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ABSTRACT

Mastitis, inflammation of the mammary glands of dairy cows, remains one of the
costliest diseases in cattle and its early detection remains a major goal of the dairy
industry. It has been established that mastitis causes changes in the conductivity of
milk, by damaging the mammary membrane leading to alteration of the balance of
sodium, potassium and chloride ions. Previous studies have demonstrated that these
changes in milk conductivity can be used as a direct indicator of the presence and
degree of mastitis infection but currently available commercial devices do not appear to

be sensitive enough to detect mastitis accurately on-line.

The objective of this project is to design a novel electrochemical sensor to diagnose
mastitis on-line in milking systems for cow herds. The study includes some preliminary
experiments to assess the feasibility of developing such a sensor, the fabrication of the
sensing system including the probe, the instrumentation and related software and the

investigation of integrating the system into milking equipment.

A number of primary experiments were carried out in order to investigate what
parameters can be used to develop the sensor based on conductivity or impedance
measurement. Milk properties such as dielectric properties, conductivity and oxidation
behaviour have been investigated using various electrochemical techniques. Cyclic
voltammetry was used to characterise the milk initially, electrochemical impedance
spectroscopy was carried out to establish the specific electrical properties of milk and
basic conductivity measurements were done to calculate the overall conductivity of
milk. These methods were cross-referenced against Somatic Cell Count (SCC)
measurements which were determined using a bench top instrument in Teagasc
National Centre Research laboratories.

Electrochemical impedance measurements showed that measurements should be taken
above an operating threshold frequency to avoid polarisation effects and to improve the
sensitivity ofthe conductivity sensor. Above this frequency, a good correlation between

Somatic Cell Count (SCC) and impedance in milk has been found.



The first prototype portable instrument was designed and built in collaboration with a
UK partner to make the impedance measurements following the specifications which
were determined based on the preliminary studies. For the development of the sensing
system, various electrochemical probes were developed after investigating the most
suitable electrodes to be used in the system and taking into consideration technical and
economical aspects such as cost and easy or low maintenance. The probe used
comprises a two-electrode cell similar to those used in a normal conductivity sensor.
The results from the instrument correlated very well with the benchtop instrument
results. The sensitivity of the detection method is satisfactory even using absolute
values of impedance. The sensitivity of the detection system is improved when ratioing
of the highest quarter instead of the absolute values. This method allows better

prediction of mastitis and lower false positive results.

For the integration ofthe system in the milking parlour, prototype claws with integrated
electrodes have been developed and tested in field studies. Two designs of claws in
which the measure of conductance takes place while the milk is flowing have been
studied but they are not yet satisfactory. Following integration of the system on-line,

early detection of mastitis in cows will be possible and this project is ongoing.



The first chapter is a discussion about the issue of detection of mastitis disease in dairy
cattle. It comprises a short overview ofthe main characteristics of milk, a description of
mastitis disease and its treatment in cattle and finally a discussion of the means of

detecting mastitis both off-line and on-line.

1.1 Overview on cow’s milk

1.1.1 Definition of milk

Milk is an extremely complex fluid synthesised by the mammary glands of female
mammals to nourish their young [1]. Cow's milk, which is produced for human
consumption, is known as a high nutrition value food. Similar to all animal products,
milk requires rigorous quality control due to the fact that it may transfer diseases to

humans [1,2].

Milk is defined by the United States Code of Federal Regulations (USCFR) as "the
lacteal secretion, practicallyfree from colostrums, obtained by the complete milking of
one or more healthy cows, which contains not less than 8.25% of milk solids-non-fat
and not less than 3.25% ofmilkfat" [3]. From this definition it is understood that some
biochemical processes produce milk and a minimum amount of solids-non-fats and fats
is required to get a milk of acceptable quality. The colostrum mentioned in the
definition above corresponds to the first stream of milk, which transfers the immunity
to the calf, and after a few days (that can vary from 3 to 5 days) the composition
changes to give eventually the white liquid called milk. The details of the mechanisms

of secretion are discussed in the next section.

1.1.2 Milk production

This section details the lactation mechanisms and describes the milking machine where
on-line measurements for quality control are usually set up.
Some figures on dairy worldwide production are also given to demonstrate the

importance of the dairy industry.



1.1.2.1 Secretion of milk

Milk is secreted after a sequence of complex chemical and physical reactions in the
mammary gland. The udder positioned on the ventral surface of the animal consists of
four mammary glands in which each gland has one teat to secrete the milk. The teat is

constitute of fragile tissues and gets easily infected or damaged.

The milk-producing units are called alveoli (plural of alveolus) which are covered from
inside by a layer of epithetial secreting cells [4]. The anatomy of the bovine mammary
gland is illustrated in Figure 1.1. The central area of the alveolus serves as a storage
area. The alveolus is connected by the lumen to the duct system by which the milk
reaches the teat cistern and finally the teat. Blood capillaries and nerves surrounding

the alveoli play an important role in the milking procedure.
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Figure 1.1: (a) Structure of the bovine mammary gland; teat, milk ducts.
(b) Magnification sketch of an alveolus showing secretory cells,
capillaries blood and the storage area called lumen.

(Figure taken from Dairy Essentials n°20, Babcock Institute for international dairy
research and development with the kindpermission ofthe author Michel. A Wattiaux) .
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Milking is simply the act of collecting milk after proper stimulation of a cow udder to
release milk from the mammary. Upon triggering the milk ejection reflex, the milk is
squeezed out ofthe alveoli by the muscular cells and flows into the duct system and the
teat canal [1,4]. Cows are usually milked every 12 hours for about 5 minutes.
Production yield is highly dependent on the milking process used.

It was observed that during the first six weeks of lactation, milk production increases
continuously. After a peak is attained, milk yield gradually declines. The monitoring of
milk production is usually followed by constructing the lactation curve that represents

the dairy milk yield (kg) versus time of lactation.

T \Botim

In the year 2000, the world production of milk was evaluated at 579.4 million tonnes.
Dairy products such as cheese, yoghurt count for 68% [5]. Milk originating from cows
constituted the highest percentage (84.5%), with buffalo milk in second place at 12%.
On the world stage, the European union is the main milk producer with 25%, followed
by the United States with 19% [5].

The statistics given by the Food and Agriculture Organisation (FAO) also indicate that
Ireland is the world's largest consumer of liquid milk with 156.7 kg of liquid milk per
capita per year [5]. In other words, each Irish individual consumes around 3 litres of

milk a week!

