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Abstract

Intramammary infection affects the quality
and quantity of dairy goat milk. Health status
(HS) and milk quality can be monitored by
electrical conductivity (EC). The aim of the
study was to determine the detection potential
of EC when measured on-line on a daily basis
and compared with readings from previous
milkings. Milk yields (MYs) were investigated
with the same approach. To evaluate these rel-
ative traits, a multivariate model based on
fuzzy logic technology – which provided inter-
esting results in cows – was used. Two
foremilk samples from 8 healthy Saanen goats
were measured daily over the course of six
months. Bacteriological tests and somatic cells
counts were used to define the HS. On-line EC
measurements for each gland and MYs were
also considered. Predicted deviations of EC
and MY were calculated using a moving-aver-
age model and entered in the fuzzy logic
model. The reported accuracy has a sensitivity
of 81% and a specificity of 69%. Conclusions
show that fuzzy logic is an interesting
approach for dairy goats, since it offered better
accuracy than other methods previously pub-
lished. Nevertheless, specificity was lower
than in dairy cows, probably due to the lack of
a significant decrease of MY in diseased
glands. Still, results show that the detection of
the HS characteristics with EC is improved,
when measured on-line, daily and compared
with the readings from previous milkings.

Introduction

Intramammary infection (IMI) mainly of
bacterial origin is an important factor that
affects the quality and the quantity of dairy
goat milk, although other factors related to lac-
tation and management could also be of rele-
vance (Bergonier et al., 2003). Intramammary
infection is associated with an increase of
somatic cell count (SCC) in small ruminants.
Somatic cell count is a common method for the
evaluation of milk quality and, indirectly, of
mammary gland health status (HS) in dairy
cow and ruminants (Merle et al., 2007; Rossi et
al., 2009). For these reasons, Reg. CE n
1662/2006 defines a legal limit of somatic cells
in raw goat milk which is equal to 1,500,000
cells/mL. The Pasteurized Milk Ordinance reg-
ulation (FDA, 2007), instead, allows 1,000,000
somatic cells/mL in grade A goat milk.
The consumption of milk with a high num-

ber of somatic cells may pose risks for human
health, as it is more likely to contain
pathogens. Furthermore, the proteolysis trig-
gered by microflora enzymes affects cheese-
making and milk coagulation (Dragoni et al.,
2010). Therefore, the improvement of the goat
milk quality can be a valid strategy to increase
the quality of cheese production according to
consumer’s expectations in terms of health,
safety, and taste. 
Although SCC and microbiological tests are

valid approaches, also the support of a labora-
tory is required to evaluate the quality and the
main hygienic characteristics of milk. For this
reason, other methods of IMI early detection
may be fundamental to ensure food safety,
improve milk quality, and enhance the oppor-
tunity to treat successfully infected animals. In
this respect, the evaluation of electrical con-
ductivity (EC) represents an interesting
approach, because inflammation modifies the
concentration of anions and cations and can
affect milk EC (Zaninelli and Tangorra, 2007).
As a consequence, in dairy cows, this parame-
ter has become one of the most studied indica-
tors of udder HS and its use to detect mastitis
has been largely adopted with successful
results in terms of sensitivity and specificity
(De Mol et al., 1999; Kamphuis et al., 2008,
Maatje et al., 1992; Nielen et al., 1995;
Tangorra et al., 2006). On the contrary, in dairy
goats, this has not been the case, mainly
because only few, and sometimes contradictory
studies were published on the relationship
between EC and udder HS (Argüello, 2011). In
a study carried out with different breeds, Ying
et al. (2004) reported that EC increased with
infection in Saanen and decreased in Alpine

goats. Petzer et al. (2008) identified a moder-
ately positive correlation between EC levels
and California Milk Cell Test. Tangorra et al.
(2010) found a significantly higher level of EC
in infected glands, but only in different lacta-
tion stages (LSs) and types of EC traits. Diaz et
al. (2011) observed a remarkable effect with
unspecific mastitis (negative bacterial culture
and SCC>1,000,000 cells/mL), which they
related to EC variations arising from other fac-
tors, such as farm, parity, month of lactation,
and milk composition. In another study based
on daily EC measurements (Díaz et al., 2012),
a remarkable increase in EC was observed,
when major pathogens were causing an infec-
tion. Romero et al. (2012) reported low sensi-
tivity and specificity of mastitis detection with
EC, when different milking fractions and
thresholds were considered. Furthermore, the
authors highlighted that such low performance
was in line with the results obtained by Díaz et
al. (2011) and highlighted that, in order to
develop a better mastitis detection system
using EC, the intrinsic variation in the animal
must be considered, the use of simple thresh-
olds have to be avoided (as in cows), and other
significant factors need to be included. One of
these could be MY. Ying et al. (2004) reported
a MY reduction by more than 40% in Saanen
and Alpine goats in case of IMI. Leitner et al.
(2004) found a significant reduction in MY, if
both glands were infected and a greater dam-
age to the gland was caused.
The aim of the study was to determine the

detection characteristics of EC when relative
trends are evaluated. Electrical conductivity
measurements were acquired daily on-line
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through specific conductimeters located in the
goat clusters. The readings were then com-
pared with those from previous milkings in
order to consider the intrinsic variation of the
animals. Milk yields were also taken into
account and evaluated with the same
approach. A multivariate model developed with
fuzzy logic technology was used to evaluate
these relative traits. Fuzzy logic is an easy and
powerful method that translates general
knowledge into a formal mathematical model
suitable for computer processing (Biewer,
1997). Fuzzy logic was used in cows with inter-
esting results (Cavero et al., 2006; de Mol and
Woldt, 2001; Kramer et al., 2009), offering bet-
ter results than univariate methods.
Nevertheless, no examples of the application
of this method to assess the HS of dairy goats
are present in scientific literature.

