
between log;o(SCC) measured by the PortaSCC reader and reference
method against the geometric mean value for SCC at dry-off using
only the PortaSCC reader values >50,000 cells/mL (n = 225 quar-
ters). The horizontal short dashed line is the mean bias (—3.4%) and
the horizontal long dashed lines reflect the 95% limits of agreement
(—16.0 to 9.1%), which is equivalent to the range of differences con-
taining 95% of future measurements. The vertical dashed lines indicate
the cut-point for diagnosing subclinical mastitis (>200,000 cells/mL).

Reference SCC (cells/mL)

log,(SCC) percentage difference
(PortaSCC reader — Reference)

Geometric mean SCC (cells/mL)

Figure 3. (A) Scatterplot of the relationship between the SCC
measured by PortaSCC (PortaCheck, Moorestown, NJ) reader and the
reference method in 329 quarter milk samples obtained from 83 dairy
cows at freshening. The diagonal solid line is the line of identity, and
the dashed blue line is the line of best fit from Passing-Bablok regres-
sion using only the PortaSCC reader values >50,000 cells/mL (n = 78
quarters). The horizontal dashed line is the optimal cut-point (>60,000
cells/mL) for diagnosing subclinical mastitis that was identified using
logistic regression. (B) Bland-Altman plot of the percentage difference
between log;o(SCC) measured by the PortaSCC reader and reference
method against the geometric mean value for SCC at freshening using
only PortaSCC reader values >50,000 cells/mL (n = 78 quarters). The
horizontal short dashed line is the mean bias (—2.9%) and the hori-
zontal long dashed lines reflect the 95% limits of agreement (—14.4 to
8.6%), which is equivalent to the range of differences containing 95% of
future measurements. The vertical dashed lines indicate the cut-point
for diagnosing subclinical mastitis (>200,000 cells/mL).
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Figure 4. Box and whisker plots of the association between the
PortaSCC (PortaCheck, Moorestown, NJ) quick test category (6 lev-
els) and the SCC measured by the reference method for (A) 222 quar-
ter milk samples obtained from 56 dairy cows at dry-off (2 cows had
one blind quarter), and (B) 266 quarter milk samples obtained from
67 cows at freshening (2 cows had one blind quarter). The shaded box
represents the first and third quartile, the vertical line in the shaded
box represents the median value, the whiskers represent the 10th and
90th percentiles, and filled circles represent data points outside this
percentile range. The vertical dashed lines indicate the SCC cut-point
for diagnosing subclinical mastitis (>200,000 cells/mL). The horizon-
tal dashed lines indicate the optimal cut-point for the test in diagnos-
ing subclinical mastitis.

PortaSCC color test and quick test exhibited excellent
agreement (k = 0.84; 95% CI: 0.78-0.89; agreement
chart not shown). At freshening, the PortaSCC color
test exhibited moderate agreement (k = 0.57; 95% CI:
0.50-0.65) with the reference method for SCC, as did
the PortaSCC quick test (k = 0.40; 95% CI: 0.32-0.49),
with the PortaSCC reader having the lowest value for
agreement (k = 0.39; 95% CI: 0.31-0.46). The PortaS-
CC color test and quick test had good agreement (k =
0.79; 95% CI: 0.72-0.87; agreement chart not shown).
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Logistic Regression Analysis for Diagnosis of SCM

Logistic regression analysis indicated that the Por-
taSCC color test provided the best method for diagnos-
ing SCM at dry-off and freshening compared with the
PortaSCC reader and PortaSCC quick test, based on
AUC, Se, and k (Table 3, Figures 1 to 4). The optimal
cut-points identified by logistic regression for diagnos-
ing SCM at dry-off, defined as SCC >200,000 cells/mL,
were >250,000 for PortaSCC color and quick tests and
>200,000 for the PortaSCC reader (Table 3, Figures
1A, 2, and 4A). For comparison, the optimal cut-points
for diagnosing SCM at freshening were >250,000 for
PortaSCC color and quick tests and >60,000 for the
PortaSCC reader (Table 3, Figures 1B, 3, and 4B).