TNy

A milking machine is defined as a complete installation for milking, usually comprising
of a vacuum system, pulsation system, one or more clusters and other vacuum
components. The vacuum produces the forces necessary to move air and milk through
the system. Thus, it is the atmospheric pressure that makes air and intra-mammary milk
pressure exert forces on milk in the system and the combination of these forces causes

the flow.



FEI]E]Z Photographs showing ehe milking unit (or cluster): the claw, the

teatcup (steel), the milk tubes (black rubber) and the pulses tube (transparent plastic),
(b) The milking unit in operation: the mammal is shown in the photograph. (Taken

from www. milkingmachines. co. uk).

The improvement of the milking machine is a constant preoccupation for farm
managers. Recently, a new generation of automatic milking systems has appeared.
Many research projects are now aimed at increasing the milking efficiency and
preventing herd disease. For instance, a new design of flow simulator developed at
Teagasc Research Centre (Moorepark, Ireland) allows the recording of vacuum in the
claw at the end of an artificial teat in the pulsation chamber and in the milk pipeline [6].
This simulator is then very useful in the practical understanding of vacuum loss

processes and mechanisms.

1.1.3 Chemical and Physical properties of milk

This section describes the specific structure of milk and also some of its properties.
Milk is a nutritious product that contains more than 100 substances that are either in
solution, suspension or emulsion in water. It is important to understand the structure of
the milk before analysing it.

TRSdei ik

Milk is a complex fluid containing components with different physical states of
dispersion [1,2,7,8]. Milk is described as:

» A colloidal suspension. This is due to casein, the major protein of milk, which is
dispersed as tiny solid particles that are continuously in suspension. These
particles are called micelles, and the dispersion of the micelles in the milk is
referred to as a colloidal suspension.

7



* An emulsion. This is due to the presence of fat and fat-soluble vitamins in the
milk that form a suspension of small liquid globules that do not mix with the
water in milk.

* A solution. This solution is mainly composed of lactose (milk sugar), some

soluble proteins which are called whey proteins, mineral salts and other

substances.

1=XOONEDE

An approximate composition of milk with its principal constituents expressed in
percentage terms is given in Figure 1.3.

The principal component of milk is water [1]. This important aqueous phase constitutes
the continuous phase and is useful to allow the milk to flow in the teat canal. Indeed,
without water, milk would only be a viscous secretion composed of fats and proteins.
The milk solids contain lactose, fats and proteins. Lactose is unique to milk and it plays
amajor role in milk synthesis.

The 0.65% of minerals mentioned is mainly salts of phosphates, citrates, chlorides,
sulphates, carbonates and bicarbonates of sodium, potassium, calcium and magnesium.
Other elements are found in milk in trace amounts, including copper, iron, silicon, zinc
and iodine.

Average composition of milk

m1 \WAer

m2 lLaaose

O3 =&

[14 Proteins

m5 Minerals

HO Quaicsaddcs
g7 MsedHlaeas

Approximate composition of milk in percent (Plottedfrom data taken
from a table in ref1).

The 3.9% fat component of milk is composed of a complex mixture of lipids.
Triglycerides are the major type of lipid in milk fat. Triglycerides are composed of
three fatty acids covalently bound to a glycerol molecule by ester bonds. Milk fat is
essential for the neonate that is able to synthesise milk fat as an energy source only a

8



few days after birth. Others components of milk are susceptible to changes in

concentration during different stages of lactation. Some of these components include:

Oligosaccharides, urea, ammonia, oxygen, cells (epithelial cells, or bacteria present

when the cow suffers from udder infection) and viruses.

The huge percentage of water in milk explains why milk has mainly aqueous properties

and hence it can be analysed using analytical techniques suitable for aqueous samples.

Milk solids give milk its principal properties. These are summarised in Table 1.1.

Properties
Freezing point

Boiling point

Electrical conductivity

pH (at 25°C)
(with pHmeter)

Oxidation-reduction
potential (25°C, pH 6.6, in
equilibrium with air)

Surface tension

Specific gravity

Viscosity

lonic strength

Refractive index, n

Values
-0.518 t0-0.534 °C

100.17°C

45-55*104 mho

~6.6

+0.25 to +0.35V

50-52 dynes at 20°C

-1.0321 at 20°C

2.0-2.1 cp at 20°C

0.08 Molar

1.3440-1.3485

Conditions

Lower than that of pure water (0°C) due to
dissolved substances in milk.

Greater than that of pure water (100°C).

In milk, fat and colloidally dispersed
substances decrease conductivity.

Fresh milk is slightly acid. Generally the pH
is lower (pH 6.0) in colostrums and higher
(up to 7.5) during mastitis.

Cow's milk surface tension is about 70% of
that of water. Factors involved in absorption
and formation and stability of emulsions.

Ratio of the density of the product and the
density of water at the same temperature.

Refers to resistance to flow measured in
centipoises. Used for design dairy
equipment.

Tablel.1: General physical properties of milk

(Adaptedfrom The Doyle Pharmaceutical Company (Minneapolis, USA)from refland

refs).



Any addition of water to milk can be easily identified because solids concentrations in
milk will no longer be in the normal ranges. The casein micelles and the fat globules
give milk most of its physical characteristics, and give taste and flavour to dairy

products such as butter, cheese and yoghurt.

1.1.3.3 Other remarks

Due to its physical state, milk is very susceptible to adulteration and deterioration.
Consequently, milk is quickly cooled down to 4°C after collection for conservation
until processing such as sterilisation or ultra heat treatment are carried out. Indeed, at
cold temperatures the micro-bacteria have lower growth rates and this reduces

contamination of the bulk milk [1].

Many factors influence cow's milk composition such as the breed type, diet, season,
herd-to-herd variation, health condition (oestrus, mastitis) and of course milking
procedure [9], Humans can interfere with and control some of these factors in order to

produce milk of desired quality such as: health condition and milking procedure.

