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The most acceptable criteria for diagnosing bovine intramammary infections include
results of bacteriological culture and measures of inflammation. Therefore, information
on the diagnostic characteristics of the procedures used to identify infected quarters is
required. Thus, this study was designed to evaluate a set of criteria to classify the infectious
status of an udder at the quarter (single and duplicate milk samples) and cow (composite
milk sample) levels, and to compare the infectious status with somatic cell counts (SCCs)
of the samples. Here, the SCC thresholds determined by receiver operating characteristic
curve analysis had a higher Youden index using mammary quarter duplicate milk samples
as the gold standard for testing compared with single quarter and composite milk samples,
especially for samples for which at least one of the duplicates was microbiologically posi-
tive, regardless of the mastitis pathogen isolated. The kappa coefficient for bacteriological
results of the single quarter milk samples (single S1 and S2) was 0.85+0.019, indicating
that single quarter milk sampling can be useful in mastitis control programs. Therefore, the
use of composite milk samples to detect mastitis pathogens may be limited to the detection
of major pathogens, given their predictive values. Thus, our findings suggest that the milk
SCCs and microbiological examinations, although regarded as the most reliable indicators
of ongoing mastitis, should be used in an integrated manner in mastitis control programs.
Furthermore, the accuracy of single, duplicate and composite microbiological analyses to
diagnosis mastitis should be considered for its implications in mastitis control strategies.

INDEX TERMS: Somatic cell count, mastitis, intramammary infection, sensitivity, specificity, udder
health status, dairy cow.
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RESUMO.- [Contagem de células somaticas e detec¢ido
de patogenos causadores de mastite em amostras de
leite compostas e individuais simples ou em dupli-
cata.] Os critérios mais aceitaveis para o diagnoéstico das
infec¢des intramamarias em bovinos incluem tanto os re-
sultados da cultura bacteriolégica e dos indicadores de in-
flamagao. Portanto, a informacdo sobre os procedimentos
mais adequados a serem utilizados para identificacao dos
quartos infectados é necessaria. Assim, o objetivo do pre-
sente estudo foi avaliar um conjunto de critérios para iden-
tificacdo da infeccdo intramamaria em bovinos pelo exame
microbiolégico (amostras individuais de leite simples ou
em duplicata, e amostras de leite compostas), e comparar
o isolamento do patdgeno nas amostras de leite coletadas
por distintos critérios com a contagem de células somaticas
(CCS). Os valores de corte da CCS determinados pela curva
de caracteristica de operacdo do receptor demonstraram
que a coleta de amostras de leite em duplicata apresentou
o maior valor do indice de Youden, especialmente quando
considerou-se o quarto mamario infectado se pelo menos
uma das amostras de leite da duplicata apresentou resul-
tado bacteriol6gico positivo independentemente do paté-
geno isolado. O coeficiente kappa dos resultados do exame
microbiolégico das amostras de leite individuais (amostra
simples S1 e S2) foi de 0,85+0,019, indicando que a cole-
ta de amostras de leite individual, ou seja, a coleta de uma
amostra de leite por quarto mamario, pode ser utilizada
nos programas de controle de mastite. Por outro lado, a co-
leta de amostras de leite compostas para detectar patoge-
nos causadores de mastite deve ser limitada a detecgao dos
patégenos principais, considerando os valores preditivos
encontrados no presente estudo. Portanto, os resultados do
presente estudo indicam que a CCS e o exame microbiold-
gico do leite, embora considerados como os critérios mais
aceitos para o diagndstico da mastite, devem ser utilizados
de forma integrada em programas de controle de mastite.
Além disto, os critérios de coleta de amostras de leite para
o diagndstico da mastite pelo exame microbiolégico e seus
valores preditivos devem ser considerados nos programas
de controle de mastite.

TERMOS DE INDEXACAQ: Contagem de células somaticas, masti-
te, infecgdo intramamaria, sensibilidade, especificidade, satide da
glandula mamaria, vaca leiteira.

INTRODUCTION

Worldwide, mastitis is the most common infectious disease
affecting dairy cows and the most economically important
disease in the dairy industry (Halasa et al. 2007). Mastitis
refers to inflammation within the udder but not necessarily
infection; however, mastitis is usually caused by a bacterial
infection (Pyoradla 2003, Dohoo et al. 2011a, Dohoo et al.
2011b, Reyher & Dohoo 2011, Oliveira et al. 2013). Given
the central role of intramammary infections (IMIs) in bovine
mastitis, high-quality information on the test characteristics
of the procedures used to identify infected quarters is re-
quired (Dohoo etal. 2011a, 2011b, Reyher & Dohoo 2011).
Information considered in the guidelines for diagnosing
mastitis include both results of microbiological culture and
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measurements of inflammation, in addition to discussion
regarding the number of samples that should be tested to
maximize sensitivity and specificity parameters (Dohoo et
al. 2011a). Thus, the use of composite, single, duplicate or
triplicate milk samples can affect the predictive values of
microbiological culture (Dohoo et al. 2011a, 2011b, Reyher
& Dohoo 2011), which is the most expensive component
of diagnosing IMI. Then, in an attempt to minimize costs, a
relevant question is whether composite milk sampling, or
at least individual quarter milk sampling, would be useful
for detecting culture-positive milk samples.