Logistic regression analysis indicated that the AUC
for the PortaSCC color test at dry-off was greater (P <
0.001) than that for the PortaSCC reader but similar
to that for the PortaSCC quick test (P = 0.29; Table
3); the AUC for the latter 2 tests were different (P <
0.001). At freshening, logistic regression analysis indi-
cated that the AUC for the PortaSCC color test was
greater (P < 0.001) than that for the PortaSCC reader
and the PortaSCC quick test; the AUC for the latter 2
tests were similar (P = 0.55).

The Se, Sp, +LR, and k values at dry-off and fresh-
ening, based on the optimal cut-points, are presented
in Table 3. The k values that were calculated using the
optimal cut-points for SCM indicated good agreement
between the reference method and the PortaSCC color
test (k = 0.71) or PortaSCC quick test (k = 0.58)
at dry-off, and between the reference method and the
PortaSCC color test (k = 0.72) or PortaSCC quick test
(k = 0.62) at freshening. The agreement between the
reference method and the PortaSCC reader was only
moderate at dry-off (k = 0.43) and at freshening (k =
0.58).

Logistic Regression Analysis for Diagnosis of IMI

Values for the optimal cut-point, AUC, Se, Sp, +LR,
and k for diagnosing IMI at dry-off and freshening
determined using logistic regression analysis are pre-
sented in Table 4. The optimal cut-points identified
by logistic regression for diagnosing IMI at dry-off, de-
fined as bacterial count >100 cfu/mL, were >500,000
for PortaSCC color and quick tests and >80,000 for
the PortaSCC reader (Table 4). For comparison, the
optimal cut-points for diagnosing IMI at freshening
were >250,000 for PortaSCC color test, > 500,000 for
PortaSCC quick test, and >60,000 for the PortaSCC
reader (Table 4).

Logistic regression analysis indicated that the AUC
for the PortaSCC color test at dry-off was similar to
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Figure 5. Agreement charts for comparing SCC for the PortaSCC (PortaCheck, Moorestown, NJ) color test (top left, n = 380 quarters)
and the PortaSCC quick test (top right, n = 222 quarters) at dry-off, and for the PortaSCC color test (bottom left, n = 329 quarters) and the
PortaSCC quick test (bottom right, n = 280 quarters) at freshening. The darker squares represent exact agreement for each category, whereas
the lighter squares represent partial agreement for the category (defined as the adjacent off-diagonal table cells, where the row and column
values are within 1 level of exact agreement). The unshaded area within each square represents no agreement. DeLaval cell counter: DeLaval

International AB (Tumba, Sweden).

that of the PortaSCC quick test (P = 0.82) but greater
(P < 0.001) than that for the PortaSCC reader. The
AUC for the PortaSCC quick test was similar to that
for the PortaSCC reader (P = 0.062). At freshening,
logistic regression analysis indicated that the AUC for
the PortaSCC color test was greater (P = 0.018) than

that for the PortaSCC reader and greater (P = 0.0033)
than that for the PortaSCC quick test. The AUC for
the PortaSCC reader and PortaSCC quick test were
similar (P = 0.55).

The k values calculated using the optimal cut-points
for IMI indicated moderate agreement between the
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Table 3. Summary of the results of logistic regression analysis of the ability of 3 PortaSCC tests (PortaCheck, Moorestown, NJ) and the
California Mastitis Test (CMT) to predict subclinical mastitis, as defined by an SCC >200,00 cells/mL, in quarter milk samples obtained from
96 dairy cows at dry-off and 83 dairy cows at freshening’