Factors that influence cow health are illustrated in Figure 1.4. It is clear that careful

monitoring of cow's udder health can improve milk quality.

e ammiai

HERD INDIVIDUAL COW MILKING
Housing Genetic Parlour type
Bedding Yield Equipment
Feeding Lactation stage Hygiene
Hygiene Lactation number ﬂ A-'-~NRoutinc
< MONITORING k

Clinical changes - ubclinical changes
Body weight Blood
Feed intake Lymph
Behaviour Urine
Milk yield ilk ¢ osition

<Y< " ﬂﬁ xR
Cow health Udder health

Figure 1.4: Possible factors for evaluation of cow health (Adaptedfrom ref9).
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1.2 Mastitis and its treatment in cattle

1.2.1 Mastitis definition

M2 OIS

Etymology: Greek: Mastos =breast and itis = inflammation.

In the Encyclopaedia Britannica, mastitis is described an inflammation of the mammary
gland (the breast or udder) occurring in dairy cattle such as cows, goats, and ewes.
Medically, mastitis is defined as an inflammatory reaction of the parenchyma of the
mammary gland due to bacterial, chemical, thermal or mechanical injuries [10].
PUakmekditaszs

Mastitis infection may occur when bacteria or irritant microorganisms penetrate into
the mammal of the animal. A healthy teat is tightly closed during the no-milking
periods such that bacteria present in the environment cannot enter it. However, while
the cow is being milked the teat canal remains dilated for a short period of time
afterwards (one to two hours) which can allow the microbes to infiltrate the teat canal
and multiply inside the organ. The same effect can be also observed after the udder
tissue has been damaged, as the sphincter muscle becomes unable to close the canal

fully anymore.

The immunological response to fight against the infection is marked by a massive
production of leukocytes (or white cells) in milk. The purpose of these leucocytes is to
destroy the irritant microorganisms or the bacteria using a phagocytose mechanism, and
then to repair the damaged tissue and return to normal function. Nevertheless, when a
leukocyte engulfs bacteria, some toxins that facilitate the transfer of other white cells
from the blood to the milk are released leading to a high permeability of blood vessels.
Eventually, leucocytes move from the blood to the milk easily. Hence, the change of
the amount of leucocytes in the milk enables researchers to evaluate the degree of
disease spreading by counting the number of somatic cells in milk. Moreover, the blood
passing into the milk may form some clots that may finally block the teat canal or duct
systems.

1
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FM Development of mastitis and the cow's defence against the infection.
(Figure taken from Dairy Essentials n°23, Babcock Institute for international dairy
research and development with the kindpermission ofthe author Michel. A Wattiaux).
To summarise, once bacteria enter the teat canal, two phenomena might take place.

In the first instance, the bacteria are killed by the cow's defence system (leucocytes);
the infection is cleared so the secretion of the milk goes back to normal. In the second
instance, the infection is persistent and the bacteria invade the tissue of the teat canal
before entering into the mammary gland and multiply. The system defence is ordered to
kill all bacteria by destroying the infected organ and replacing the tissues by some non-
secreting or connective tissues. Production of milk is stopped and the alveoli start to
shrink, therefore more and more blood is observed in the composition of the milk, the

milk becomes unfit for human consumption and the disease status is advanced.

PRasskexb s

The causes of mastitis are disputed. One theory places the blame on certain
predisposing causes (injury to the udder, milking practice, etc.) that reduce the animal's
resistance and permits organisms to produce the disease. In this case, the best control
for mastitis is the elimination of predisposing causes. Other theories believe that micro
pathogens transmitted from cow to cow cause mastitis. Thus, mastitis is generally

classified into two groups: "contagious" and "environmental".

A variety of pathogens can induce mastitis infections. A total of 137 microbial species
have been referenced in the bovine mammary gland [11]. The mode of entering has

been already described in the previous section 1.2.1. Pathogens known to cause mastitis

12



are of different kinds: bacteria, coliforms, yeast (present in milk after an overuse of
antibiotics), and viruses. The most common bacteria stake are  "Streptococcus
agalactiae" and "Staphylococcus aureus".

Streptococcus agalactiae cannot live for long outside the organism and thus it is
generally easy to eradicate their spread. It spreads during milking via the milking
machine and herd person’s hands; hence a good control of cleanliness should be
enough to avoid this type of contamination.

Staphylococcus. Aureus is known to be the major bacteria responsible for bovine
mastitis, especially subclinical and chronic mastitis. Milk production losses are
reported to be 45% per quarter and 15% per infected cow. It is recognised to influence
greatly the somatic cell counts (SCC) fluctuations [12]. These sorts of organisms can
live inside and outside the udder. It is observed that for such bacteria the infection
induces scarring and it is difficult to treat without heavy antibiotics.

The coliform bacteria "Escherichia Coli" are commonly involved in environmental
mastitis infection; they are present in environments where cleanliness is not respected.
The coliforms are normal inhabitants of soil and the intestines of cows, and their action
is different than for contagious bacteria, as they mix with milk and multiply secreting
some toxins that transfer into the blood stream. The consequence is a severe form of

mastitis. The infection is general and the animal is usually in extreme danger.

PUapshsis

The degree of the infection is defined according to the symptoms of the animal. There

exist three degrees of infection: clinical, subclinical and chronic.

In the clinical form of mastitis, some gross abnormalities in the udder are noticed. The
infected mammal usually presents swelling, heat, redness, pain and disturbed function
[10,11]. In addition, some flakes or clots are observed in the milk.

For severe cases (acute mastitis), the animal may suffer from different but related
symptoms, for instance: fever, rapid pulse, loss of appetite and importantly a decrease
in milk production. Furthermore, it has been noticed that for one clinical case
diagnosed there are 20 to 40 times as many subclinical case [10].

Subclinical mastitis is a real challenge to detect for dairy farmers; it is a major issue
because of the possibility of contaminating the rest of the herd. Indeed, the diagnosis is
not straightforward as no visible changes occur in the appearance of the milk or the
udder.

13



A subclinical milk sample is changed in composition but no gross abnormalities are
observed. The only changes that may be noticed are the detection of pathogenic agent
during analysis, an increase somatic cell count or a decreasing yield in milk from the
COW.

Finally, chronic mastitis is diagnosed when the inflammatory process persists for
months at a time.

PR adsac

Mastitis is among the most important [13] and costly disease found in herd cattle.
Worldwide, annual losses due to mastitis have been estimated to be approximately 35
billion US dollars [14]. In the US, the annual costs of mastitis have been estimated to
be 1.5-2.0 billion US dollars. The economical impact is huge and is due to different
consequences related to the disease such as production losses when the yield decreases,
non-deliverable milk due to antibiotics that may remain in the milk and reduced milk
quality with a resultant decrease in price. Sometimes there can be a udder damage is
irreversible and severe, treatment and labour costs can be high, problems with
subsequent cheese processing and manufacturing and of course, there is always the risk
of early death ofthe infected cow [15,16].