Furthermore, the milk somatic cell count (SCC) has
been extensively used as an indicator of IMI; the SCC is
included as a component of the definition of mastitis, as
the milk SCC markedly increases during infection (Pyorala
2003, Schukken et al. 2003, Della Libera et al. 2011, Dufour
& Dohoo 2013). Altogether, we hypothesized that isolation
of the infection agent affect the SCC thresholds used to de-
tect infected quarters or cows, as microbiological culture
has long been considered the gold standard test compared
with other mastitis diagnostic tests (Pyorala 2003).

Thus, this study was designed to evaluate a set of cri-
teria used for classifying infection, accounting for the mi-
crobiological status of an udder at the quarter (single and
duplicate milk samples) and cow (composite milk sample)
levels and to compare the infectious status with the SCC (at
the quarter and cow levels).

MATERIALS AND METHODS

Herd(s). Data were collected from 36 dairy cows from Janu-
ary 2013 to January 2014 in two dairy herds from Minas Gerais
State, Brazil. Both herds had high bulk milk SCCs (>500,000 cells/
mL) according to the criteria proposed by Barkema et al. (1998).
All Holstein dairy cows were milked twice daily, and yielded an
average of 16.68+0.97 (herd 1) and 23.86+1.30 (herd 2) kg milk/
day. No samples from dairy cows immediately post-partum (be-
fore the fifth day after calving) were used. The herds underwent
machine milking, and the following mastitis control practices for
milking were adopted: forestripping in a strip cup to check for
clinical mastitis, pre-dipping, and drying teats with a paper to-
wel. After milking, post-dipping was also used. Dry cow therapy
and clinical mastitis treatments were also adopted. As both her-
ds contained cows with Staphylococcus aureus mastitis, the cows
identified as infected by this pathogen were segregated from the
milking line and were milked last. This research complied with
the Ethical Principles for Animal Research and was approved by
the Bioethics Commission of the Universidade Federal de Minas
Gerais (Protocol n. 211/2011).

Experiment 1. Data from 1,600 microbiological milk cultu-
res and 800 SCCs were recorded. Duplicate quarter milk samples
(two samples collected at the same milking) were collected from
all quarters (n = 800 quarters) (referred to as samples S1 and S2)
for microbiological examination. Individual quarter milk samples
were also collected for SCC evaluations. Duplicate quarter milk
samples were categorized as A or B, as follows. (A) First, when the
same pathogen was isolated from both samples, the sample was
regarded as microbiologically positive for that microorganism.
Nevertheless, if a pathogen was recovered only in one pair of the
duplicate, the quarter was considered as non-infected according
to the microbiological results and was considered to display non-
-significant growth, except in the case of S. aureus or Streptococcus
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agalactiae infection. This exception was applied for S. agalactiae
because it is regarded as a highly contagious obligate parasite of
the bovine mammary gland (Keefe 1997) and for S. aureus due to
its peculiar shedding pattern, particularly because the shedding
pattern could be below the detection limit of the microbiological
method employed (Sears et al. 1990, Zecconi et al. 1997, Godden
etal. 2002, Walker et al. 2010). (B) Second, the milk sample was
regarded as microbiologically positive if at least one of the dupli-
cate samples (single S1 or S2) was microbiologically positive re-
gardless of which mastitis pathogen was isolated.

Experiment 2. Data from 1,215 microbiological milk cultures
and 135 SCCs were recorded. The data were collected from Janu-
ary to June 2013 in herd 1. Duplicate quarter milk samples (two
samples collected at the same milking) were collected from all
quarters (n=540 quarters), and then composite milk samples for
microbiological analysis were collected. Composite milk samples
for SCCs (n=135) were collected through milk meters. Samples
yielding colonies of 23 different bacterial species in the microbio-
logical analysis were considered to be contaminated. The quarter
was considered to be non-infected when a pathogen was not reco-
vered in at least one pair of the duplicate, or when one sample of
the duplicate quarter milk samples was microbiologically negati-
ve and the other one was contaminated. If a cow had an IMI cau-
sed by a particular organism according to the criteria described
above for duplicate quarter milk samples (criteria B) in at least
one quarter, the cow was considered positive for that organism.