Optimal
Variable n cut-point AUC Sensitivity Specificity +LR K
Dry-off
PortaSCC color test 380 >250,000 0.90* 0.91 0.81 4.7 0.71
(0.87-0.93) (0.87-0.94) (0.72-0.87) (3.2-6.8) (0.63-0.79)
PortaSCC reader 380 >200,000 0.80" 0.63 0.89 6.0 0.43
(0.76-0.84) (0.57-0.69) (0.82-0.94) (3.5-10.3) (0.35-0.51)
PortaSCC quick test 222 >250,000 0.86" 0.83 0.82 4.5 0.58
(0.82-0.91) (0.77-0.89) (0.68-0.91) (2.5-8.2) (0.46-0.70)
CMT 380 >Trace 0.95° 0.95 0.86 6.7 0.81
(0.93-0.97) (0.91-0.97) (0.78-0.92) (4.2-10.5) (0.75-0.88)
Freshening
PortaSCC color test 329 >250,000 0.86" 0.74 0.95 15.8 0.72
(0.82-0.90) (0.65-0.82) (0.92-0.98) (8.5-29.2) (0.54-0.80)
PortaSCC reader 329 >60,000 0.78" 0.59 0.95 12.5 0.58
(0.73-0.83) (0.49-0.68) (0.92-0.98) (6.7-23.3) (0.49-0.68)
PortaSCC quick test 266 >250,000 0.78" 0.57 0.99 51.0 0.62
(0.73-0.83) (0.46-0.67) (0.96-1.00) (12.5-200.6) (0.52-0.72)
CMT 329 >Trace 0.88" 0.79 0.95 15.3 0.76
(0.84-0.92) (0.71-0.86) (0.91-0.97) (8.9-27.5) (0.69-0.84)

*“Tests with different superscripts for the AUC at dry-off or freshening are significantly different (P < 0.001).

'n = number of quarters used in the analysis; optimal cut-point is in cells/mL (PortaSCC tests) or CMT score; AUC = area under the receiver
operating characteristic curve; +LR = positive likelihood ratio at the optimal cut-point; k = kappa coefficient (a measure of agreement between
the test and reference method using the optimal cut-point identified during logistic regression). The 95% confidence interval for AUC, sensitiv-
ity, and specificity is given in parentheses.

color test at dry-off (k = 0.34) and freshening (k =
0.38), and between the culture result and the PortaSCC
reader (k = 0.34) at freshening.

culture result and PortaSCC quick test at dry-off (k
= 0.40) and at freshening (k = 0.46). Fair agreement
was found between the culture result and the PortaSCC

Table 4. Summary of the results of logistic regression analysis of the ability of 3 PortaSCC tests (PortaCheck, Moorestown, NJ) and the
California Mastitis Test (CMT) to predict IMI, as defined by bacteria count >100 cfu/mL, in quarter milk samples obtained from 96 dairy cows
at dry-off and 83 dairy cows at freshening

Optimal
Variable n cut-point AUC Sensitivity Specificity +LR K
Dry-off
PortaSCC color test 378 >500,000 0.81* 0.78 0.73 2.9 0.34
(0.75-0.86) (0.65-0.88) (0.68-0.78) (2.3-3.7) (0.25-0.43)
PortaSCC reader 378 >80,000 0.74> 0.88 0.45 1.6 0.15
(0.67-0.81) (0.77-0.95) (0.40-0.51) (1.4-1.8) (0.10-0.21)
PortaSCC quick test 222 >500,000 0.81* 0.81 0.78 3.6 0.40
(0.72-0.90) (0.63-0.93) (0.71-0.84) (2.6-5.0) (0.27-0.53)
CMT 378 >1 0.73° 0.76 0.60 1.9 0.20
(0.67-0.79) (0.63-0.86) (0.54-0.65) (1.6-2.3) (0.12-0.28)
Freshening
PortaSCC color test 329 >250,000 0.80" 0.75 0.79 3.5 0.38
(0.73-0.87) (0.60-0.86) (0.73-0.83) (2.7-4.6) (0.27-0.49)
PortaSCC reader 329 >60,000 0.74" 0.60 0.83 3.5 0.34
(0.66-0.82) (0.45-0.74) (0.78-0.87) (2.5-4.9) (0.22-0.46)
PortaSCC quick test 266 >500,000 0.73¢ 0.52 0.94 8.8 0.46
(0.67-0.83) (0.33-0.71) (0.90-0.97) (2.5-4.9) (0.29-0.63)
CMT 329 >1 0.79™ 0.58 0.93 7.8 0.50
(0.71-0.87) (0.43-0.72) (0.89-0.95) (4.9-12.6) (0.37-0.64)

*“Tests with different superscripts for the AUC at dry-off or freshening are significantly different (P < 0.001).