1.2.2 Effect of mastitis on milk
Etymology: Somatic: Derived from the body

Milk contains white blood cells or leukocytes that make up the majority of somatic
cells. As stated in the description of the disease development, these cells move into the
udder during inflammation. The measurement of the number of somatic cells in milk is
defined as somatic cell count (SCC) [17]. SCC has firmly established itself as a good
indicator to detect and determine the degree of mastitis infection [11,15,17,18], and

also to predict monetary losses due to intramammary infection [19].

The bulk tank somatic cell count is usually performed to evaluate the milk
contamination in the tank. Although it is not really accurate, it is generally accepted
that for healthy milk bulk tank SCC should be less than 200,000 cells /ml in the
European union. In the case of mastitis infection, this cell count increases and the milk
is considered to be suspect or abnormal. Indeed, dairy cows have evolved a complex

internal body system to combat infection. When mastitis occurs, the amount of
14



leukocytes (or fighting cells) increase in the infected area to combat bacteria by
phagocytose [10,11].

A change in SCC does not always indicate an infection; other factors have been found
to affect the somatic cell amount, for instance season, age, stage of lactation, stress, and
technical aspects. However when SCC reaches more than 200,000 cells/ml, it could be
a sign of primary infection. SCC can be counted in laboratories with direct analysis
methods (See section 1.2.3). Under EU standards 92/46/EEC directives [20], milk
intended for human consumption, for drinking or for food processing, must have a total
bacteria count of not more than 100,000 per ml and a somatic cell count of not more
than 400,000 per ml. Hillerton suggests that milk quality is acceptable if < 10% of the
cows have SCC between 200,000 and 400,000 cells/ml and none above this level [21].
To encourage farmers to respect these quotas some bonus payment schemes based on
low somatic cell count and on measurable microbiology results have been set up
[15,20].

222G vl

Milk composition is reported to change with the onset of mastitis. These changes
results from, first, the reduction in synthesis activity for the main components of milk
(fat, lactose and casein) and second, the increase of presence of blood elements due to
the intramammary infection (proteins, chloride and sodium)[22].

The types of proteins change dramatically. Casein, the major milk protein declines, and
this milk of lower quality which in turn impacts the quality of the dairy products such
as cheese affecting its yield, flavour and quality. The disruption of casein synthesis
contributes also to lowered calcium in milk. Also, levels of glucose in milk are found to
be decreased when cell counts rise above 500, 000 cells/mL.

Table 1.2 reports the effect on the milk composition caused by mastitis.

m Normal Milk (%) HighSCC Milk (%) Percent ofNormal

Milk non fats solids 8.9 88 99
Fat 35 3.2 91
Lactose 4.9 4.4 90
Total protein 3.61 3.56 99
Total casein 28 2.3 82
Whey protein 0.8 13 162
Sodium 0.057 0.105 184
Chloride 0.091 0.147 161
Potassium 0.173 0.157 91
Calcium 0.12 0.04 33

m Change in milk constituents associated with elevated somatic cell
counts. (Adaptedfrom Harmon [21]).

15



The concentration of minerals is found to change with mastitis infection because of
increased blood capillary permeability, the destruction of tight junctions, and the
destruction of ion-pumping systems [23]. The concentrations of sodium and chloride
increase. On the contrary, the concentrations of lactose, calcium and potassium ions are
significantly reduced [21]. Also, concentrations of fat, solids non-fat, lactose, and
casein are lowered and concentration of blood serum albumin increased.

The decrease in lactose concentration leads to a decrease in milk yield, as lactose is a
major osmotic regulator of milk volume. The sodium and chloride ions come from the
blood to compensate osmotically for the depressed lactose synthesis or vice versa. They

are related by the Koestler number [8]:

100 X %C1
Koestler number =  --------==—- Eﬂl

% Lactose

This number is normally 1.5-3.0 but increases on mastitis infection and has been used

as an index for mastitis.

Also, the activity of hydrolytic enzymes in milk is higher which leads to the breakdown
of blood constituents into milk such as sodium and chloride and milk constituents into

blood which explains the decrease in potassium levels.

The pH is also seen to change showing as well a conductivity change. The pH of
normal milk is about 6.6-6.7 but during mastitis infection the pH increases to as high as
7.2. Indeed, milk pH approaches the pH of blood 7.4 due to degeneration of the
mammary cell membrane and the influx of constituents from blood [8,11].

The changes in composition are difficult to understand as various salts in milk are

interrelated and these relationships are also affected by pH.

In many cases a reduced milk yield can be observed. The appearance of clinical milk
may change to a yellowish colour and have a watery "look™ instead of a white-to-white
yellow appearance for healthy milk. Moreover, some flakes or clots of blood can be
found. The flakes are usually congealed leucocytes, secretory cells and protein. Such
gross alterations appear as a result of bacterial infection of the mammary gland.
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The variation of proteins, quality and ionic concentrations has critical effects on the
subsequent cheese or dairy products processing. For example, sodium chloride
concentration is important for the development of proper flavour, texture and quality of
cheese. Hence, processing time is extended and shelf life is reduced. Other
characteristics that may change are the organoleptic characteristics and due to a higher
concentration of sodium and chloride the milk tends to have a salty taste.

1.2.3 Treatment of mastitis in cattle

There are two types of proper treatment procedures (recommended by the National
Mastitis Council) for mastitis: lactation or dry cow therapy. The appropriate choice of

therapy is important to achieve the best cure rate.

The first method involves the administration of an intramammary antibiotic during
lactation. Several factors are important in the selection of antibiotic treatments. For
instance, the type of pathogens involved is crucial. Indeed, antibiotics for use in
lactating cows are ineffective against coliforms bacteria though antibiotic uses against
environmental pathogens (see section 1.2.1.3) allow curing about 60% of the cases.
Depending ofthe degree of infections, the cure rate during lactation can be very low.

The second technique is dry cow therapy. Dry cow therapy is the use of intramammary
antibiotic therapy after the last milking of lactation. It is nowadays consider as the best
option for mastitis treatment. It eliminates the majority of infections present at drying
off and reduce rate of new infections during the first week of the dry period. Dry cow
therapy has many advantages over the lactation therapy indeed a higher cure rate is
noticed as a higher dose of antibiotics can be used safely, the retention time in the teat
is longer, the tissue damages can be sometimes regenerated and the risk of
contaminating milk is reduced saving thus the possibly discard milk when using
lactation therapy. This technique is particularly attractive as the cost to the producer
should be minimal [10].