Sampling. First, the strip cup test was performed to determi-
ne the presence of clots or flakes or otherwise obviously abnor-
mal secretions. Then, pre-dipping was performed, and one towel
was used for each teat. After discarding the first three milk strea-
ms, the ends of the teats were scrubbed with 70% ethanol using
cotton balls, and foremilk duplicate milk samples from the indi-
vidual mammary quarters (approximately 4 mL in each vial) and
composite milk samples (approximately 40 mL) were aseptically
collected in sterile vials for microbiological analysis. Finally, quar-
ter milk samples for SCCs were collected. Composite milk samples
for SCCs were collected through milk meters, as routinely used
in Dairy Herd Improvement (DHI) programs for monitoring the
SCCs of individual cows (Ruegg & Pantoja 2013).

All samples for microbiological analysis were frozen at -20 2C
for a maximum of 30 days until cultured. Both samples, referred
to as S1 and S2, from duplicate milk samples were individually
considered to analyze the predictive values of single milk sam-
ples.

Microbiological analysis. Bacterial analysis was conduc-
ted by culturing 0.01 mL of each sample on 5% ovine blood agar
plates. The plates were incubated for 24-48 hours at 37 °C; then,
colony morphology was observed and Gram staining and identifi-
cation tests were conducted (Brito et al. 1999, Oliver et al. 2004).
The microorganisms were identified from subcultures on plates
containing Brain Heart Infusion agar. The Gram-positive, catalase-
-negative cocci were identified by the production of CAMP factor
and pyrrolydonylarylamidase (assessed by the PYR test), the
hydrolysis of sodium hippurate and esculin, and growth in 6.5%
NaCl broth and on bile-esculin agar. S. agalactiae, S. uberis, S. equi-
nus and Enterococcus spp. could be differentiated using this set
of tests. The streptococci-like organisms that could not be iden-
tified were classified as Streptococcus spp. The Gram-positive,
catalase-positive cocci were identified as coagulase-negative sta-
phylococci and coagulase-positive staphylococci by means of tube
coagulase tests. Among the coagulase-positive staphylococci, Sta-
phylococcus aureus was identified based on a positive acetoin test
(Voges-Proskauer test) (Oliver et al. 2004), the coagulase-positive
staphylococci negative in the Voges-Proskauer test was regarded
as coagulase-positive staphylococci (other than S. aureus). Gram-

-negative bacteria were differentiated based on their appearance
on MacConkey’s agar, reactions with Triple Sugar Iron agar, indol
production, motility, citrate utilization, the oxidative-fermentative
test (Hugh & Leifson medium), the methyl red reaction and ace-
toin production. Gram-positive, catalase-positive, non-hemolytic,
rod-shaped bacteria with typical morphology of coryneforms vi-
sible only after 48 hours of incubation mainly in the fatty areas on
milk-streaked plates were classified as Corynebacterium spp. In
the analysis, these bacteria were considered as Corynebacterium
bovis. A milk sample from which three or more different species
were cultured was considered contaminated (Oliver et al. 2004).
Sample sets with contamination in one of the single milk samples
(S1 or S2) were excluded from all analyses.

Somatic cell counts. Composite and quarter milk samples
for SCCs were collected in a 40-mL vial containing microtablets
of bronopol (2-bromo-2-nitropane-1,3-diol) and were analyzed
using a calibrated Bentley CombSystem 2300 unit (Chaska, USA).

IMI definition. A quarter was defined as having an IMI if >
300 colony forming unit colony/mL were detected in the micro-
biological culture, except for S. aureus or S. agalactiae, which were
considered as culture-positive when the growth of = 100 colony
forming unit colony/mL was detected, and Corynebacterium sp.,
which was regarded as microbiological positive when = 1,000 co-
lony forming unit colony/mL grew in the culture (Andersen et al.
2010).

Statistical analysis. All statistical analyses to determine the
diagnostic characteristics of the tests (kappa coefficient, area un-
der the receiver operating characteristic (ROC) curve, sensitivity,
specificity, Youden index, positive and negative likelihood ratios,
and positive and negative predictive values) were performed
using Meldcalc statistical software (Meldcalc software, Belgium).
Two SCC thresholds (100 and 200 x 10° cells/mL) and one SCC
threshold (200 x 103 cells/mL) were used to determine the sen-
sitivity and specificity of individual mammary quarter and ud-
der (composite) samples, respectively, using the microbiological
results as the gold standard test. The microbiological results of
the duplicate quarter milk sample with the highest Youden in-
dex according to the previously described criteria (A or B) were
considered as the reference to define the presence of IMIs and
were used to evaluate the predictive values of the composite SCC
results. The distributions of the SCC data were examined using
normal probability plots obtained using the Shapiro-Wilk test. As
the SCC data were nonparametric, even when log transformed,
the Kruskal-Wallis and Mann-Whitney tests were applied. The va-
riations of the SCCs according to the microbiological results were
analyzed using GraphPad Prism 5.0 software® (GraphPad Softwa-
re, Inc., San Diego, CA, USA). Significance was set at P< 0.05.