Materials and methods
Animals and farm management
The experiment was conducted for six

months at the Experimental Farm of Borgo
Adorno, University of Milan, Italy. Eight
healthy Saanen goats at second lactation, 10±5
days after delivery were randomly selected
from a herd of 400 dairy goats. The animals
were housed in a pre-fabricated building and
fed twice a day with a commercial feed cover-
ing specific nutritional requirements during
the entire experimental period. Goats were
milked twice a day (7:00 a.m. and 5:00 p.m.).
The milking parlour had a low-line design with
self-locking gates with 2 platforms consisting
of 16 milking units and 16 places per platform.
Milking parameters were: 90 pulsations per
minute, a vacuum level of 40 kPa and a pulsa-
tion ratio of 60%. Milk yields were measured
during each milking using milk meters
approved by the International Committee for
Animal Recording (ICAR) (AfiFree; Afimilk
Ltd., Kibbutz Afikim, Israel), installed in each
milking unit, and automatically recorded in the
farm management software application
(AfiShepherd; Afimilk Ltd.). 

Collection and analyses of milk
samples 
Individual milk samples were collected daily

aseptically from each mammary gland during
the morning milking for SCC and bacteriologi-
cal evaluation. In particular, milk samples were
collected after teat disinfection with chlorhex-
idine-moistened towels, after discarding the
first milk streams.
A total of 2804 milk samples were collected

for bacteriological analysis according to the
International Dairy Federation standard
method (FIL-IDF, 1981). Other 2804 samples
were analysed for SCC using a Bentley
SomacountTM 500 analyser (Bentley
Instruments Inc., Chaska, MN, USA), following
the FIL-IDF (1995) recommendations.
According to the results of microbiological

tests and SCC, samples were classified into
three experimental cases. Case 1 (C1) includ-
ed milk samples with SCC<1,000,000  cells/mL
and absence of pathogenic microorganisms.
Case 2 (C2) included milk samples with bacte-
riological tests positive for IMI. Case 3 (C3)
included milk samples with SCC>1,000,000
cells/mL in 2 or more consecutive sampling
days for non-physiological causes and without
pathogenic microorganisms. The threshold of
1,000,000 somatic cells/mL was selected, con-
sidering both the legal requirements and the
literature. Reg. CE n 1662/2006 sets at
1,500,000 cells/mL the legal limit for somatic
cells in raw goat milk, whereas this limit was
set at 1,000,000 cells/mL according to the
Pasteurized Milk Ordinance regulation (FDA,
2007). In the literature, some recent studies on
dairy goats (Diaz et al., 2011, 2012; Romero et
al., 2012) reported that the persistence of
1,000,000 somatic cells/mL which is not due to
physiological causes is indicative of non-
healthy glands, even if bacteriological analysis
are negative for IMI. In the present study, the
threshold of SSC was selected being the lower
level among those reported above. Samples
classified in C1 were associated with healthy
glands, while those in C2 and C3 with non-
healthy mammary glands. 

Data acquisition system and elec-
trical conductivity measurements
Four experimental milking clusters

(Tangorra et al., 2010) were used to measure
EC. They were developed by modifying com-
mercial units equipped with individual milking
claws [Vanguard; Interpuls S.p.A., Albinea
(RE), Italy]. At the basis of each individual
milking claw, a pair of stainless electrodes was
placed to measure the specific EC, as milk was
flowing from the gland. An additional couple of
electrodes was placed inside each short milk
tube to detect the milk flow. Therefore, incon-
sistent data due to milk residues in each milk-
ing claw was avoided. 
During every morning milking, EC (mS/cm)

was measured on-line in milk from each gland.
The hardware used for the EC data acquisition
included: a portable PC with a data acquisition
and analogue/digital conversion card
(DAQCard AI-16E-4; National Instrument,
Austin, TX, USA) and five conductivity reader

boards [Milkline S.r.l., Gariga di Podenzano
(PC), Italy]. A customised software application
developed with LabVIEW 8.02 (National
Instrument) was used to acquire the signals
with a sampling rate of 1 Hz. Data was record-
ed in simple .txt files using the goat ID farm
number, date and time to name each file. A cal-
ibration procedure of the entire acquisition
system was carried out every 2 weeks using a
solution of water and chlorine-based detergent
for the milking machines.
A customised Matlab routine (The

Mathworks, Natick, MA, USA) was used to
identify the milk EC of a specific goat and day
of milking by processing all the .txt files. The
rules implemented in the routine were the fol-
lowing: i) milk EC readings less than 2 mS
were considered outliers and excluded, ii)
series with less than 20 valid readings were
coded as missing, iii) the mean of the 20 high-
est readings was calculated and identified as
the milk EC.