The Food and Drug Administration (FDA) must approve the antibiotics used for either
of the treatment procedure. The products used should be formulated specifically for
lactation or dry cow therapy. In case of other off-label antibiotics use (e.g. home
remedies), a careful veterinary control should be assured and the milk has to be

discarded during seven days.
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For both of these treatments, the procedure should be specific and very precise for a
herd person, as careless treatment procedure would result in infection resistant to
treatment.

For extreme cases of high SCC in a herd, the method of culling is necessary and the
selection ofthe animal is usually done on the basis ofthe age. But this extreme solution
is very costly for the farmer.

The best solution to prevent clinical mastitis is to follow rigorously proper milking
procedure such as post-milking teat disinfections with a germicidal dip and respect of a
clean environment and bedding (no stagnant water, etc...). Vaccine prevention uses
reduce the severe cases causes by coliforms but is still not effective against Staph.
Aureus and Strep, agalactatie. The detection by cow-side testing (see section 1.3.1.2) at
subclinical stage also decreases the occurrence of clinical mastitis in herds, monitoring
individual cow SCC and bacteriological culture allow to detect some subclinical
affected animal however it is important to notice that some herds are affected even a
low SCC results. Electrical detection based on the ionic concentration variation is

suggested to check-cross the SCC diagnosis.

1.3 Detection of mastitis in cattle

Mastitis is a severe disease for the herd and therefore it is imperative to diagnose the
breast infection at a subclinical stage. This section will discuss the problem of detecting
mastitis at early stage and also will describe briefly the means both off-line and on-line
of detection currently used in milking parlours to diagnose the infection.

1.3.1 Detection methods in general

In the past, the herd person usually noticed the appearance of the fist clinical symptoms
of mastitis on the animal.

Nowadays, the detection of abnormal milk is required before milking according to the
EU directive: "Before milking of the individual cow, the milker must inspect the
appearance ofthe milk. Ifanyphysical abnormality is detected, milkfrom the cow must
be withheldfrom delivery to the dairy”. Therefore, foremilk of each animal is now
visually examined directly in the parlour using a strip cup or a plate. However, as no
symptoms are really obvious, farmers or herdspersons rarely identify the primary signs
during a routine inspection or during milking in individual cows [15]. Hence, the
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biochemical properties of milk turn out to be very useful in order to evaluate the cow's
metabolic status, in particular, the udder condition [24]. In the last few decades, a
variety of cow side tests and laboratory tests have been developed for detecting mastitis
such as the strip cup test, the California Mastitis Test, etc. Thanks to these methods of
detection, foremilk control is usually followed by owners of small herds, but it takes a
lot of time and money for large herds.

Currently available in-line mastitis detectors are fitted to the long milk tube. They have
a wire mesh filter through which milk passes. Mastitis clots clog the filter and clot-free
milk is able to pass through the filter.

mmtograph of a mastitis detector on-line. (Taken with permissionfrom
www. ambic. co. uk).

Some assume that all cases of mastitis can be detected using this method; in fact those
in-line filters can pick up ‘clotty’ forms of mastitis but will miss ‘watery’ cases and
certainly subclinical degree of the infection. Therefore, the development of a reliable
and automatically monitored on-line detection system has attracted the attention of a
wide variety of researchers in fields like dairy production, microbiology and sensor
research.

A variety of diagnostic tests for mastitis are available and are used as indicators of
udder inflammation. They cannot, however, assess the degree of infection accurately.
As the name indicates they are performed directly on the animal. These experiments

are useful to indicate suspect samples but they cannot be accepted as definitive
procedures as many false positives cases remain.
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The @mMT) is an on-farm subjective screening test based on

scoring the degree of gel formation of the milk and reagent mixture. The reagent
consists of a detergent and an acid-base indicator. The detergent ruptures the somatic
cells, which releases their DNA. Afterwards, the DNA mixes with the detergent and
forms a precipitate or gel. The gel consistency is directly related to the amount of
leucocytes present in the milk sample.

Figure 1.7 shows the special CMT paddle and a bottle of reagent. The test is simple and
quite cheap. In order to perform it, 2 mL of milk are placed in each cup in the paddle
and the same quantity of reagent is added. The paddle is then gently rotated in circular
pattern for 10 s. The gel formation is recorded right after the test because the gel
changes consistency with time [25].

Whe equipment required to perform a CMT test (bottle of reagent and
paddle).

The MMT) is based on the same principle as the CMT but is

for laboratory use only. The results are more quantitative than those of CMT [25].

Msed on conductivity measurements are also a cow-side test. This

test is easy and rapid to perform. Depending on the commercial meters used, a few
drops of cow’s foremilk are collected in a cup into which some electrodes are built in.
The results are displayed digitally. If few samples from the same cow exhibit high
conductivity, the milk could be abnormal. The results may indicate a suspect cow but
they need to be repeated and confirmed using further investigations using laboratory
techniques.
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1.3.1.3 Laboratory testing

When an animal is suspected of having mastitis symptoms or gives a positive result
with a cow-side test, its milk is analysed using lab-based test methods to measure the
degree of infection by counting the somatic cells or detecting the presence of bacteria.
There are a number of tests based on bench measurements such as Direct Microscopic
Somatic Cell count, Electronic Somatic Cell, Counting Methods or other
microbiological methods [3]. .
One such system for measuring somatic cell count is the W
rmw two machines that employ this method are Fossomatic and Bentley
machines [26], These instruments use a laser based flow cytometry system. The milk is
mixed with some ethidium bromide, a toxic fluorescent dye solution used to disperse
fat globules and stain DNA in the somatic cells. The somatic cells are separated by the
stream of a carrier fluid and exposed to a laser beam. As the stained cells pass through
the excitation source they fluoresce. The energy emitted by each nucleus is measured as
an electronic pulse that is then converted to a count corresponding to the number of
somatic cells in the sample analysed. Dead or partly degenerated bacteria absorb dye
but produce signals of such low intensity as to be included in the background of the

apparatus.