RESULTS

Experiment 1

The distribution of microorganisms isolated from quar-
ter milk samples is shown in Table 1. The area under the
ROC curve and the predictive values of the milk quarter SCC
regarding the SCC threshold that maximized the sensitivi-
ty and specificity, indicated by the ROC curve analysis and
the most used SCC thresholds (100,000 and 200,000 cells/
mL) to detect IMIs, are shown in Table 2. Here, 13.26%
(criteria A) and 8.74% (criteria B) of the duplicate quarter
milk samples were microbiologically positive with very low
SCCs (< 100,000 cell/mL), and 17.17% (under criteria A)
and 18.43% (under criteria B) of the duplicate quarter milk
samples were microbiologically negative with high SCCs
(>200,000 cells/mL). The milk quarter SCCs according
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to the different pathogens isolated are shown in Table 3.
The kappa coefficient between the single (S1 and S2) milk
quarter microbiological results (single S1 and S2) was 0.85
(95% confidence interval 0.813-0.886).

Experiment 2

The distribution of microorganisms isolated from the
composite milk samples is presented in Table 4. The area
under the ROC curve and the predictive values of the com-

Table 1. Bacteriological results of the single milk quarter
samples

Bacteriological results Single S1(n=800) Single S2(n=800)

52.12% (417)  53.38% (427)
16.88% (135)  16.25% (130)
7.25% (58) 7.50% (60)
5.00% (40) 4.63% (37)

No growth

S. aureus

S. agalactiae
Corynebacterium bovis

S. uberis 4.63% (37) 4.25% (34)
Streptococcus spp. 1.50% (12) 1.37% (11)
CoPS 0.88% (7) 1.37% (11)
CoNS 1.00% (8) 0.87% (7)
E. coli 0.12% (1) 0.12% (1)
S. equinus 0.12% (1) 0% (0)

S. aureus and S. agalactiae 7.50% (60) 7.13% (57)
S. aureus and S. uberis 1.38% (11) 1.12% (9)
S. aureus and Streptococcus spp. 0.25% (2) 0.63% (5)
S. aureus and Enterococcus spp. 0.38% (3) 0.25% (2)
S. aureus and Corynebacterium bovis ~ 0.25% (2) 0.38% (3)
S. uberis and CoNS 0.12% (1) 0.25% (2)
S. aureus e S. equinus 0.38% (3) 0.38% (3)
CoNS and Streptococcus spp. 0.12% (1) 0.12% (1)
CoNS and S. agalactiae 0.12% (1) 0 (0%)

S. aureus = Staphylococcus aureus; S. agalactiae = Streptococcus agalac-
tiae; S. uberis = Streptococcus uberis; Streptococcus spp. = Streptococcus
spp. excluding S. agalactiae, S. equinus, S. uberis, and Enterococcus sp.;
CoPS = coagulase-positive staphylococci other than S. aureus; CoNS =
coagulase-negative staphylococci; E. coli = Escherichia coli; S. equinus =
Streptococcus equinus.

posite SCC regarding the SCC threshold that maximized
the sensitivity and specificity, indicated by the ROC curve
analysis and the most used SCC cut-off (200,000 cells/mL)
to detect IMIs, are shown in Table 5. The composite SCCs
of the microbiologically positive and negative milk samples
are presented in Table 6. The composite SCCs according to
the different pathogens are shown in Table 7. The accuracy
of the microbiological composite milk samples, using the
results of the duplicate milk samples as the gold standard,
is presented in Table 8.

DISCUSSION

In the present study, the duplicate milk quarter samples
were regarded as microbiologically positive if at least one
of the duplicate samples was microbiologically positive,
regardless of whether the mastitis pathogen isolated (cri-
teria B) had a higher Youden index (Table 2); as a result,
duplicate samples were considered here as the gold stan-
dard for testing to diagnosis mastitis. The Youden index
indicates the performance of a diagnostic test, and its va-
lue ranges from zero to one. A value of zero indicates that
a diagnostic test provided the same proportion of positi-
ve results for groups with and without the disease, and a
value of one indicates that no false positives or false ne-
gatives were detected (Schisterman et al. 2005). Notably,
however, isolation of the etiological agent in mastitis mi-
ght not be possible for several reasons: microorganisms
may be excreted intermittently and in small amounts; the
infection-related pathogens might not be detectable using
conventional microbiological tests; some milk enzymes or
proteins (i.e., lysozymes and lactoferrin) may thwart pa-
thogen detection; and the infection might be supported by
bacterial endotoxins and bio-active compounds released by
neutrophils that might remain following elimination of the