Electrical conductivity and milk
yield traits
For every morning milking and each individ-

ual goat, estimated EC values (for each gland)
and MY were calculated through the following
moving-average model:

This model calculates a new estimated value
(Yt’) from the mean of the last N values.
According to the findings of Cavero et al.
(2007), ten previous values were considered in
the model (N=10). Subsequently, relative devi-
ations of EC and MY between measured and
estimated values were calculated.

Fuzzy logic and model setup
Fuzzy logic is a multivariate method that

translates general knowledge into a formal
mathematical modelling suitable for computer
processing (Biewer, 1997). A fuzzy logic sys-
tem includes three steps (Klir and Yuan, 1995;
Zimmerman, 1996): fuzzification, fuzzy infer-
ence and defuzzification (Zimmermann,
1996). During fuzzification, each real input
variable is transformed into a linguistic one,
where values are terms rather than numbers.
Each term has a membership function, with an
output range from zero to one and a piecewise
linear trend, often with a triangular or trape-
zoidal shape. For each real value of the vari-
able, it describes its grade of membership to
the term’s fuzzy set. For example, the real vari-
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able MY could be transformed into a linguistic
variable MY with the terms low, moderate, and
high. For each term, a specific membership
function could be defined, obtaining three
fuzzy sets as reported in Figure 1. After this
step, for each real value of MY, the correspon-
ding grade of membership to each fuzzy set
could be determined. As an example, in case of
a real yield of 1.95 (kg/d), the grade of mem-
bership to the fuzzy set low would be 0.0, to the
fuzzy set moderate would be 0.3 and to the
fuzzy set high, 0.7. This means that the consid-
ered yield may not certainly be low, but high
and also somewhat moderate. Fuzzy inference
is the step in which the real knowledge of the
modelled system is expressed through the for-
malisation of a set of rules. These rules have
the IF ... THEN base structure and are defined
in terms of linguistic variables identified dur-
ing the fuzzification step. This kind of rule
could be for example: IF (bacteriological analy-
sis is positive AND SSC is high) THEN the
gland is probably not healthy.
Defuzzification is the final step, in which

the outputs obtained from the application of
the rules to the linguistic variables used in the
model are transformed back into real variables.
This is performed through special areas
included below the membership functions of
the output variable, which on the basis of dif-
ferent calculation techniques (i.e. the centre of
gravity) translate data into a single output
value.

Fuzzification
Electrical conductivity and MY relative devi-

ations were used as input variables for the
fuzzification step. Also, the maximum EC value
between the udder glands was used as an input
variable. The membership functions of the
input variables were mainly derived from the
literature (Cavero et al., 2006; de Mol and
Woldt, 2001; Salehi et al., 2000). Details on
terms and shapes used are reported in Table 1.

Fuzzy inference
Also the rules for the fuzzy inference step

were mainly derived from the well (Cavero et
al., 2006; de Mol and Woldt, 2001; Díaz et al.,
2011, 2012; Salehi et al., 2000; Ying et al.,
2004) and different combinations of these
rules were evaluated. The determination of the
HS of the goat with membership functions
equal to very high, high, middle and low prob-
ability of disease were the outcomes of the
combined input variables. All the rules applied
to variables like maximum EC, deviation of EC
and deviation of MY are reported in Table 2.

Defuzzification
The output values of the fuzzy inference

step were transformed back into a single num-
ber by calculating the centre of gravity of the
area below a specific geometric shape. This
contour was obtained from the superimposed
membership functions of the output variable,
which was dynamically modified by the output
values of the fuzzy inference. The x-axis of the
calculated centre of gravity was set as the
defuzzified result of the fuzzy system and used
in the statistical analyses. 
All of these computational evaluations were

carried out using the Fuzzy Logic Toolbox of
Matlab (The Mathworks).

Statistical analyses
In order to validate the data acquired during

the experiment, relationships between HS and

SCC, EC, MY and deviations of EC and MY were
studied. 
In the first step, the distribution of variables

was graphically evaluated using box-plots, his-
tograms, and normal probability plots. Values
of EC (mS/cm) and SCC (×1000 cells/mL) were
transformed into base 10 logarithm to nor-
malise their distributions. The Shapiro-Wilk
test was used to confirm the normal distribu-
tion of all the variables under study.
In the following step, the associations

between the explanatory variables and SCC,
EC and MY were evaluated using a generalised
linear model (GLM) (IBM SPSS Statistics, ver-
sion 21). Explanatory variables and the first-
order interaction term that were investigated
with SCC, EC and MY were: HS (0=healthy;
1=not healthy), LS (1=0 to 60 days in milking
(DIM); 2=61 to 120 DIM; 3=>120 DIM) and the
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Table 1. Membership functions for the traits considered in the study.

