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Abstract

Intramammary infection affects quality and
quantity of milk. Having as final target the
improving of animal health’ monitoring, this
research studied the gland milk electrical con-
ductivity (EC) signal in order to identify a pos-
sible parameter more representative of the EC
variations that can be observed, during a milk-
ing, when not healthy (NH) glands are consid-
ered. Two foremilk gland samples, from 40
Saanen goats, were acquired for three weeks
and lactation stages (LS: 0-60 Days In Milking;
61-120 DIM; =>120 DIM), for a total amount of
1440 samples. Bacteriological analyses and
somatic cells counts (SCC) were used to
define glands health status. In case of negative
bacteriological analyses and SCC <1,000,000
cells/mL, glands were classified as healthy;
alternatively, when bacteriological analyses
were positive or SCC higher than 1,000,000
cells/mL, for two or more consecutive days,
glands were classified as NH. A spectral analy-
sis, to calculate the frequency spectrum and
the bandwidth length of the milk EC signal,
was performed. To validate data acquired, A
MIXED procedure was used considering the
HS, LS and the LS x HS as explanatory vari-
ables of the statistical model. Results showed
that spectral analysis allows characterizing the
milk EC variations thorough the bandwidth
length parameter. This parameter has a signif-
icant relationship with the gland health status
and it provides more accurate information
than other traits, like the statistical variance of
the signal. Therefore, it could be useful to
improve the performances of multivariate
models/algorithms that detect dairy goat
health status.

Introduction

In lactating dairy goats, the inflammation of
the mammary gland is one of the most com-
mon infectious diseases. It is responsible for
important economic losses and it can reduce
yield and quality of the milk. Somatic cells are
a normal milk constituent that can be consid-
ered as indicator for the immune defence of
glandular tissue. Interrelationships between
variations in goat milk somatic cell count
(SCC) and the presence of different causative
agents, as well as other influencing factors,
were already discussed (Stuhr and Aulrich,
2010). Diagnostic tools, complementary or
alternative to SCC, in the evaluation of milk
with a high quality standard are needed (Rossi
et al., 2009). In particular, rapid detection of
intramammary infection (IMI) could help to
achieve high bacteriological cure rates due to
early treatment, with positive economic effects
of shorter treatments, less milk loss, and better
milk quality.

Udder inflammation can modify the concen-
tration of anions and cations of the milk
(Zaninelli and Tangorra, 2007) and conse-
quently the value of its electrical conductivity
(EC). According to this hypothesis, measure-
ments of milk EC have been studied and used
in dairy cattle as a tool for detecting subclinical
and early clinical mastitis before clinical signs
appear. On the contrary, in dairy goats
research, published studies on the EC of milk
from glands as a parameter to detect health
status are recent (Diaz et al., 2011, 2012;
Petzer et al., 2008; Romero et al., 2012;
Tangorra et al., 2006; Ying et al., 2004). They
are mainly focused on the general base knowl-
edge of dairy goat health status (HS) and they
report low detection performances, if com-
pared with those reached in dairy cows (Diaz
et al., 2011; Romero et al., 2012). The use of
more informative parameters achieved by an
increased base knowledge of dairy goat HS, an
improvement of sensory technology, and the
implementation of more explanatory traits is
suggested as a possible way to reach better
results in detecting HS also in dairy goats
(Zaninelli et al., 2014, 2015).

A cow suffering from mastitis may show,
during a milking, a variation in milk EC from
an infected quarter larger than variations in
milk EC from healthy quarters. Nielen et al.
(1995), investigating the ability of three differ-
ent models to detect mastitis based on the EC
of milk from udder quarters, reported an high-
er variation of the EC signal in milk from
infected quarters. Norberg et al. (2004), inves-
tigating the association with udder health sta-

tus of various EC traits, showed that the vari-
ance of all valid EC measures (σ2

EC) increases
between healthy quarters and infected quar-
ters, with a greater difference in case of clini-
cal infected quarters. Tangorra et al. (2010),
about a group of Saanen Goats, reported that
σ2

EC was grater in infected glands. However, in
all these studies, the variations of milk EC
were evaluated with general statistical param-
eters, such as the σ2

EC. Specific indexes, able
to characterize the milk EC signal pattern,
were not identified. With this goal, the spectral
analysis of the milk EC signal could be a valid
approach that, up to day, has never been inves-
tigated.