'n = number of quarters used in the analysis; optimal cut-point is in cells/mL (PortaSCC tests) or CMT score; AUC = area under the receiver
operating characteristic curve; +LR = positive likelihood ratio at the optimal cut-point; k = kappa coefficient (a measure of agreement between
the test and reference method using the optimal cut-point identified during logistic regression). The 95% confidence interval for AUC, sensitiv-
ity, and specificity is given in parentheses.
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Comparison with the CMT

The AUC for diagnosing SCM at dry-off (Table 3)
was greater for the CMT than for the PortaSCC color
test (P < 0.001), PortaSCC quick test (P < 0.001), or
PortaSCC reader (P < 0.001). The AUC for diagnosing
SCM at freshening for the CMT was similar to that
for the PortaSCC color test (P = 0.37) but greater
than that for the PortaSCC quick test (P < 0.001) or
PortaSCC reader (P < 0.001).

The CMT had a higher Se and k value for diagnosing
SCM than all 3 PortaSCC tests at dry-off and freshen-
ing (Table 3). There was excellent agreement between
the reference method and CMT at dry-off (k = 0.81)
and good agreement between the reference method and
CMT at freshening (k = 0.76).

The AUC for diagnosing IMI at dry-off was lower
for the CMT (Table 4) than for the PortaSCC color
test (P = 0.0047) or the PortaSCC quick test (P =
0.0015), whereas there was no difference at dry-off in
the AUC between the CMT and PortaSCC reader (P
= 0.89). The AUC for diagnosing IMI at freshening for
the CMT test was similar to that for the PortaSCC
color test (P = 0.54) and the PortaSCC reader (P =
0.12) but greater than that for the PortaSCC quick test
(P = 0.037). The CMT had a lower Se for diagnosing
IMI than all 3 PortaSCC tests at dry-off and freshening
(Table 4) but the highest k value at freshening.

Effect of Sample Temperature

We detected no effect of temperature on the Por-
taSCC color test (P = 0.90), the PortaSCC color test
(P = 0.62), or the PortaSCC reader value (P = 0.072).
Least squares means SCC values were 217,520 cells/
mL at 4°C, 262,422 cells/mL at room temperature, and
242,270 cells/mL at 37°C.

DISCUSSION

This study evaluated the performance of 3 PortaSCC
tests in dairy cattle in one herd and compared their
clinical utility to the CMT as cow-side tests at dry-
off and at freshening for diagnosing SCM, defined as
SCC >200,000/mL, and IMI, defined as >100 cfu/mL.
The first major finding of this study was that of the 3
PortaSCC tests, the PortaSCC color test was the best
for diagnosing SCM at dry-off and freshening at an
optimal cut-point of >250,000 cells/mL. The second
major finding was that the PortaSCC reader did not
improve the accuracy of the PortaSCC color test at
dry-off or freshening. The third major finding was that
the CMT was more accurate than the PortaSCC color
test for diagnosing SCM at dry-off and as accurate for
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diagnosing SCM at freshening. The fourth major find-
ing was that the PortaSCC quick test was the best-per-
forming PortaSCC test for diagnosing IMI at dry-off,
and the PortaSCC color test was the best-performing
PortaSCC test for diagnosing IMI at freshening. For
comparison, the CMT was inferior to the PortaSCC
quick test for diagnosing IMI at dry-off but equivalent
to the PortaSCC color test at freshening.