Trait                                           Function               Shape                                        Point of characterisation

Maximum EC                          Low                        Trapezoidal                                     (4;1) (9;1) (12;0)
                                                  Middle                   Triangular                                      (9;0) (12;1) (15;0)
                                                  High                       Trapezoidal                                   (12;0) (15;1) (20;1)
Deviation in EC                      Low                        Trapezoidal                                 (0;1) (0.04;1) (0.07;0) 
                                                  Middle                   Triangular                                  (0.04;0) (0.07;1) (0.1;0)
                                                  High                       Triangular                                  (0.07;0) (0.1;1) (0.13;0)
                                                  Very high               Trapezoidal                                  (0.1;0) (0.13;1) (1;1)
Deviation in MY                      Very low                Trapezoidal                                 (0;1) (0.09;1) (0.13;0) 
                                                  Low                        Triangular                                 (0.09;1) (0.13;0) (0.17;0)
                                                  Middle                   Triangular                                 (0.13;0) (0.17;1) (0.21;0)
                                                  High                       Triangular                                 (0.17;0) (0.21;1) (0.25;0)
                                                  Very high               Trapezoidal                                 (0.21;0) (0.25;1) (1;1)

EC, electrical conductivity; MY, milk yield.

Figure 1. Example of milk yield as a possible linguistic variable with its three terms mem-
bership functions: low, moderate, and high. The degrees of membership for each fuzzy set
of a specific milk yield (i.e. the intercepts with the horizontal grey line corresponding to
the milk yield of 1.95 kg) are also highlighted.Non
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LS×HS. In the GLM model, goats were consid-
ered as random terms to account for the clus-
tering of mammary glands within animals
(Barkema et al., 1997). Furthermore, the rela-
tionship between deviations of EC and MY, cal-
culated as the difference between measured
and estimated values, was studied using the
Spearman coefficient of correlation (SPSS
Statistics, version 21.0), in accordance with
the HS. In the final step, the EC detection char-
acteristics were evaluated on the basis of the
accuracy reached by the fuzzy logic model. Each
value of defuzzification was compared with a
specific cut-off level (0.1 to 0.9 with incremental
step of 0.1). When the defuzzified value exceed-
ed that level, an alarm was reported. Otherwise,
the predicted status was considered healthy. For
each goat and days of milking after the first ten
observations, a comparison between the alarms
and the observed status was performed and
classified as: true positive (TP), if an alarm was
reported by the model and the corresponding
milk sample was classified in C2 or C3; false
negative (FN), if no alarm was reported and the
corresponding milk sample was classified in C2
or C3. Furthermore, when milk samples were
classified in C1, each result was considered true
negative (TN), if no alarm was reported, or false
positive (FP), if an alarm was reported by the
fuzzy logic model. Lastly, the accuracy was eval-
uated on the basis of sensitivity and specificity.
In this context, sensitivity represents the per-
centage of alarms reported correctly in all the
cases of milk samples classified in C2 or C3: 

sensitivity=TP/(TP+FN)*100

The specificity indicates the percentage of
healthy states predicted correctly out of all the
cases of milk samples classified in C1 (i.e.
healthy glands): 

specificity=TN/(FP+TN)*100

The sensitivity and the specificity of a test
are inversely correlated in general. In order to
use the test in a practical application, a cut-off
level has to be selected. On the basis of this
selection, the sensitivity and the specificity of
the test can be determined. Then by changing
this selection, another pair of sensitivity and
specificity values can be calculated. The final
cut-off level selected for the test will depend on
the needs and/or on the gold standards, when
available, of each specific application. 
An average sensitivity of 80% has been

reported in the literature (Hillerton, 2000), as
the gold standard of human observation,
although it can be affected by variables such as
the skills of the milker and the severity of the
case. Accordingly, a specific cut-off level
among those evaluated was chosen in order to
reach a sensitivity of at least 80%. The result-
ing pair of sensitivity and specificity was con-
sidered the level of accuracy reached by the
fuzzy logic model developed and used to evalu-
ate its reliability. 

Results and discussion

Individual milk samples submitted to main
microbiological tests were 2804 in total. The
prevalence of positive samples was 56.1%
(n=1574; Table 3). The most prevalent mastitis
agent was coagulase-negative Staphylococcus
(CNS) (90.1% of the bacteriological positive
results; Table 4). The prevalence of glands
without pathogenic microorganisms with
SCC>1,000,000, was 2.6%. The overall preva-
lence of non-healthy samples was about 58.7%
for glands and 69.5% for goats. However, no
cases of clinical mastitis were observed during
the experimental period.
Relationships between HS and SCC, EC and

MY were also investigated. Means of SCC
increased significantly (P<0.001), as lactation
progressed (5.26±0.02 log SCC in 0 to 60 DIM,
5.40±0.02 log SCC in 61 to 120 DIM, and
5.51±0.03 log SCC in >120 DIM; Table 5).
Higher significant mean value (P<0.001) of
SCC was observed in NH glands (5.33±0.02 vs
5.45±0.02 log SCC), but the interaction
between LS and HS was not significant. Also
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Table 2. Rules of the fuzzy inference step about the traits considered in the study. As shown when deviation in milk yield changes from
middle to high or very high, values in the table increase in order to highlight an higher probability of disease. On the contrary, values
decrease when the deviation in milk yield becomes low or very low. Similar trends can be observed considering the other traits reported
in the table.           