For these reasons, the aim of this study was
to apply a spectral analysis to the gland milk EC
signal in order to identify a new parameter
able to better characterize its pattern under a
qualitative and quantitative point of view, eval-
uating also the relationship of this parameter
with the gland HS of dairy goats.

Materials and methods
Animals and farm management

The experiment was carried out at the
Experimental Farm of the University of Milan,
Italy. In total, 40 Saanen goats, at their second
lactation, were randomly selected from a herd
of 400 dairy goats. The animals were fed twice
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a day with a commercial feed and housed in a
pre-fabricated building. Goats were milked at
the milking parlour of the farm that was a low-
line with self-locking gates, designed with 2
platforms consisting of 16 milking units and 16
places per platform. Set-up parameters of the
milking parlour were: a rate of 90 pulsations
per minute, a vacuum level of 40 kPa and had
a pulsation ratio of 60%. Each animal of the
experimental group was milked twice a day: at
7:00 a.m. and again at 5:00 p.m.

Collection and analyses of milk
samples

In order to classify the health status of
goats, bacteriological evaluations and somatic
cell counts were performed on gland milk sam-
ples collected during morning milkings. The
milk sample procedure involved teat disinfec-
tion with chlorhexidine-moistened towels after
the discarding of the first milk streams. For
each lactation stage (LS) evaluated (LS: 0-60
Days In Milking; 61-120 DIM; => 120 DIM),
three consecutive weekly samples were collect-
ed from each gland. A total amount of 1440
milk samples were collected: 720 samples were
used for bacteriological analysis according to
the International Dairy Federation standard
method (FIL-IDF, 1981), while the other milk
samples (n = 720) were analysed for somatic
cell counts (SCC) using a Bentley
SomacountTM 500 analyser (an instrument
that uses the principle of the laser based flow
cytometry; Bentley Instruments Inc., MN, USA)
and following the FIL-IDF recommendations
(FIL-IDF, 1995). In particular, the milk samples
were taken automatically and mixed with a flu-
orescent dye solution that allows the DNA
staining of the somatic cells. Aliquots of the
stained suspensions were injected into a lami-
nar stream of carrier fluid and exposed to a
laser beam. The obtained fluorescent pulses,
converted into electrical pulses, were counted
and translated into a somatic cell count by
pulse height analyses software according to
the AOAC approved methodology. Samples
analysed were classified into three experimen-
tal cases according to the results of microbio-
logical tests and SCC. Case 1 (C1) included
gland milk samples with an absence of patho-
genic microorganisms and SCC <1,000,000
cells/mL. Case 2 (C2) included gland milk sam-
ples with bacteriological analyses positive for
IMI. Case 3 (C3) included milk samples with
an absence of pathogenic microorganisms and
SCC >1,000,000 cells/mL on two or more con-
secutive sampling days for non-physiological
causes (Diaz et al., 2011).

Finally, samples classified in C1 were consid-
ered as milk samples collected from healthy

glands. Samples classified in C2 were consid-
ered as milk samples collected from not healthy
(NH) mammary glands. Samples classified in C3
were also considered as milk samples collected
from NH mammary glands because in some
recent studies on dairy goats (Diaz et al., 2011,
2012; Romero et al., 2012), it is reported that the
persistent overcoming of 1,000,000 somatic
cells/mL, not due to physiological causes, is sig-
nificant for NH glands even if bacteriological
analysis are negative for IMI.

Data acquisition system and elec-
trical conductivity measurements

A customized software application, developed
using LabVIEW 8.02 (National Instrument, TX,
USA), was used to acquire the gland EC signals.
They were measured, within milkings, by four
experimental milking clusters and stored in .txt
files using the goat ID farm number, date and
time to name each file. The sampling rate, used to
acquire the EC signals, was 1 Hz. A calibration
procedure of the whole acquisition system was
carried out at the start of the experiment and ebe-
fore each acquisition of EC datausing a solution
of water and chlorine-based detergent for the
milking machine. A further description of the
data acquisition system is provided in Zaninelli et
al. (2014).