Table 2. The ROC curve and sensitivity/specificity of the quarter milk SCCs considering the single and
duplicate bacteriological sampling results as a gold standard

Predictive values/ Single (S1)

Single (S2)

Duplicate? Duplicate®

bacteriological sampling

Receiver operating characteristics (ROC) analysis

Area under ROC curve (95% CI) 0.879 (0.854-0.901) 0.890 (0.865-0.911) 0.897 (0.873-0.917) 0.883 (0.859 - 0.905)

Pvalue <0.0001
SCC Threshold (cells/mL) 266,000
Youden index 0.679

Sensitivity (95% CI) 83.2 (79.9 - 86.8)
Specificity (95% CI) 84.7 (80.8 - 88.1)
200,000 cells/mL
Sensitivity (95% CI) 85.3(81.3-88.7)
200,000 cells/mL
Specificity (95% CI) 81.2 (77.0 - 84.9)
100,000 cells/mL
Sensitivity (95% CI) 90.4 (86.9 -93.2)
100,000 cells/mL
Specificity (95% CI) 67.9 (63.1-72.5)

85.0 (80.9 - 88.6)
84.6 (80.7 - 87.9)

87.5 (83.7 - 90.8)
81.4 (77.2 - 85.0)
92.0 (88.7 - 94.6)

68.1 (63.4 - 72.6)

<0.0001 <0.0001 <0.0001
266,000 266,000 272,000
0.696 0.710 0.883

85.2 (81.1 - 88.6)
85.9 (82.1-89.1)

Established threshold values

81.7 (77.5 - 85.4)
86.5 (82.7 - 89.8)

87.6(83.9-90.8)  84.5(80.5 - 88.0)

82.6 (78.6-86.2)  82.6(78.5-86.3)
91.9(88.7-945)  89.7 (86.2 - 92.5)

69.0 (64.2-73.5)  69.4 (64.6 - 74.0)

ROC = receiver operating characteristics; SCC = somatic cell count; 95% CI = 95% confidence interval. Duplicate® = when
the same pathogen was isolated from both samples, the sample was regarded as bacteriologically positive for that micro-
organism. Nevertheless, if a pathogen was recovered only in one of the duplicates, the duplicate sample was regarded as
non-significant growth, except for Staphylococccus aureus and Streptococcus agalactiae. Duplicate®: the milk sample was
regarded as bacteriologically positive if at least one of the duplicates was bacteriologically positive, regardless of which

mastitis pathogen was isolated.
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Table 3. The median (mean+SEM) milk quarter SCC (cells/mL) in quarters infected by distinct mastitis pathogens

Bacteriological Single (S1) Single (S2) Duplicate? Duplicate®

results

No growth 45,000 (251,489+36,805)° 44,000 (241,184+33,104)° 44,000 (223,421+31,953)" 38,500 (226,464+33,702)°
Positive 824,000 (1,313,051+72,304)° 837,000 (1,352,861+75,450)* 858,000 (1,371,721+74,482)* 795,000 (1,300,807+71,600)?
CoNS 482,000 (517,857+116,576)* 1,073,500 (909,667+201,200)* 774,000 (692,750+230,542)* 312,000 (481,000+198,296)*
CoPS 484,000 (1,149,000+701,468)® 557,000 (941,546+445,986)® 484,000 (1,149,000+701,468)®® 484,000 (975,556+550,531)=
Corynebacterium 88,500 (390,583+178,925)™ 90,000 (416,000+194,718)° 88,500 (452,038+244,908)° 87,000 (370,538+165,523)°
bovis

S. aureus 871,000 (1,111,374+70,093)* 869,000 (1,169,777+90,288)* 869,000 (1,141,181+77,999)* 871,000 (1,149,943+78,825)
S. agalactiae 1,943,125 (1,246,000+237,156)* 1,441,000 (1,948,241+228,754)* 1,447,500 (1,946,914+239,334)* 1,613,000 (1,966,842+232,510)°
Streptococcus spp. 500,000 (685,545+248,613) 524,000 (827,444+283,851)® 524,000 (827,444+283,851)® 500,000 (685,545+248,613)®
S. uberis 803,500 (1,294,778+235,249)* 803,500 (1,314,794+244,469)* 956,500 (1,380,281+255,423)* 705,000 (1,270,743+241,179)*

S. aureus and 1,024,500 (1,964,817+242,727)*
S. agalactiae
S. aureus and

S. uberis

1,169,000 (1,634,091+276,654)

1,024,500 (1,957,839+246,219)"