1.3.2 Electrochemical detection methods for mastitis

This section presents a short review of the main detection systems for mastitis using
electrochemical means. It focuses on methods based on conductivity, conductance or
impedance measurement for the development of hand held meters or on-line systems in
milking machines. It does not, however, present the theory of conductivity that will be
discussed in chapter 2. Also, it introduces the issue of threshold determination for

"dumping™ mastitic samples.

T2 HexaruikkasD

An electrochemical sensor is essentially an electrochemical cell consisting of two or
more electrodes in contact with a solid or a liquid electrolyte [27].

Electrochemical sensors are classified according to their mode of measurement:
potentiometric (voltage), amperometric (current), and conductimetric (measurement of
conductivity) sensors.
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An electroconductivity sensor measures the change in conductivity of an electrolyte in
an electroanalytical cell. Conductivity or Electrical Conductivity (EC) (symbol
a.nits $emens) or IWS defined as the ability a solution has to tranmit an
electric current. The conductivity of a solution depends on the ionic concentration, type
of ions, temperature and the geometry of the area in which current is carried.
Measurements of conductivity are usually madewith glass cells in which thesolution is
contained or dipped between platinum electrodes. Theresistancebetween  the
electrodes is measured (See section 2.3).

T2rEsamibkd i

Typical electroconductivity (EC) of normal milk appears to be between 4.0 and 5.5
mS/cm at 25°C [28]. The EC of milk has also been expressed as a concentration of
NaCl with the same conductivity as the examined milk which reflects the total ionic
concentration ofthe milk [29],

The electrical conductivity of milk is determined by:

. Concentration of charge carriers
¢ Interactive influence of ions

. Type of electrolytes

Dissociated inorganic salts are the main contributors to conductivity, with some 60% of
the total conductivity being due to sodium chloride and potassium chloride [30].
Puri and Parkash [31] determined a empirical linear correlation between chloride

content and conductivity:

E.C of milk (at 25°C) = 0.685+ 0.1089 [CL] Ejg

The most accurate published measurements of the conductivity of milk as a function of
fat and solids-non-fat are those of Prentice [32], who found that fat-free milk behaved
electrically as a homogenous electrolyte. The fat globules of milk reduce the
conductivity by occupying volume and by impeding the mobility of ions. Thus the
conductivity of whole milk is less than that of skim milk by about 10%. Prentice [32] as
well noticed that homogenisation of milk does not measurably influence conductivity
of milk. EC changes with concentration or dilution of milk but the relationship is not
simple because of the effects of concentration on the distribution of minerals between

colloidal and dialysable phases.
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Temperature control is important in conductivity measurements since the conductivity
of milk increases about 0.113mS per degree Celsius rise in temperature [33,34].
Prentice [35] confirmed the high dependence of electroconductivity on temperature
throughout the range from 15 to 40°C. He determined empirically that conductivity of
milk increases with temperature according to a polynomial expression of quadratic
form (within the limits of experimental error):

o (R EB

Where « o is the conductivity at 0°C

0 is temperature in °C

a,b are arbitrary constant.
Prentice noticed also that the values for the temperature coefficient («) are not constant
and decrease with increasing temperature. Table 1.3 shows some values for the

temperature coefficient at various temperatures.

Temp (in °C) Normal milk M astitic milk 0.1M KC1

15 0.0241 0.0238 0.0224
20 0.0223 0.0220 0.0208
25 0.0208 0.0205 0.0195
30 0.0195 0.0192 0.0183
35 0.0183 0.0180 0.0173
40 0.0173 0.0171 0.0164

MTemperature coefficient (°CJ of electrolytic conductivity at various
temperatures. (Average of 6 samples). Adapted from [35].

The incidence of severe mastitis in a cow did not bring the temperature coefficient of

milk outside the range of variation encountered in normal milk.

123 Iexamibidi iz i

In dairy cattle, EC increases following mastitis infection [36]. This increasing is due to
changes of concentration of Na+, CI' concentrations in the cow's milk [16].
Although somatic cell counts do correlate with specific conductivity, the cell counts
appear to be more sensitive for mastitis detection [37,38] it has also been found that the
ratio of specific conductivities of fore- and post milk was an effective index of mastitis
due to the sharp rise in conductivity of the postmilk from infected quarters.
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In addition to mastitis, other factors have been reported to have an influence on EC of
milk such as oestrus, genetic group [39], milk fever [40] and intramammary antibiotic
treatment of uninfected quarters [41]. Hormones like oxytocin appeared to change milk
composition in a way similar to mastitis [42].

An increased milking interval can also be associated with a rise in EC of milk [43].
This could be explained by the increase in Na+and CI' and the decrease of K+ found

after incomplete milking and after an extended milking interval.

1.3.3 Electrical Devices for mastitis detection

The use of EC forms the basis of detection of abnormal milk in many automated
milking systems and a few hand-held meters marketed internationally. Early studies
have reported that there was a high correlation between conductivity and mastitis and
this encouraged the use of milk conductivity variation as an accurate and a rapid
method for detecting intramammary infections [44,45,46]. Researchers have stated in
the literature that conductivity varies directly with changes in SCC. These results were
and still are widely discussed as other studies could not confirm them [47,48].

These different conclusions are due mainly to errors in measurement, as the milk
conductivity data collection requires some important considerations in carrying out the
measurement. For example, true milk conductivity is measured when a contact between
the milk and electrode is complete [49] and the correct temperature compensation is
maintained.

Moreover, commercially available products have presented a sensitivity that is not high
enough to be powerful sufficiently to detect the early stages of mastitis. Finally, the
most difficult problem for routine application is the defining of a limit or threshold for
diagnosis of abnormal milk samples.

In the seventies, Linzell and Peaker [41] decided to compare electrical conductivity of
first streams of milk from each quarter. To identify infected quarters the conductivity
should exceed 16% of the lowest value observed.

This study was followed by many projects aimed at designing devices to monitor on-
line udder health using this same principle [50,51,52,53,54]. Most studies concluded
that the use of conductivity for detecting subclinical mastitis is effective but that the

sensitivity based on this single detection factor is quite low. Onyango et al. stated that
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the relationship between SCC and EC is not direct [55]. Other researchers proposed a
multifactorial approach instead of one single parameter. Nielen et al. provided an
extensive review of this aspect [15,16] and stated that there are a number of other
parameters related to mastitis that can be automatically detected during milking such as
milk production, cow temperature, cow activity, etc [16].