Fuzzy inference rules                                                                                                                         Deviation in MY

                                                  Very low                                      Low                                      Middle                                                   High                                                          Very high 
                                             Maximum EC                          Maximum EC                        Maximum EC                                     Maximum EC                                               Maximum EC

                                    Low       Middle      High             Low  Middle   High            Low     Middle       High                 Low        Middle            High                   Low           Middle           High

Deviation in EC                                                                                                                                                                                                                                                                                                
Low                           None        None       None           None   None    None          None     None        None                None         None              Low                  None             Low             High
Middle                      None        None       None           None   None    None          None     None         Low                 None          Low               High                   Low              High        Very high
High                           None        None       None           None   None     Low           None      Low          High                 Low          High          Very high              High         Very high    Very high
Very high                  None        None        Low            None    Low   Middle          Low     Middle   Very high           Middle    Very high      Very high          Very high     Very high   Very high

EC, electrical conductivity; MY, milk yield.

Table 3. Distribution of mammary glands by health status in different samples groups.

HS                                                                                     Total                                     C2                                  C3

                                                                               n                     %                  n                      %             n                    %

Healthy                                                              1158                 41.3                -                       -               -                     -
Not healthy (from goats unilaterally)         304                  10.8              275                   9.8            29                  1.1
Not healthy (from goats bilaterally)          1342                 47.9             1299                 46.3           43                  1.5
Total                                                                   2804                 100              1574                 56.1           72                  2.6

HS, health status; C2, milk samples with bacteriological analyses positive for intramammary infection; C3, milk samples with somatic
cell count>1,000,000 cells/mL.
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EC means (mS/cm) increased significantly
(P<0.001) during all LSs (11.14±0.07 in 0 to 60
DIM, 14.08±0.08 in 61 to 120 DIM, and
14.40±0.10 in >120 DIM; Table 6). The mean
value showed to be significantly higher in NH
glands (13.10±0.08 vs 13.31±0.06), even if the
significance obtained (P<0.05) was lower than
for log SCC. Interaction between LS and HS
was not significant as for SCC. Milk yield
means presented a low increase during lacta-
tion (1.07±0.02 to 1.12±0.03 kg/milking; Table
7), as well as a small difference between HSs
(1.09±0.02 vs 1.08±0.01 kg/milking). However,
explanatory variables included in the statisti-
cal model and their interaction did not show to
be statistically significant.
Correlations between deviations of EC and

MY were studied as well. A significant correla-
tion between these trends was identified when
all data was considered (Spearman coeffi-
cient=0.55; P<0.01). When correlations
between deviations of EC and MY were evalu-
ated according to HS, a significant value was
found for non-healthy cases (Spearman coeffi-
cient=0.18; P<0.001), while no significant cor-
relation was observed in healthy cases.
However, the deviation of EC showed to have a
significant correlation with HS, when devia-
tions of MY were not considered (Spearman
coefficient=0.78; P<0.001).
Lastly, the accuracy reached by the fuzzy

logic model was investigated. The model
showed a sensitivity and a specificity that var-
ied for each cut-off level, as expected. In partic-
ular, specificity increased and sensitivity
decreased with increasing cut-off levels.
Following this trend, for each cut-off the levels
of sensitivity and specificity were obtained in
pairs (Table 8). In order to have a model sensi-
tivity of at least 80%, the cut-off level of 0.7 was
selected among those evaluated. Consequently,
a pair of sensitivity and specificity was
obtained (81 and 69%, respectively) and con-
sidered to be the accuracy level reached by the
fuzzy logic model.

Experimental data evaluation
In order to evaluate the data acquired during

the experiment, the prevalence of bacteriolog-
ical results, the relationships between HS and
SCC, EC, MY, the deviations of EC and MY in
some parameters according to LS were
analysed.
The prevalence of bacteriological positive

samples was high (56.1%). This result was
probably influenced by different factors related
to environmental conditions and chronic intra-
mammary infections. The persistence of sub-
clinical IMI during lactation varied depending
on the causative pathogen, but it was generally
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Table 4. Distribution of pathogenic microorganisms found in infected mammary glands.

Isolated bacterial strains                                                       n                                                          %

Staphylococcus aureus                                                         10                                                        0.6
CNS                                                                                          1418                                                     90.1
Escherichia coli                                                                      17                                                        1.1
Streptococcus spp.                                                                 88                                                        5.6
Lactose-negative bacteria                                                   22                                                        1.4
Pseudomonas                                                                          19                                                        1.2
Total                                                                                        1574                                                     100

CNS, coagulase-negative Staphylococcus.

Table 5. Overall means and standard errors of somatic cell count of milk samples accord-
ing to goats’ health status and lactation stages. 

DIM                                                                                                           SCC, log

                                                                  Total goats                       Healthy goats          Non-healthy goats

0 to 180                                                     5.42±0.01                            5.33A±0.02                    5.45B±0.02
0 to 60                                                       5.26a±0.02                            5.22±0.03                      5.29±0.03
61 to 120                                                  5.40b±0.02                            5.33±0.03                      5.46±0.03
121 to 180                                                5.51c±0.03                            5.42±0.06                      5.59±0.02

DIM, days in milking; SCC, somatic cell count. ABMeans in the same row with different uppercase letters differ significantly (P<0.05);
a-cmeans in the same column with different lowercase letters differ significantly (P<0.001).