1,169,000 (1,384,556+310,507)°

1,023,000 (1,901,333+233,877)° 1,023,000 (1,901,333+233,877)°

1,317,500 (1,732,900+429,550)* 1,317,500 (1,702,400+440,366)*

SEM = standard error of the mean; SCC: somatic cell count; CoNS = coagulase-negative staphylococci; CoPS = coagulase-positive staphylococci other than S.
aureus; S. aureus: Staphylococcus aureus; S. agalactiae: Streptococcus agalactiae; Streptococcus spp. = Streptococcus spp. excluding S. agalactiae, S. equinus,
S. uberis, and Enterococcus sp.; S. uberis: Streptococcus uberis. Duplicate® = when the same pathogen was isolated from both samples, the sample was regar-
ded as bacteriologically positive for that microorganism. Nevertheless, if a pathogen was recovered only in one of the duplicates, the duplicate sample was
regarded as non-significant growth, except for S. aureus and S. agalactiae. Duplicate® = the milk sample was regarded as bacteriologically positive if at least
one of the duplicates was bacteriologically positive, regardless of the isolated mastitis pathogen. Different superscripts among the lines indicate P<0.05.

invading bacteria. Moreover, some bacteria may be present
in the teat canal without causing significant inflammation,
and others may be present as contaminants (Pyorala 2003,
Nunes et al. 2008). Accordingly, some authors have isolated
mastitis pathogens from milk samples with very low SCCs,
whereas others have found high proportions of microbio-
logically negative milk samples with high SCCs (Makovec
& Ruegg 2003, Koskinen et al. 2009, Oliveira et al. 2013),
as found in this study. Therefore, one problem regarding
the diagnosis of mastitis is that indirect tests are compa-
red with the “golden standard” of bacteriology, although
mastitis does not always require the presence of infection

Table 4. The bacteriological results of composite (at cow
level) and duplicateb (at quarter level) milk samples

(Pyorala 2003, Nunes et al. 2008).

A high agreement between the microbiological analyses
of the single milk quarters (single S1 and S2) samples (ka-
ppa coefficient = 0.85) was found in this study. Thus, the
use of single quarter microbiological sampling appears to
be acceptable in mastitis control programs, especially if the
costs of microbiological sampling are taken into account. In

Bacteriological results Cow level Quarter level
(n=135) (n=540)
No growth 43.70% (59)  61.85% (334)
S. aureus 15.56% (21) 13.33% (72)
S. uberis 7.41% (10) 6.85% (37)
CoPS 5.19% (7) 0.93% (5)
CoNS 4.44% (6) 3.52% (19)
Corynebacterium bovis 4.44% (6) 7.96% (43)
Streptococcus spp. 1.48% (2) 0.93% (5)
S. agalactiae 0% (0) 0.37% (2)
E. coli 0% (0) 0.19% (1)
S. aureus and S. uberis 8.15% (11) 1.48% (8)
S. aureus and S. agalactiae 1.48% (2) 0.56% (3)
S. uberis and CoNS 1.48% (2) 0% (0)
S. aureus and Streptococcus spp. 0.74% (1) 0.19% (1)
S. aureus and E. coli 0.74% (1) 0% (0)
S. aureus and Corynebacterium bovis 0% (0) 0.74% (4)
CoNS and Corynebacterium bovis 0% (0) 0.37% (2)
S. uberis and S. agalactiae 0% (0) 0.19% (1)
Contaminated 5.18% (7) 0.56% (3)

addition, the SCC thresholds found in this study for single
and duplicate milk samples by ROC curve analysis were si-
milar (Table 2).

When evaluating data on udder infections, it is impor-
tant to keep in mind that cows live in environments with a
high exposure to microorganisms and that not all contacts
resultin IMIs. Because of the SCC-mediated defense mecha-
nisms of the mammary glands against invading pathogens
and dairy cows used in the present study are under high
challenge (bulk milk tank > 250,000 cells/mL; Barkema et
al. 1998), we hypothesized that these facts, together with
the dynamic nature of IMIs due to the contagious nature of
many mastitis pathogens, explain why high SCC thresholds
indicated by ROC curve analysis were found here (Table
5). These facts may account for the high SCC threshold
encountered here compared with the SCC thresholds fre-
quently suggested by other studies from many countries
that have implemented effective mastitis control progra-

Duplicate® = the milk was regarded as bacteriologically positive if at least
one of the duplicates was bacteriologically positive, regardless of whi-
ch mastitis pathogen was isolated. S. aureus = Staphylococcus aureus; S.
uberis = Streptococcus uberis; CoPS = coagulase-positive staphylococci
other than S. aureus; CoNS = coagulase-negative staphylococci; Strep-
tococcus spp. = Streptococcus spp. excluding S. agalactiae, S. equinus, S.
uberis, and Enterococcus sp.; S. agalactiae = Streptococcus agalactiae; E.
coli = Escherichia coli.