These deviations can be recorded and analysed by different algorithmetric filters to
detect mastitis [56]. De Mol and al. uses one of these possible algorithmetric filters in a
few recent studies [56,57]. The detection model uses conductivity, milk yield and
temperature measurements to generate mastitis alerts. A time-series analysis combined
with a mathematic filter is used to calculate expected values for yield, EC and
temperature. An alert is given when a combination of deviations fall outside the
confidence intervals. The multivariate approach and algorithmetric-based predictions
have proven to be useful for mastitis detection, but the results also showed that the
number of false positive alerts may still be too high for practical applications. Maatje at
al. found that nearly 100% of the cases of clinical mastitis and over 50% of the cases of
Subclinical mastitis could be detected by this method [58]. De Mol suggests that further

research into sensor improvements may be worthwhile [24],

Only few hand held meters are currently available on the market. These devices

measure the conductivity of milk samples and are used on quarter milk samples.

The device mescor, Logan Utah, &claimed to be the world’s

largest selling electronic mastitis detector. It assesses the level of sodium and chloride
in the milk. The analysis is fast as within two seconds the conductivity is analysed and
displayed on a graphic scale. The maker suggests that absolute EC scores of >5 is a
sign of the presence of subclinical mastitis. It is claimed that the apparatus does not
need any washing between quarters and between cows. There is no temperature sensor
as it is assumed that the milk going out from the animal has the same temperature as its
body. A{V studies evaluated the use of this instrument on farms to detect subclinical
mastitis and the results showed that the device did not achieve sufficient accuracy to be
used for screening [59].
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Other studies deal with hand-held meters [60,61,62]. Milner et al [61] observed (in U.K
conditions) that EC increased in cows subclinically infected with S.Aureus pathogens
but did not show major variation in cows infected with S.uberis [60,61]. The results
suggested that clinical mastitis caused by both pathogens could be detected earlier by
conductivity methods than by waiting for a herdsperson to detect visible changes in the
milk or cow. Moreover, the hand-held meter (Milk Checker, Eisai, Tokyo, Japan) used
in his study (see Figure 1.8) was revealed to be impractical for commercial applications
since it needed careful cleaning between each measurement, and it was concluded that
reliable automated sensors and decision-making algorithms would be required.

Seguya and Mansell evaluated a hand-held resistance meter and found out that the
detection was generally poor [62]. With current technology in hand-held meters, it
appears that cow-side tests (see section 1.3.1.2) are more useful than the use of such

electronic devices.

hotograph of a hand held Milk Checker Eisai, Tokyo, Japan. (Takenfrom
www.sentinelproducts.com)

Recently, Ferrero et al. presented a new design of low cost mastitis detector to be used
as a hand-held meter using AC conductivity measurements. The sensor is described as
a two-electrode cell made of stainless steel, and it is equipped with an internal memory
where the results are stored. Three detection levels have been determined: healthy
cows, infected cows and mastitis cows [63]. This new design would be capable of
detecting subclinical mastitis but at this stage only a small prototype is available and
further tests on farm are necessary to make conclusions in regard to the efficiency of
the device.
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1.3.3.3 On-line systems

Several studies have evaluated milk conductivity for detecting subclinical mastitis,
many with the view of incorporating such a system into the automated milking machine
[49,64]. The following features characterise on-line conductivity measurement:
repeated and reliable measurements of each quarter during milking; measurement
errors such as low or high values; external influences on parameter values; non-disease
fluctuations of parameters [56]. Many herds now rely on in-line mastitis detectors.
Automated systems collect almost continuous electrical conductivity data but
unfortunately in parlour systems, measurements are usually of whole udder milk and

thus the detection of any events at the individual quarter is immediately reduced [65].

Rossing and Maatje [50], Maatje et al. [51] first proposed a milking claw where the
milk flowed over sensor cells. Figure 1.9 represents the claw equipped with electrodes
made of polished stainless steel. EC was continuously monitored by measuring the loss
of voltage every 8 s. Reliability and repeatability of the results were found to depend on
uniform sensor cells with clean electrodes. The correlation of the diagnosis with
laboratory equipment was found to be from 83 to 89%. Highest conductivity was found
at the start and at the end of milking. Using this same device, about 75% of infected
quarters were identified in an experimental farm [66]. For information, an acceptable

system would detected above 85% of the infected cases.

In a more recent study [64], the same group of researchers investigated the efficacy of
daily QMC (quarter milk conductivity) measurements combined with daily milk yield
and milk temperature. The instrumentation consists of a sensor built into the claw; the
electrodes were located in four small tubular cells each containing a pair of stainless
steel electrodes. In this system, the milk from each quarter flows through the claw. EC
is measured by applying a constant 50-kilohertz AC signal (0.8 volts peak to peak)
between two electrodes. EC is taken 7 times per second; the values are averaged and
stored by a processor. The number and status of lactation caused variation of
comparable levels. They detected 100% of 25 clinical cases when EC levels increased.
Also, some differences have been found between farms where come from milk samples
[64].
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EDrawing of the claw equipped with electrodes for measuring
electroconductivity of milk [50].

Puckett et al. also reported on experiments in the milking parlour [52]. Milking claws
were equipped with sensor electrodes for quarter. To minimise the influence of milk
level in the sensor cell, which was proportional to milk flow, various designs of
electrodes were investigated. Best results were obtained with a flat sensor surface at the
end of the electrode. Integrating data from up to three milking procedures avoided false
positive and false negative results. Using the quarter with the lowest conductivity was

found to be the best reference.

Lake designed a sensor without electrodes, measuring electrical conductivity in each
quarter by induction [53,67]. Milk flow was split into two channels with an annular
configuration. This design was used to avoid the fouling problem of electrodes exposed
to the milk and in order to get reliable and rapid measurements. Two coils and the
annular flow of milk formed an electrical transformer, transmitting a signal with a
frequency of approximately 50kHz. The voltage in the secondary circuit was
proportional to the electrical conductivity of milk. By avoiding phase shifts from
primary to secondary circuits; the influence oftemperature on signals could be avoided.
The device only worked correctly if milk was flowing without interruption.