A long-standing goal for our laboratory has been
to find a rapid, accurate on-farm or cow-side test for
identifying quarters with SCM and IMI. We considered
that the Se and Sp of the tests under evaluation were
equally important. On this basis, AUC, +LR, and k are
useful indices for the overall performance of a clinical
test. Ideally, such a test should have an AUC >0.80
(preferably >0.90), Se and Sp as high as possible, +LR
>10, and k >0.6. On this basis, the PortaSCC color
test, the PortaSCC quick test, and the CMT could
generally be described as good diagnostic tests when
applied to the study population. The CMT can be
performed cow-side within 2 min at an estimated cost
of US$0.15/test. In comparison, the PortaSCC color
test is most easily performed in a dedicated room on
the farm and required 45 min to obtain a result at
an estimated cost of $0.90/test. The PortaSCC reader
costs an additional $230 for the analyzer and was less
accurate than the PortaSCC color test; consequently,
our results suggest that the PortaSCC reader does not
add value to the diagnostic testing strategy compared
with the PortaSCC color test alone. The PortaSCC
quick test is most easily performed in a dedicated room
on the farm but required only 5 min to obtain results
at an estimated cost of $1.25/test.

The superior performance of PortaSCC tests for
diagnosing SCM at dry-off compared with freshening
may be related to a different milk color or viscosity at
dry-off that affects the dye intensity or absorption of
the milk sample into the test strip pad. Alternatively,
the difference may simply reflect differences in the
median SCC values at dry-off (364,000 cells/mL) and
freshening (130,000 cells/mL) because the PortaSCC
tests are suspected to have a narrow zone for detecting
borderline SCC values (Salvador et al., 2014). The dif-
ference in performance between the PortaSCC color test
and PortaSCC reader in predicting quarters with SCM
was unexpected. The relatively low performance of the
PortaSCC reader in fresh cow milk compared with that
in milk obtained from cows at dry-off in this study may
be due to the effect of different milk composition such
as fat and protein content on the performance of the
reader. Because the PortaSCC color and quick tests
are evaluated through subjective colorimetry, changes
in color may be inconsistently interpreted by different
observers. Consequently, the PortaSCC color and quick
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tests should be viewed as subjective tests, similar to
the CMT.

The PortaSCC tests are among several commercially
available esterase tests to detect leukocytes in a variety
of body fluids. For example, the Multistix urine test
strip pad (Siemens Healthcare Diagnostics Inc., Tar-
rytown, NY) contains a detergent and 3-hydroxy-5-phe-
nyl-pyrole esterified with an amino acid that is used as
a substrate for esterase (Mendler et al., 2010), thereby
releasing a pyrrole compound that reacts with a diazo-
nium salt to yield a violet/purple azo dye. The inten-
sity of the violet color is correlated with the leukocyte
count in urine (Kutter et al., 1987). The PeriScreen test
strip (Serim Research Corp., Elkhart, IN) is designed
to provide a semiquantitative indication of leukocyte
concentration in peritoneal dialysate effluent for the
early identification of peritonitis. The reaction on the
test strip pad is based on esterase catalyzing the hy-
drolysis of an indoxyl ester compound to indoxyl that
reacts with a diazonium salt to produce a violet/purple
color; as with the Multistix strip, the intensity of the
color is correlated with the leukocyte count (Mendler
et al., 2010). We recently investigated the clinical util-
ity of the Multistix and PeriScreen strips in diagnosing
SCM in lactating dairy cattle (Kandeel et al., 2017).
The tests are available at an estimated cost of $0.36/
test and $4.00/test, respectively. In contrast to the
findings reported here regarding the PortaSCC tests,
we concluded that the Multistix and PeriScreen strips
were not clinically useful cow-side tests for diagnosing
SCM (Kandeel et al., 2017).

We defined IMI as the isolation of at least 100 cfu/
mL of milk, which is equivalent to the isolation of a
single colony from 0.01 mL of milk (Dohoo et al., 2011)
to identify infected cows with low levels of pathogen
shedding. We built our diagnosis on a single milk sam-
ple from each gland. The inability to isolate bacteria
from quarter milk samples with elevated SCC in our
study may be due to bacteria not being the cause of
udder inflammation of these glands (unspecific masti-
tis), a low concentration of pathogenic microorganisms
in milk, intermittent shedding of pathogens into the
glandular secretion, intracellular location of pathogens,
the presence of some growth inhibitors in milk, or the
spontaneous elimination of infection from the udder
(Constable et al., 2016). Failure may be also attributed
to a delay in healing after elimination of the infection
due to continued infiltration of leukocytes into the
gland. The SCC is influenced by breed, age, stage of
lactation, milk production level, stress, season (Har-
mon, 1994; Schepers et al., 1997), milk fraction (Sari-
kaya and Bruckmaier, 2006), and time of day (Olde
Riekerink et al., 2007). Nevertheless, the presence of
a pathogen in the udder is considered the main factor
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responsible for an increase in milk SCC (Harmon, 1994;
de Haas et al., 2002).