Spectrum analysis
Each time-domain signal can be represent-

ed in the frequency domain by its spectrum. It
can be obtained by the application of specific
mathematical operators to the signal, such as
the Fourier Transform (FT). The spectrum
allows to describe a signal from a different
point of view and in some cases, it allows to
highlight some characteristics of the signal
pattern in a simple way.

In order to describe the relationship
between the time and frequency domains, two
different kinds of signals can be taken as
examples: a constant function C, and a
trigonometric function, such as A sin (t) or A
cos (t), of period P. The first one, will have a
spectrum made by a singular impulse of ampli-
tude C at the frequency of zero. The second
one, will have a spectrum made by a singular
impulse of amplitude A at the frequency f=1/p.
These simple relationships are the basis to
understand the general relationship between a
signal and its spectrum. A specific pattern in
the frequency domain means that the corre-
sponding signal in the time domain can be
considered as a sum of trigonometric func-
tions of different amplitudes and frequencies
according to its spectrum.

When a signal is discrete in the time
domain and made by a sequence of a defined

number of samples (N), a different kind of
transformation has to be used, called the
Discrete Fourier Transform (DFT). This math-
ematical operator always gives a representa-
tion of the signal in the frequency domain. The
difference with the FT is that the resulting
spectrum is discrete and periodical of period
�=1/N. Furthermore, it can be easily calculated
by optimizing algorithms suitable for computer
elaboration. In this latter case, the name of the
transformation used to calculate the spectrum
of the signal changes in Fast Fourier
Transform (FFT). 

Often a signal has a spectrum that shows
some characteristic peaks. These peaks (in
some cases called harmonics) characterize in
a unique way the signal in the frequency
domain, and having bigger amplitudes than
the other components of the spectrum, they
also give a good description of the main char-
acteristics of the signal pattern in the time
domain. However, these peaks are only a part
of the spectrum and they do not express all of
its informative content. Another way to reach
this goal is to evaluate the bandwidth of the
signal. This parameter includes in a unique
value, all the most important information con-
veyed by the spectrum and it gives also a rep-
resentation of the most significant character-
istics of the signal in the time domain.

In order to calculate the bandwidth of a sig-
nal, its energy can be considered. The total
energy owned by the signal can be evaluated as
the area below the curve of its spectrum in the
frequency domain. As the following step, tak-
ing a reasonable threshold (i.e. the 95% of the
total energy value), the first frequency of the
spectrum that overcomes this level can be
taken as the end of the signal bandwidth. This
parameter, also called bandwidth length,
expresses all the most important information
of the signal for both the frequency and the
time domains.

Spectral analysis performed
The EC signals stored in the .txt files were

evaluated by a dedicated Matlab routine (The
Mathworks, MA, USA) in order to calculate
their spectrums. The main steps performed by
the routine on each EC signal evaluated were
the following: first, some samples of the signal,
related to the start and the end of milking,
were deleted from the sequence. Second, the
mean value of the resulting signal was calcu-
lated, and subtracted to each sample of the
sequence. This step was performed in order to
have in the spectrum a null peak at the fre-
quency of zero, and consequently, a graph in
the frequency domain more readable because
not affected by scaling effects. Finally, on the

                                                                                     Spectral analysis of milk conductivity
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resulting sequence, the FFT was calculated.
Once the spectrum of the EC signal was

obtained, other steps were performed by the
Matlab routine. The total energy of the signal
was evaluated thorough the following formula: 

in which, Fs was the signal sampling rate, K
was the number of frequencies of the discrete
spectrum and Xi was the amplitude of the i-th
frequency of the spectrum. Furthermore, tak-
ing a threshold equal to 95% of the total signal
energy, the first frequency that overcame that
level was identified, and considered as the last
frequency of the signal bandwidth.  The
threshold of 95% of the total signal energy was
chosen because considered as a reasonable
value able to highlight the most important
information conveyed by each spectrum, after
to have evaluated the average signal/noise
ratio provided by the experimental spectrums
obtained. An example of all these steps is pro-
vided in Figure 1. In the upper graph are
reported the measured EC signals of milk,
acquired during a milking from each gland. In
the following graphs: on the left side are
showed the elaborations performed by the
Matlab routine on the EC signal of milk from
the left gland; in the right side are reported the
elaborations performed on the EC signal from
the right gland. In the both sides of the figure,
the first graph shows the sequence of signal
samples without the start and the end of milk-
ing. The middle graph shows the sequence of
single samples to which the mean value was
subtracted. The last graph shows the spectrum
obtained using the FFT transform to the previ-
ous sequence of signal samples. Finally, in this
latter graph, the value of the first frequency
that overcame the threshold selected is report-
ed, in term of frequency and amplitude. This
value defines the bandwidth of the signal, also
coloured to be easily highlighted.