Table 6. Overall means and standard errors of electrical conductivity of milk samples
according to goats’ health status and lactation stages. 

DIM                                                                                                                EC, mS/cm

                                                                            Total goats                     Healthy goats                Non-healthy goats

0 to 180                                                              13.25±0.05                        13.10A±0.08                        13.31B±0.06
0 to 60                                                               11.14a±0.07                        11.11±0.10                          11.17±0.11
61 to 120                                                           14.08b±0.08                        13.82±0.12                          14.34±0.11
121 to 180                                                         14.40c±0.10                        14.34±0.20                          14.43±0.07

DIM, days in milking; EC, electrical conductivity. ABMeans in the same row with different uppercase letters differ significantly
(P<0.05); a-cmeans in the same column with different lowercase letters differ significantly (P<0.001).

Table 7. Overall means and standard errors of milk yield according to goats’ health status
and lactation stages.

DIM                                                                                                             MY, kg/milking

                                                                            Total goats                     Healthy goats                Non-healthy goats

0 to 180                                                               1.09±0.01                          1.09±0.02                            1.08±0.01
0 to 60                                                                 1.07±0.02                          1.08±0.02                            1.06±0.03
61 to 120                                                             1.07±0.02                          1.09±0.03                            1.06±0.03
121 to 180                                                           1.12±0.03                          1.10±0.05                            1.13±0.02

DIM, days in milking; MY, milk yield.

Table 8. Accuracy reached by the fuzzy logic model in terms of sensitivity and specificity
at different cut-off levels.

Cut-off levels                                                                Sensitivity, %                                   Specificity, %

0.90                                                                                           62                                                       86
0.80                                                                                           73                                                       79
0.70                                                                                           81                                                       69
0.60                                                                                           85                                                       66
0.50                                                                                           89                                                       64
0.40                                                                                           93                                                       58
0.30                                                                                           95                                                       52
0.20                                                                                           98                                                       41
0.10                                                                                          100                                                      23
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high, since the Staphylococcus was the most
frequent. In this study, the most prevalent mas-
titis agents were CNS (n. 1418). Even though
CNS organisms are minor pathogens in dairy
cattle, they are frequently associated with sub-
clinical mastitis in small ruminants and are
the most prevalent pathogens of the mammary
gland among sheep and goats. Sources of CNS
include milker’s hands and the skin of the ani-
mals, including the teat surface. In addition,
CNS can potentially trigger a chronic infection
(McDougall et al., 2002). The remaining sam-
ples classified as non-healthy glands showed a
low prevalence (2.6%). They were charac-
terised by negative bacteriological culture and
high levels of SCC in the milk. These results
may have been due to undiagnosed organisms,
such as viruses causing viral infections. 
Coagulase-negative staphylococci signifi-

cantly increased during lactation (5.26 to 5.51
log SCC) and were significantly higher in milk
samples from non-healthy glands (5.33 vs 5.45
log SCC). The same trends were recently
reported by other studies (Díaz et al., 2011,
2012; Paape et al., 2007; Romero et al., 2012;
Tangorra et al., 2010). Romero et al. (2012), in
a study on 84 Murciano-Granadina goats at the
fourth mouth of lactation, analysed three dif-
ferent milking fractions and found that the
highest SCC levels were observed in infected
glands associated with all the considered frac-
tions. Furthermore, SCC in infected glands
was approximately twice as high as in healthy
glands (from 5.03 for the first fraction of milk-
ing to 5.31 log SCC for the third fraction of
milking in healthy glands, compared with 5.47
for the first milking fraction and 5.66 log SCC
for the third fraction of milking in cases of
infected glands). Díaz et al. (2012), in a study
on 18 Murciano-Granadina goats at the third
month of lactation, found a significant
increase of SCC after infection of a gland,
which was not observed in collateral healthy
glands or in glands from goats free from infec-
tion. In another study conducted by Diaz et al.
(2011) over 7 months of lactation on 105
Murciano-Granadina goats from 3 different
farms reported a significant increase in the
average value of log SCC during lactation
(from 5.83 for the first month of lactation to
6.03 for the seventh month of lactation). Also,
a significant increase was observed in mastitis
levels. Tangorra et al. (2010) in a study on 8
Saanen goats over 225 days of lactation report-
ed that in healthy glands log SCC increased
from the beginning to the end of the lactation
cycle (from 5.77 to 6.39) and that the mean
level of SCC for the whole lactation period was
significantly different in milk from healthy vs
infected glands (6.18 vs 6.86 log SCC). Paape

et al. (2007), after analysing data from 16,041
goats of different breeds, concluded that a pro-
gressive increase in SCC is observed in non-
infected goat glands, as lactation progresses.
Intramammary infection proved to be the
major cause for an increase of milk SCC, even
if other non-infectious factors, such as
oestrus, season and MY, may play a role.
The EC means (mS/cm) increased signifi-