The PortaSCC color and quick tests performed better
overall than the CMT in diagnosing IMI at dry-off and
were similar in performance to the CMT at freshening,
based on higher or similar values for AUC, Se, and
k. This finding was unexpected based on the assump-
tion that milk esterase activity is correlated with milk
leukocyte count, as IMI is usually accompanied by a
marked increase in the milk leukocyte count (Kitchen,
1981; Pyorala, 2003; Constable et al., 2016). However,
the distribution of leukocytes differs between normal
and mastitic milk (Nickerson, 1989); the proportions
of neutrophils may reach 95% in mastitic milk (Paape
et al., 1979; Kehrli and Shuster, 1994), whereas macro-
phages and lymphocytes are the predominant cells in
uninfected quarters (Schwarz et al., 2011a,b; Pilla et al.,
2012). The results of recent studies suggest that milk
with SCC <100,000 cells/mL and an elevated propor-
tion of neutrophils indicates a local inflammatory reac-
tion triggered by pathogens (Schwarz et al., 2011a,b;
Pilla et al., 2012, 2013). A stronger correlation may
therefore exist between an elevated neutrophil count,
a main source of esterase activity in milk, and the
presence of IMI, compared with a correlation between
SCC and IMI. In addition, because esterase activity
in plasma is typically 1,000 to 2,000 times its activity
in milk (Marquardt and Forster, 1965), some of the
esterase activity in milk might be due to the movement
of plasma components into the mammary gland as a re-
sult of increased the permeability of blood—milk barrier
during bacterial infection (Marquardt et al., 1966). The
possible source of esterase from neutrophils or plasma
may explain the better performance of PortaSCC tests
over the CMT at dry-off for identifying quarters with
IMI.

This study sampled foremilk after removal of approx-
imately 10 mL but before alveolar milk could mix with
cisternal milk (Sarikaya and Bruckmaier, 2006). This
sampling strategy was selected to minimize within-cow
variability in SCC due to all samples being collected
within 50 s of first touching the udder and teat. The
sampling strategy was also selected to reflect sampling
practices on dairies where foremilk samples are most
commonly collected for determination of IMI (Djabri
et al., 2002). Foremilk has higher SCC than cisternal
and alveolar milk when total quarter milk SCC exceeds
350,000 cells/mL (Sarikaya and Bruckmaier, 2006),
but not when foremilk SCC ranges from 50,000 to
300,000 cells/mL (Wellnitz et al., 2009). On this basis,
we believe that the SCC cut-point of 200,000 cells/mL
used in this study to define SCM approximated that
measured in other studies, in which milk samples most
likely reflected an admixture of cisternal and alveolar
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milk (Schepers et al., 1997). It should be noted that the
cut-point of 200,000 cells/mL is an operational thresh-
old of practical value under field conditions; it does
not represent a physiological cell concentration in milk
that differentiates “healthy” from “unhealthy” quarters
(Schukken et al., 2003).

The 3 PortaSCC tests, although clinically useful as
measures of SCM and particularly IMI in quarter milk
samples obtained at dry-off and freshening, were not
sufficiently accurate to overcome the requirements of
additional time and added cost to recommend them
over the CMT as screening tests to identify cows with
SCM or IMI. The CMT has the advantages of cow-
side application, rapid results, low cost, and acceptable
Se and Sp. This study conducted in one herd failed
to identify a persuasive reason for preferring the Por-
taSCC color test, PortaSCC reader, or PortaSCC quick
test over the CMT. Additional studies conducted in
different cattle populations are warranted to confirm
the results of this study.
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