Statistical analysis
In order to validate data acquired during the

experiment, relationships between SCC, EC
and glands HS were studied. Values of SCC
(×1000 cells/mL) and EC (mS/cm) were log
transformed in order to normalize their distri-
butions. The association between SCC, EC and
the explanatory variables were evaluated by a
MIXED procedure (IBM SPSS Statistics, ver-
sion 21). Explanatory variables, and the first-
order interaction term that were investigated
with SCC and EC were: the HS (0, healthy; 1
not healthy), lactation stage (LS - 1=0-60 Days
In Milking; 2=61-120 DIM; 3=>120 DIM) and
the LS x HS. In the MIXED model, goats were
considered as a random effect to account for

the clustering of mammary glands within ani-
mals (Barkema et al., 1997). Furthermore, an
unstructured covariance structure was used to
account for the repeated measurements, over
the time, on the same mammary glands (Diaz
et al., 2011).

Results

Six samples resulted to be contaminated
and therefore were not considered. The preva-
lence of positive samples corresponded to
53.6% (n=383; Table 1). The most prevalent
mastitis agent was coagulase-negative

                                                                                                                 Zaninelli et al.

Table 1. Distribution of mammary glands by health status.

Health status of glands                                       N           %                             Samples classified in C2                                                  Samples classified in C3          
                                                                                                                                               (Bact. Pos.)                                                          (Bact. Neg. SCC >1000 x 103)      
                                                                                                                           N.                                                 %                                N.                                                             %

Healthy                                                                  308        43.1                        -                                                      -                                   -                                                               -
Not healthy (from goats unilaterally)            170        23.8                      149                                                 20.9                               21                                                            2.9
Not healthy (from goats bilaterally)              236        33.1                      234                                                 32.8                                2                                                             0.3
Total                                                                       714       100.0                     383                                                 53.6                               23                                                            3.2

Figure 1. Example of spectrums obtained from the EC signals acquired within a milking.
In red, is reported data about the left gland, classified as healthy; in blue, is shown data
about a not healthy right gland. The upper graph reports the measured EC signals of milk
acquired during a milking from each gland. In the following graphs, for each gland, are
shown: i) the sequence of signal samples without the start and the end of milking; ii) the
sequence of single samples to which the mean value is subtracted; iii) the spectrum
obtained using the FFT transform to the previous sequence of signal samples. In this lat-
ter graph, the value of the first frequency that overcame the threshold selected is reported
in terms of frequency and amplitude. This value defines the bandwidth length of the sig-
nal, also coloured to be easily highlighted.
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Staphylococcus (CNS-89.8% of the bacteriolog-
ical positive results; Table 2). The prevalence
of glands with SCC>1,000,000 and without
pathogenic microorganisms was 3.2% (n=23;
Table 1). The overall prevalence of NH samples
was about 56.8% for glands and 80.7% for
goats. However, no cases of clinical mastitis
were observed during the entire experimental
period. A higher significant mean value
(P<0.001) of SCC was observed in NH glands
[5.13±0.08 (logSCC) vs 5.84±0.06; Table 3].
Furthermore, the first lactation stage showed a
significant lower mean value of SCC if com-
pared with the second and third lactation
stages [5.14±0.09 (logSCC) vs 5.62±0.11 and
6.02±0.06; Table 3] and the interaction
between the HS and LS was not significant.
Similar results were observed for the EC and
σ2

EC. The mean value of EC showed to be sig-
nificantly higher (P<0.001) in NH glands
[12.70±0.13 (mS/cm) vs 13.69±0.67; Table 4],
and significantly lower in the first lactation if
compared with the other lactation stages
[10.86 ± 0.07 (mS/cm) vs 14.72±0.09 and
14.80±0.12]. The mean value of σ2

EC showed

to be significantly higher (P<0.05) in NH
glands [0.098±0.006 (mS/cm) vs 0.169±0.012;
Table 5], and during the progress of lactation
significantly higher values were observed
(0.085±0.005 (mS/cm), 0.128±0.012 and
0.223±0.021). For both parameters, the inter-
action between the HS and LS was not signifi-
cant.