Jones developed another system [49] adapted from a previous study from Datta et al
where the conductivity cell consisted of a well, where milk accumulated, and a central
stainless steel electrode [68]. The stainless conductivity probe was insulated so that
only the tip of the probe was uninsulated. A resistor was built in series with the

electrode to form a voltage divider. For determination of milk conductivity, an AC
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signal of 2V peak to peak and 100kHz was applied across the circuit, and the voltage at
the electrode was measured. The peak voltage at the electrode in each quarter was
accumulated for 50jis (five cycles of the input signal). The data acquisition system
collected milk conductivity at 6-s intervals to decrease the variability of the results. As
milk flow increased, apparent conductivity also increased but was quite erratic. These
results were explained by fluctuations that can occur in the contact region between milk
and the electrodes; indeed, turbulence in milk or insufficient volume to cover the

electrode may also cause fluctuations.

Afimilk system ®, developed by Afikim, Israel, is a computerised milking system for
monitoring and breeding management [54,69]. Besides monitoring parameters such as
milk yield or cow activity it can measure milk conductivity. The measuring device
includes a unit for measuring the EC of milk from the individual cow on each of a
number of successive days, a memory for storing the measured values, a computer and
a comparator for determining an average value of stored data and for comparing these
averages with the respective values to determine deviations. The EC is measured +-1%
using a low frequency AC current between stainless steel electrodes located in the milk
meter. An infected cow is detected ifthere is a sharp rise in conductivity compare to the
value for healthy milk. In the US patent, it is stated that a deviation of approximately
15% of the daily conductivity constitutes a first indication of the onset of mastitis [54].
Furthermore, it has been noticed that the main obstacle of reliable measurements is the
presence of air bubbles and foam. Under Israeli conditions, the technique showed that
the mean electrical resistance was lower in infected cows and particularly in cows
infected by St. Aureus. [69]. The system still experienced some problems in detecting
mastitis but combining EC with other parameters such as a cow’s activity may help in

detecting mastitis in an automated milking system.

1.3.4 Conclusion to electroconductivity-based mastitis sensor

The conductivity of milk has been researched extensively as a means of detecting
mastitis in dairy cows and commercial systems are available as hand-held meters and
on-line systems. However, conductivity of milk is not affected in the same way by all
mastitis-causing pathogens and some infections may be defeated by the immune
response of the cow before veterinary intervention is required. Milner et al (1996) have

shown experimentally that subclinical infections from certain primary pathogens were
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detected but other types were not [61]. But the method is nevertheless promising and
the negative cases remain few. Automated detection is therefore suitable for cows
milked in an automatic milking system [57].

121 [k

Sensitivity: Probability that an EC positive sample is a true indicator of disease.
Specificity: Probability that an EC negative sample is a true negative result

Positive predictive value (PPV): Proportion of true positives amongst the apparent
positives.

Negative predictive value (NPV): Proportion or true negatives amongst the apparent

m a (true positive) b (false positive) at+b

(false negative)  d (true negative)  c+d

Total & tfi N

negatives.

Mrobability ofthe sample. Adapted from [70].
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The threshold values for eliminating mastitic samples are chosen in such a way that the
numbers of false positive and false negative detections be minimised at an optimal
ratio. The effectiveness of the system is influenced by the choice of threshold or limit.
Increasing the threshold value introduces the probability of missing cases suspected of

mastitis but it also decreases the number of false positives.
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To distinguish between normal and mastitic milk using EC, several methods of
calculation have been investigated. The first one is known as g

Such a threshold is used for a quarter or animal that has mastitis when EC exceeds a
certain value. Several researchers have reported a higher mean EC in diseased quarters
or abnormal milk than in normal quarters or normal milk [70]. This threshold is useful
for detecting high milk EC samples like clinical mastitic milk but is unlikely to be
efficient. The second threshold is known as “ hreshold or
‘ (,IRQ) [71]. 1t is defined as the ratio between the quarter with
the lowest conductivity and the other quarters of the same cow [41,43,72]. According
to Linzell, a quarter with EC>16% above the lowest quarter has mastitis [41]. The
principle behind these terms is that sources of variation in EC other than mastitis would
be the same for all quarters, so a comparison of EC values between quarters should
reduce extrinsic variation. One assumption was that a cow would almost never have
mastitis in all four quarters at the same time. For on-line detection, IRQ was proposed,
based on means within milking or running averages over milking [66], Practically, The
use of differential EC has been shown to improve both sensitivity and specificity of EC.
Nielen et al. observed that the sensitivity increased from 57% to 68% and specificity
increased from 91% to 96% when differential values were used rather than an absolute
threshold [16]. An other definition of IRQ states that the parameter should first be
normalised by logarithmic transformation and then corrected for the mean, thus
creating a normally distributed parameter with mean zero [71].

However, a combination of absolute and differential methods has been used in many
studies and it seemed that it is the most effective method to detect abnormal milk
[41,43]. This method can avoid error from intrinsic factors such as the breed of the cow
or the time of lactation. Indeed, Fernando et al. observed that in uninfected cows,
conductivity of strippings was higher than foremilk conductivity in those quarters
infected [43]. Using logistic regression, the combination of both the absolute value and
“Differential EC” without using threshold, seemed to provide the best model fit [73],
Hamman and Zeconni performed an evaluation of EC as mastitis detection method
(using absolute thresholds) from a selection of published papers [70]. They found that
EC is not a good screening test for either clinical or subclinical mastitis. The statistics
reveal that when EC indicates that 100 cows are infected clinically only 58 would truly
have clinical mastitis and 15-30% of animals diagnosed as mastitis free would actually

be infected.
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1.3.4.3 Possibilities for improvement

With the current information it is not possible to predict whether it will be possible in
future to overcome the current difficulties encountered in the diagnosis of mastitis.
Some researchers consider that the errors of detection are due to the low sensitivity of
the measuring devices and systems. For instance, ideas such as developing further
sensors [70], avoiding the fouling effect of the milk proteins by regular cleaning or
using new materials for the electrodes such as graphite, using highly sophisticated
computerised cell programmes to evaluate conductivity data are believed to be able to
improve the results. Other people think that using better arithmetic model would help in
the analysis of the results [57]. But mathematical methods and sensor technologies are
not easy and economical to integrate into an on-line system As described earlier,
milking systems have encountered difficulties with fouling of the electrodes by fat and
protein, and regular cleaning necessary to maintain accuracy throughout milking. This
could not be used in an automated system and use of a non-contact sensor or sensor
operating where no polarisation effect occurs turns out to be the preferred solution.
Alternating current impedance techniques appear to be a new promising method for
analysing and probing certain medium or electrolyte such as milk [74,75,76,77]. In the
last decade, many researchers investigated and used this technique to 