cantly during all lactation (from 11.14 to 14.40)
and mean value showed to be significantly
higher in glands classified in C2 and C3 groups
(13.10 vs 13.31). Results obtained do not
match with the findings of Romero et al.
(2012), who found a lack of significant effect
of HS on EC. However, in this study a higher
prevalence of bilateral infections was observed
(47.9 vs 32.3%). Díaz et al. (2012) found a sig-
nificant increase of EC only in cases of bilater-
al infection. Higher prevalence of bilateral
infections observed in this study could there-
fore explain the different significance that
data showed in terms of the relationship
between EC and HS. As to the EC trend in dif-
ferent LSs, Diaz et al. (2011) found comparable
results, such as an increase of EC with pro-
gression of lactation in multiparous goats.
Tangorra et al. (2010), instead, found the same
results in relation to the effects of lactation
and HS on EC. The mean values obtained for
the parameter X20 (equal to the 20 highest EC
values within a milking) at incremental LSs
were: 11.23, 13.87 and 14.61 and 13.03 vs 13.45
for healthy and infected glands, respectively.
Milk yield means presented a low increment

during LSs evaluation. These results are in
contrast with the general knowledge about
milk production curves during lactation.
However, León et al. (2012) in a recent study
on lactation curves of Murciano-Granadina
goats found that factors such as region, lacta-
tion number, and seasonal aspects affect both
the scale and the shape of lactation curves. In
particular, they found that goats in their first
lactation have a lower initial production level,
as well as a lower peak yield later on.
Furthermore, a scaling effect was found in the
second lactation. Also, the goats of this study
were at their second lactation. In addition, the
limited number of animals and the type of
sampling of LSs (0 to 60, 61 to 120, >120 DIM)
may have affected the data observed. As for the
relationship with HS, results showed a limited
difference of MY between healthy and NH
glands (but a lack of significance was found).
These results are in contrast with the findings
of Ying et al. (2004), which in a study on
Saanen and Alpine goats reported a reduction
of more than 40% of MY in cases with IMI.
However, Diaz et al. (2012) also found that MY

did not decrease significantly after the initial
development of the infection. They supposed
that this was probably attributable to the sub-
clinical infection that most animals developed
in agreement with the results of Leitner et al.
(2004), who found a significant reduction in
yield, when both glands were infected and
severely damaged. Among the goats included
in the experiment, the number of clinical cases
of mastitis was not remarkable. The most fre-
quent microorganism found in bacteriological
tests performed was CNS. Koop et al. (2010),
in a study aimed to estimate MY losses associ-
ated with IMI in dairy goats, reported no signif-
icant MY losses in case of infection with CNS.
The correlation between deviations of EC

and MY was significant, when all data was con-
sidered and also in the case of non-healthy
glands when HS was taken into account. Diaz
et al. (2011) found a significant correlation
between EC and MY in infected glands, when
data was analysed according to the HS, but no
significant correlation was obtained with
healthy glands or when all data was consid-
ered. Although changes in absolute values of
EC and MY may affect the trends of the corre-
sponding relative deviations, these pairs of
parameters have a different meaning.
Consequently, results obtained by Diaz et al.
(2011) are not directly comparable and no
other investigations on these parameters
about dairy goats are reported in the scientific
literature. However, the deviation of EC
showed a significant correlation with HS,
when the deviation of MY was not considered,
as well as found for the absolute value of EC.
These results suggest that the deviation of EC
could be a useful parameter to improve dairy
goat HS detection. 

Fuzzy logic evaluation
Fuzzy logic is a technique that translates

general knowledge into a formal mathematical
model. Linguistic variables are the keys of this
translation procedure. They use words rather
than numbers and can describe a system in a
way that is closer to human intuition. With
their membership functions and rules, they
are able to manage uncertain data about some
parts of the system. Moreover, through specific
logical and arithmetical calculations, they
make it possible to process the model electron-
ically.
The application of this technique, in com-

parison with other univariate or multivariate
models built with mathematical or statistical
approaches, offers the advantage of being easy
to interpret, modify and adapt. In our experi-
ence, the translation of general knowledge into
membership functions and rules applied to the
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selected linguistic variables was quite easy.
Moreover, different membership functions, in
terms of shapes and outputs, and different
rules were considered in order to obtain a bet-
ter set-up of the model, with no significant
problems. 
Fuzzification and fuzzy inference are the

most important steps in the fuzzy logic tech-
nique, since they affect the accuracy of the
model. Unfortunately, no standard methods are
available to perform these steps in order to
reach optimal results, starting from the human
knowledge and experience of a specific appli-
cation. Only two different strategies can be fol-
lowed: a trial-and-error and a mathematical
procedure that can reduce classification errors
of the model. The former has the disadvantage
that it is a time-consuming process and does
not always allow to set-up the model in order to
reach the best accuracy. The latter strategy,
instead, needs to be based on the experimental
data collected (at least a third). Furthermore,
the procedure works to find out the best accu-
racy on the shapes and outputs of the member-
ship functions of the model. In some cases, at
the end of this optimisation, the shapes and
the outputs of the membership functions can
be so different that ease of interpretation could
be partially lost in the resulting fuzzy logic
model. In addition, the final set-up of the fuzzy
model is directly related to the data-set used
for the optimisation procedure. If this set is
not significant for the application studied,
then the accuracy reached by the model in a
real application will not be suitable.
In this study, the number of membership

functions was low. Therefore, it was not diffi-
cult to reach a good set-up of the model, even
if a trial-and-error approach was followed.
Nevertheless, the simplicity and the potential
of this technique would be best suited to
broader application range. With an increased
basic knowledge of dairy goat HS, new param-
eters could be available to be used as input lin-
guistic variables. In that case, however, the use
of a trial-and-error approach could be unsuit-
able to reach a good set-up of the model
because of the higher number of membership
functions. Therefore, it could be necessary to
rely on a mathematical procedure to optimise
the model, which should be considered during
the development of the experimental design in
order to have enough experimental data to per-
form correctly both the optimisation and the
evaluation of the model.