The bandwidth length showed a significant-
ly higher mean value (P<0.05) in NH glands
[0.24±0.01 (Hz) vs 0.29±0.01; Table 6] and
significantly lower levels between different

lactation stages [0.28±0.02 (Hz), 0.27±0.02 vs
0.23±0.01]. The interaction between the HS
and LS showed to be not significant.

Discussion
Experimental data evaluation

In order to evaluate data acquired during
the experiment, the prevalence of bacteriolog-
ical results and the relationships between

                                                                                     Spectral analysis of milk conductivity

Table 2. Distribution of pathogenic microorganisms found in infected mammary.

Isolated bacterial strains                                                              Number                                       Percentage 

Staphylococcus aureus                                                                       4                                                      1.1
Coagulase-negative Staphylococcus (CNS)                                 344                                                   89.8
Escherichia coli                                                                                    2                                                      0.5
Streptococcus spp.                                                                              27                                                     7.0
Lactose-negative bacteria                                                                  2                                                      0.5
Pseudomonas                                                                                         4                                                      1.1
Total                                                                                                       383                                                  100.0

Table 3. Table 3. Overall means and standard errors of somatic cells count (log) of gland milk samples according to health status and
lactation stages.

Days in milking                     Mean ± SE, logSCC                                         Healthy Mean ± SE, logSCC                                             Not healthy Mean ± SE, logSCC

All                                                     5.54±0.05                                                                  5.13±0.08A                                                                                 5.84±0.06B

0-60                                                5.14±0.09a,α                                                               4.84±0.11α,A                                                                               5.55±0.14B

61-120                                             5.62±0.11β                                                                 5.47±0.14β                                                                                 5.77±0.16
>120                                               6.02±0.06b                                                                 5.68±0.19β                                                                                 6.07 ±0.07
A,BMeans in the same row with different uppercase superscripts differ significantly (P<0.001); a,bmeans in the same column with different lowercase superscripts differ significantly (P<0.001); α,βmeans
in the same column with different lowercase superscripts differ significantly (P<0.01).

Table 4. Overall means and standard errors of electrical conductivity (mS/cm) of gland milk samples according to health status and lac-
tation stages.

Days in milking                     Mean ± SE, mS/cm                                         Healthy Mean ± SE, mS/cm                                                Not healthy Mean ± SE, mS/cm

All                                                    13.13±0.09                                                                12.70±0.13A                                                                                 13.69±0.11B

0-60                                              10.86 ±0.07a,α                                                            10.66±0.09α,A                                                                               11.1 ±0.10α,B

61-120                                            14.72±0.09b                                                               14.64±0.13β                                                                                 14.80±0.14β

>120                                              14.80±0.12β                                                               14.67±0.24β                                                                                 14.82±0.13β

A,BMeans in the same row with different uppercase superscripts differ significantly (P<0.005); a,bmeans in the same column with different lowercase superscripts differ significantly (P<0.001); α,βmeans
in the same column with different lowercase superscripts differ significantly (P<0.01).

Table 5. Overall means and standard errors of σ2
EC of gland electrical conductivity signals according to health status and lactation

stages.

Days in milking                             Mean ± SE                                                        Healthy Mean ± SE                                                              Not healthy Mean ± SE

All                                                   0.139±0.008                                                              0.098±0.006A                                                                               0.169±0.012B

0-60                                              0.085±0.005a,A                                                             0.079±0.005                                                                                0.092±0.008A

61-120                                         0.128±0.012α,B                                                             0.105±0.011                                                                              0.152±0.021α,B

>120                                            0.223±0.021b,β                                                            0.180±0.048A                                                                              0.230±0.023β,B