ms (DHI programs) over the last decades. For instance, the
original SCC limit of a healthy quarter was 500,000 cells/
mL (IDF 1971). Nevertheless, our findings on the sensiti-
vity and specificity of lower SCC thresholds (i.e., 200,000
cells/mL) to diagnosis IMIs (Table 2) were similar to tho-
se previously reported (with a range from 73-89% and
75-90%) (Schepers et al. 1997, Pyorala 2003). Therefore,
in recent years, a SCC limit of 100,000 cells/mL or lower
has been suggested (Sargeant et al. 2001, Pyorala 2003,
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Table 5. The ROC curve and sensitivity/specificity of composite SCC
using composite and duplicate quarter milk bacteriological results as
a gold standard test

Predictive values/ Duplicate®

Bacteriological sampling

Composite
Receiver operating characteristics (ROC) analysis

Area under ROC curve (95% CI) 0.826 (0.748 - 0.888)  0.787 (0.706 - 0.854)

P value <0.0001 <0.0001
SCC Threshold (cells/mL) 698,000 657,000
Youden index 0.536 0.472

Sensitivity (95% CI)
Specificity (95% CI)

65.7 (53.1 - 76.8) 61.7 (50.3 - 72.3)
87.9 (76.7 - 95.0) 85.4 (72.2 - 93.9)

Established threshold value
200,000 cells/mL 95.0 (85.0-98.0) 88.9 (80.0 - 94.8)
Sensitivity (95% CI)
200,000 cells/mL

Specificity (95% CI)

36.2 (24.0 - 49.9) 37.5 (24.0 - 52.6)

ROC = receiver operating characteristics. Duplicate® = a cow was regarded as bacte-
riologically positive if one or more quarter had a positive bacteriological result; a
quarter was regarded as bacteriologically positive if at least one of the duplicates
was bacteriologically positive, regardless of which mastitis pathogen was isolated.
SCC = somatic cell count; 95% CI = 95% confidence interval.

Table 6. The median (mean + SEM) composite SCC (cells/mL) of the
bacteriologically positive and negative milk samples

Milk samples Bacteriologically positive Bacteriologically negative
Composite 1,060,000 (1,368,343 + 157,996)* 273,000 (413,793 + 65,950)°
Duplicate® 855,000 (1,235,074 + 140,440)* 276,000 (355,667 + 39,883)"

Duplicate® = a cow was regarded as bacteriologically positive if one or more quar-
ter had a positive bacteriological result; a quarter was regarded as bacteriolo-
gically positive if at least one of the duplicates was bacteriologically positive,
regardless of which mastitis pathogen was isolated. SEM = standard error of the
mean; SCC = somatic cell count. Different superscripts among the columns re-

present P<0.0001

Table 7. The median (mean + SEM) composite milk SCC (cells/mL) in udders infected with different

pathogens
Bacteriological CoNS S. aureus S. uberis S. aureus and S. uberis
composite results
Scc 610,000 1,184,000 517,500 1,902,000
(618,000 + 216,000)* (1,262,000 + 184,514)* (584,333 + 157,758)° (2,431,000 + 690,972)"

SEM = standard error of the mean; SCC = somatic cell count; CoNS = coagulase-negative staphylococci; S. aureus = Staphylo-
coccus aureus; S. uberis = Streptococcus uberis. Different superscripts among the columns represent P<0.05.

Bansal et al. 2005, Schwarz et al. 2010). This decrease of
the SCC limit to detect IMIs may be due to the presence
of effective mastitis control programs in many developed
countries, leading to a decrease in IMIs caused by major
pathogens (i.e., S. agalactiae) and an increase in the pro-
portion of IMIs caused by minor pathogens (i.e., coagulase-
-negative staphylococci) (Pitkala et al. 2004, Piepers et al.
2007, Schwarz et al. 2010). Furthermore, the quarter milk
SCC-derived incidence had a more limited predictive va-
lue in herds experiencing a very high rate of IMI acquisi-
tion during a given period (Dufour & Dohoo 2013), which
may have influenced our results, especially regarding the
high bulk milk SCC in the herds used here, indicating that
the cows are under high challenge (Barkema et al. 1998).
Thus, estimates for the diagnostic sensitivity and specifi-
city may vary in different populations due to the varying
milk SCC thresholds used, and an epidemiological approa-
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ch in the target population should be used to validate the
use of SCC as a diagnostic test (Pyorala 2003).