Detection characteristics of electri-
cal conductivity with fuzzy logic
In dairy goat research, no studies on the

detection of HS characteristics with EC based
on fuzzy logic models are present. However,
other types of models or indexes were
analysed. Romero et al. (2012) studied the
effect of the milking fraction on EC and found
that the EC mastitis detection readings were
similar in the three milking fractions analysed,
and that the best performance obtainable with
a defined threshold of 5.20 mS/cm had a sensi-
tivity of 70% and a specificity of 50%. Diaz et
al. (2011) analysed data from 3 different farms
and reported [with a threshold of 5.20 mS/cm
as in Romero et al. (2012)] sensitivities that
ranged between 60 and 93% and specificities
between 22 and 47% (depending on the farm
considered).
In this study, the sensitivity and specificity

reached by the fuzzy logic model were 81 and
69% respectively. Compared with the above
reported results, the value of specificity found
was more than what was found by Romero et
al. (2012) (69 vs 50%), and Diaz et al. (2011),
if different cut-off levels with the sensitivity
set at at least 80% are selected (69 vs 40%, 5.0
mS/cm, farm 1 to 69 vs 27%, 5.1 mS/cm, farm 2
to 69 vs 35%, 5.4 mS/cm, farm 3). Therefore,
the fuzzy logic model proved to be an interest-
ing approach to detect HS in dairy goats, since
the accuracy offered by the model was better
than those obtained with univariate evalua-
tions of different EC traits. Furthermore, the
results showed that the use of on-line daily
measurements and deviations of EC between
the predicted and actual values can lead to the
development of more accurate on-line health
detection systems also in dairy goats, as
argued by Romero et al. (2012) and Diaz et al.
(2011).
Conversely, many methods to detect udder

HS in cattle based on EC and fuzzy logic tech-
nology have already been developed and tested.
Kramer et al. (2009), in a research on the con-
trol of lameness and mastitis in cows based
fuzzy logic mode, reported mastitis detection
specificities that ranged between 88.3 and
77.4%, depending on the different definitions
of mastitis (e.g. udder treatment and udder
treatment or SCC over 400,000/mL). Cavero et
al. (2006) aimed to develop a fuzzy logic
method to classify mastitis status in cows
milked with an automatic milking system,
reported sensitivities that ranged between
92.9 and 83.9%, and specificities between 93.9
and 75.8%, depending on the different defini-
tions for mastitis (e.g. udder treatment per-
formed based on SCC, with SCC>100,000
cells/mL, or with SCC>400,000 cells/mL). De
Mol and Woldt (2001), in a research designed
to reduce the number of FP cases produced by

a previously developed detection model (de
Mol and Ouweltjes, 2000), tested a fuzzy logic
method and reported a sensitivity of 100% and
a specificity >99.5%. All clinical cases without
measurement errors were classified correctly,
and the resulting number of FP alerts from a
subset of 25 cows that did not show any signs
of mastitis was reduced from 1266 to 64 by
applying the fuzzy logic method.  
In our study, results obtained with the fuzzy

logic model were generally fewer, if compared
with results reported in dairy cows. This is
probably due to the lack of a significant
decrease of MY in non-healthy glands, also
worsened by an insignificant correlation
between deviations of MY and HS, which
affected the accuracy of the model. These
results seem to confirm that MY is not a useful
parameter to detect HS in dairy goats, as found
by Díaz et al. (2012). However, in dairy cows
the decrease of MY is generally more signifi-
cant in cows with mastitis. This is particularly
true when clinical mastitis occurs (Hertl et al.,
2014; Schukken et al., 2009), as in some of the
above studies, where good detection perform-
ance was reached. In our study, no clinical
cases were reported. This could explain the
lower results we obtained. If different experi-
mental data were to be collected and evaluated
with the fuzzy logic model, the results obtained
could be closer to those reported in dairy stud-
ies. Furthermore, the use of more informative
parameters obtained with a more extensive
knowledge of dairy goat HS, an improvement of
sensor technology, and the implementation of
more explanatory traits could also lead to bet-
ter results in detecting HS in dairy goats. 

Conclusions

The present study demonstrates that fuzzy
logic is an interesting approach to detect HS
also when applied to dairy goats. The multi-
variable model proved to reach better accuracy
than the models based on univariate approach-
es to different traits which were previously
published. Nevertheless, the specificity
obtained was lower than those in dairy cows.
This result seems to confirm that MY is not a
useful parameter to detect HS in dairy goats.
However, the results obtained showed that EC
detection of HS characteristics can be
improved, if EC is measured on-line, evaluated
daily without specific thresholds and compared
with the readings from previous milkings in
order to consider the intrinsic variation of the
animals.
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