A,BMeans in the same row and column with different uppercase superscripts differ significantly (P<0.05); a,bmeans in the same column, with different lowercase superscripts differ significantly
(P<0.001); α,βmeans in the same column, with different lowercase superscripts differ significantly (P<0.01).
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SCC, EC and HS were investigated.
Microbiological evaluation of NH milk sam-

ples offered a panel of pathogens commonly
isolated in dairy goats. In particular bacterio-
logical positive samples (53.6%) showed that
the most prevalent mastitis agents were repre-
sented by CNS (n. 344). While CNS is a minor
pathogen in dairy cattle, these organisms are
frequently associated with subclinical mastitis
in small ruminants and are the most prevalent
pathogens of the mammary gland among
sheep and goats. In addition, CNS has the
potential to become a chronic infection
(McDougall et al., 2002). The remaining sam-
ples classified as NH glands had a low preva-
lence (3.2%). They were characterized by neg-
ative bacteriological culture and as having
high levels of SCC in the milk. These results
may have been due to agents not diagnosed,
such as viral infections, mycoplasmas, stres-
sors, traumas or chemical agents.

SCC was significantly higher in milk sam-
ples from NH glands and showed to increase
significantly between the first to the second
and third lactation stage. These results are in
accordance with other studies reported in liter-
ature. Romero et al. (2012) found highest val-
ues of SCC for infected glands [from 5.03-5.31
(logSCC) in healthy glands to 5.47-5.66 in
cases of infection]. Díaz et al. (2012) found in
infected glands a significant increase of SCC
after the infection, and in another study con-
ducted in 2011, they reported a significant
increase of the average value of SCC during
lactation [from 5.83±0.06 (logSCC) for the
first month of lactation to 6.03±0.05 for the
seventh month of lactation]. Tangorra et al.
(2010), in a study on 8 Saanen goats followed
for the whole lactation, reported mean levels of
SCC significantly different in milk from
healthy and infected glands [6.18±0.03
(logSCC) vs 6.86±0.01] and an increase of
SCC during the progress of lactation [from
5.77±0.08 (logSCC) to 6.39±0.03]. Paape et al.
(2007), analysing data from goats of different
breeds, concluded that IMI is the major cause
of an increase of milk SCC and reported that a

progressive increase in SCC was observed in
advanced lactations.

Mean value of gland milk EC showed to be
significantly higher in NH glands and to
increase significantly during the progress of
lactation. Similar results are reported in Díaz
et al. (2012) and in Díaz et al. (2011). They
found a significant increase of EC when bilat-
eral infection occurred and an increase of EC
with the progress of lactation in cases of mul-
tiparous goats. Also Tangorra et al. (2010),
about the effects of lactation and HS on the
measurement of the milk EC, reported results
that are in accordance with the present study.
They found significant higher values in infect-
ed glands [13.03 (mS/cm) vs 13.45] and
increased values at incremental lactation
stages [11.23 (mS/cm), 13.87 and 14.61].

Mean values of milk EC, found in the pres-
ent study, were higher than those generally
reported by other authors (Diaz et al. 2011;
Stuhr and Aulrich, 2010; Das and Singh, 2000).
This result could be explained considering the
characteristics of the data acquisition system
used. It included an experimental milking clus-
ter developed in order to measure the gland
milk EC signal without affect the flow of milk,
the vacuum of the milking system and to have
the maximum number of lectures during the
milking, useful to acquire a good sampling of
the EC signal for the spectral analysis per-
formed. Having these targets, a low number of
components were added to the commercial
milking cluster used and no temperature sen-
sors were included. Therefore, no temperature
adjustments were performed, during the
recording of the EC data, by the algorithm
implemented by the acquisition system.
However, this did not affect the spectral analy-
sis performed because, during the elaboration
of the data acquired, the mean value of each
EC signal was calculated and subtracted to
each sample of the corresponding sequence
recorded.

In order to evaluate the spectral analysis
performed, data acquired during the experi-
ment, in terms of variations of gland milk EC

recorded during milkings, were investigated.
The milk EC signals showed mean value of

σ2
EC significantly higher in NH glands and

with the progress of lactation. Results obtained
are in accordance with those reported in liter-
ature. Nielen et al. (1995a) found higher val-
ues of milk EC standard deviation in case of
mastitis (0.58 to 0.71 vs 0.16 to 0.34, depend-
ing on the specific minute of milking evaluat-
ed). Norberg et al. (2004), in another study on
cows, confirmed that σ2

EC increases between
healthy quarters and infected quarters.
Tangorra et al. (2010), in a study that involved
a group of Saanen goats, found that σ2

EC was
grater in infected glands (0.14 vs 0.16 and 0.21
vs 0.22 for the second and third stage of lacta-
tion, respectively) and higher during the
progress of lactation (0.12, 0.15 and 0.22).