Regarding the dynamic nature of the IMIs, our findings
on subclinical mastitis (SCC > 200,000 cells/mL) showed
that 50.0% of the milk quarter samples with microbiologi-
cally negative outcomes (unspecific mastitis) resulted in no
mastitis pathogen growth in subsequent sampling(s) (once
monthly or every three weeks after the sampling with a
microbiologically negative outcome and SCC >200,000
cells/mL) and a reduction in the milk quarter SCC (median
= 529,834 cells/mL to 29,637 cells/mL; mean + standard
error of the mean (SEM) = 1,147,637 + 442,637 cells/mL
t0 57,431 + 13,162 cells/mL; P=0.0002), indicating sponta-
neous microbiological cure of the IMIs (the ability of cows
to self cure). Thus, SCC measurements and microbiologi-
cal analysis over time will better distinguish among non-
-infected quarters, infection with subsequent self-cure, and
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Table 8. The diagnostic accuracy of the composite
microbiology results compared with the bacteriological
outcomes of the duplicate quarter milk samples, regarded
as the gold standard

71.95% (60.94 - 81.32)
81.25% (67.37 - 91.05)
0.77 (0.68 - 0.84)
3.84 (2.10 - 7.02)
0.35 (0.24 - 0.50)
86.76% (76.36 - 93.77)
62.90% (49.69 - 74.84)

Sensitivity

Specificity

Area under ROC curve
Positive likelihood ratio
Negative likelihood ratio
Positive Predictive Value
Negative Predictive Value

Results and 95% confidence intervals are presented; ROC = receiver ope-
rating characteristics.

infection that is not cured by defense mechanisms. Consis-
tent with our results, Pinzén-Sanchez & Ruegg (2011) and
Oliveira et al. (2013) have suggested that a lack of patho-
gen recovery in the microbiological analysis of milk sam-
ples from clinical mastitis cases of mastitis before initiating
treatment indicates the outcome of the IMI after treatment.
Thus, the no-growth mastitis pathogens from milk samples
can also be related to the probability of a microbiological
cure and indicate the low number of pathogens that are
eliminated in milk and the reduced probability of isolating
mastitis pathogens, as observed in our study. In other wor-
ds, in these cases, the augmented milk SCC was effective in
reducing the number of invading bacteria and consequen-
tly decreased the chance of isolating the causative patho-
gen, suggesting effective control of the infection by milk
leukocytes. Hence, interpreting SCC data based on a single
sampling is subject to possible misdiagnosis or misclassi-
fication.

We found a high SCC cut-off value (> 500,000 cells/
mL) and a relatively lower Youden index for composite
samples by ROC curve analysis compared with individual
quarter milk samples, highlighting the higher proportion of
false-negative or false-positive results in composite SCCs.
Thus, composite measurements of SCC for monitoring IMI
incidence may be unreliable. Schukken et al. (2003) have
reported that the most accurate relationship between IMI
and SCC exists at the quarter level, which also supporting
our findings. The predictive values of composite SCCs are
dependent on the numbers of infected quarters and of pa-
thogens involved in IMIs, as milk from infected quarters is
diluted with normal milk from uninfected quarters (Reyher
& Dohoo 2011). Similarly, Reksen et al. (2008) reported
that their accuracy was limited when the composite milk
SCC was used to detect mastitis pathogens. Thus, the pre-
dictive values of composite milk samples should be con-
sidered; their use may be limited to the diagnosis of IMIs
by identifying major pathogens (Dufour & Dohoo 2013),
although composite milk samples have great practical im-
portance, especially regarding the costs of microbiological
culture.

In the present study, the increase in milk SCCs varied
among mastitis pathogens. Notably, the increase in the SCC
is mainly dependent on the pathogenicity of the mastitis-
-causing bacteria and the amount of affected tissue in the
gland, especially the affected epithelial area, which in turn
can influence the predictive values of SCC used to diagnose

mastitis (Pyorala 2003). For instance, C. bovis did not result
in a significant increase in milk SCC in this study. This pa-
thogen has been regarded as a minor pathogen with limi-
ted clinical significance (Oliveira et al. 2013), probably due
at least in part to the modulation of innate immunity (i.e.,
toll-like receptor 2) in an attempt to control inflammation
and tissue injury (Blagitz et al. 2015). However, major pa-
thogens, including S. aureus, S. agalactiae and Streptococ-
cus uberis, led to a significant augmentation of the milk SCC
in the present study, as previously described (Djabri et al.
2002, Souza et al. 2009, Botaro et al. 2015).

Our findings suggested that milk SCC and microbiolo-
gical examinations, although regarded as the most reliable
indicators of ongoing mastitis, should be used in an inte-
grated manner in mastitis control programs. Furthermo-
re, the accuracy and implications of single, duplicate and
composite microbiological analyses to diagnosis mastitis
should be considered in mastitis control programs.
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