However, an increase of variance in the
time domain may be due to different reasons:
a random effect or a faster and/or bigger oscil-
lation of the signal. These different cases can
be well represented in the frequency domain
through a spectral analysis. A spectrum con-
stant in all the frequencies corresponds to the
first case, also called a white noise. Spectrums
characterized by main peaks of higher fre-
quencies and/or bigger amplitudes are related
to the other cases. The mean length of band-
width, when these cases occur, is affected. In
the first case, it increases to almost the whole
frequency domain. In the other cases, it is
changed on the basis of the spectrum peaks
changes, in terms of frequencies and/or ampli-
tudes.

Results obtained, about the EC signals
recorded, showed that mean values of the
bandwidth length increased in case of NH
glands (from 0.24 Hz to 0.29 Hz) and decreased
with the progress of lactation stages (from
0.28 Hz to 0.23 Hz). These results show that
the increment of signal variance was not due
to random effects (i.e. to a white noise), since
the means bandwidth length found never
increased to almost all the frequency domain.
Furthermore, they gave a description on how
the EC signal pattern changed in the time

                                                                                                                 Zaninelli et al.

Table 6. Overall means and standard errors of the bandwidth lengths related to the spectrums of the gland electrical conductivity sig-
nals, according to health status and lactation stages.

Days in milking                       Mean ± SE, Hz                                                   Healthy Mean ± SE, Hz                                                       Not healthy Mean ± SE, Hz

All                                                    0.26±0.01                                                                    0.24±0.01A                                                                                  0.29±0.01B

0-60                                                0.28±0.02a                                                                    0.26±0.02                                                                                    0.30±0.02
61-120                                           0.27±0.02α                                                                    0.25±0.02                                                                                    0.29±0.02
>120                                             0.23±0.01b,β                                                                   0.22±0.02                                                                                    0.26±0.02
A,BMeans in the same row and column with different uppercase superscripts differ significantly (P<0.05); a,bmeans in the same column, with different lowercase superscripts differ significantly
(P<0.001); �α,βmeans in the same column, with different lowercase superscripts differ significantly (P<0.01).
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domain. In case of NH glands, since the band-
width length increased, the signal pattern was
generally characterized by faster oscillations,
probably of bigger amplitudes. With the
progress of lactation, since the bandwidth
length decreased, the signal pattern was gen-
erally characterized by more slow oscillations,
probably of bigger amplitudes. The bandwidth
lengths found, therefore, described better the
pattern changes of the EC signal than the sta-
tistical variance σ2

EC. This suggests that the
EC signal bandwidth length parameter, provid-
ing more accurate information, should be use-
ful to improve the detection performances of
multivariate models that evaluate health sta-
tus of dairy goats by the use of traits based on
the EC.

The results reached have also a practical
application that has never been validated in
other similar studies. They show that the EC
signals acquired by the recording system dur-
ing the experiment were over sampled. Means
value of the bandwidth length had a range
between 0.22 Hz and 0.30 Hz. This proves that
a sampling rate of 1.7 Hz should be enough to
acquire the milk EC signal without losing any
important information about its characteris-
tics. This technical set-up is important
because by reducing the amount of data that
has to be stored and evaluated, the building of
the recording sensor/system could be simpli-
fied.

Conclusions
The present study showed that spectral

analysis achieved similar results to character-
ize the milk EC signal patterns through their
bandwidth lengths in the frequency domain if
compared with other traits that describe the
variations of milk EC acquired during milk-
ings. In addition, mean value of the obtained
EC signal bandwidth lengths showed a signifi-
cant relationship with the health status of
dairy goat glands. Therefore, this new parame-
ter could be useful to improve performances of
multivariate models/algorithms that detect the
health status of dairy goats. Furthermore, this
study provides a technical set-up that could
simplify the building of EC recording and elab-
oration systems.
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