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Measuring oxygen saturation and pulse rate in dairy cows before and after
machine milking using a low-cost pulse oximeter
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Abstract

The present study was aimed at measuring the haemoglobin
oxygen saturation and the pulse rate on dairy cow teats before and
after milking, using a bespoke low-cost pulse oximeter.

The pulse oximeter was tested in a three-day field test involv-
ing 18 Holstein Friesian cows raised in a commercial farm located
in Northern Italy.

The results highlighted a significant difference both in
haemoglobin oxygen saturation (SpO2) and pulse rate before and
after milking in the entire sample of animals. By dividing the sam-
ple according to the milking time (fast <8 min and slow >8 min),
a significant difference between fast and slow cows was observed
for SpO», whilst no difference was identified in relation to their
lactation stage [<70 days in milking (DIM) and 71-140 DIM]. As
to the pulse rate, milking time and lactation stage were not signif-
icantly different. This confirms that machine milking can create
stress to the teat causing tissue circulatory impairment and pulse
oximetry could be useful for detecting machine milking-induced
alterations of teats.

In the future, the pulse oximeter could be used as part of a
milking machine monitoring system in order to change operating
parameters to minimize the mechanical stress on the teats.

Introduction

As is well-known, the teat cup is the interface between the
milking machine and dairy cow teat. The attempt to emulate with
a milking machine the rhythmic process of a calf suckling (a milk-

Correspondence: Aldo Calcante, Department of Agricultural and
Environmental Sciences, Universita degli Studi di Milano, via Celoria
2, 20133 Milano, Italy.

E-mail: aldo.calcante@unimi.it

Key words: Dairy cows; haemoglobin oxygen saturation; machine
milking; pulse oximeter; pulse rate.

Received for publication: 28 January 2021.
Accepted for publication: 6 May 2021.

©Copyright: the Author(s), 2021

Licensee PAGEPress, Italy

Journal of Agricultural Engineering 2021, LII:1155
doi:10.4081/jae.2021.1155

This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License (by-nc 4.0) which permits any non-
commercial use, distribution, and reproduction in any medium, provid-
ed the original author(s) and source are credited.

OPEN 8ACCESS

ing phase alternated with a massage phase according to the pulsa-
tion ratio) has only been partially successful. The teat inside the
liner is under continuous vacuum, and the vacuum under the teat
is subject to dynamic changes due to its cyclical liner movement
managed by the pulsator (Odorci¢ et al., 2019). As a consequence,
mechanical milking can cause circulatory changes (congestion
and/or oedema) with accumulation of fluid in the capillaries or in
the teat tissue, which causes an increase in teat wall thickness and
teat skin temperature (Hamann et al., 1994; Tangorra et al., 2019).
Teat problems can be due to various factors, the most important of
which are high milking vacuum, unfitting pulsation ratio, and lin-
ers conditions (Junga et al., 2016).

Raising the vacuum level from 50 to 70 kPa results in shorter
machine-on time, but can also cause an increasing of teat tissue
thickness (Hamann and Mein, 1988). In particular, a combination
of high vacuum levels and a long liner open phase can potentially
increase teat-end congestion (Penry et al., 2017).

An inappropriate pulsation ratio and potential overmilking can
worsen circulatory impairment, thus increasing the risk of infec-
tions. In particular, an excessive reduction of the d-phase increases
teat end congestion, which is an accumulation of fluid in the cir-
culatory pathway, with a reduction in the teat canal cross-section
(Upton et al., 2016; Penry et al., 2017). However, if the increase
of b-phase duration during the milking phase is matched with an
increase of the pulsation rate, teat tissue thickness is decreasing
(Hamann and Mein, 1996). Many studies (Hillerton ef al., 2000;
Ohnstad et al., 2007) have highlighted that wide bore, aged and
high tensioned liners as well as large mouthpiece chamber and
small lip diameter can be stress factors for the teat.

The most important short-term changes caused by circulatory
impairment are discoloured teats, ringing, swelling and opening of
the teat canal and, if the problem persists over time, hyperkerato-
sis (Odorci¢ et al., 2019). In the long term the incidence of masti-
tis can potentially increase, with a consequent reduction of milk
yield and quality, an increase of costs for veterinary services and
medicine and an overall reduction of farm profitability and animal
welfare (Tangorra et al., 2019).

In this context, the haemoglobin oxygen saturation could be
used as an indicator to assess the milking machine-induced
mechanical stress on the teats due to incorrect settings.

In human and veterinary medicine, haemoglobin oxygen satu-
ration is used to estimate the health status and guide therapeutic
decisions (Detry et al. 2003). In particular, haemoglobin oxygen
saturation measured in healthy cows, expressed as a percentage of
SpOy, is higher than 95% (Detry et al., 2003), whereas lower val-
ues indicate health problems and/or physical stress for the animal.

In a study carried out by Detry et al. in 2003, a gas analyser
was used to measure haemoglobin oxygen saturation in Belgian
White and Blue calves. This method, which was widespread at
that time, needs a little arterial blood draw, and the use of a com-
plex and expensive instrumentation. An alternative method that in
human medicine has been established for years is the use of the
pulse oximeter. This device provides an immediate and non-inva-
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sive measurement of haemoglobin oxygen saturation also in cattle.
Coghe et al. (1999) compared the values of arterial oxygen satura-
tion measured through a gas analyser and a pulse oximeter in cat-
tle, and did not observe any statistical difference between the
results obtained with the two methods. Uystepruyst et al. (2000)
conducted a study to verify and confirm the reliability of the pulse
oximeter on a sample of newly-born calves. The haemoglobin oxy-
gen saturation was measured using a pulse oximeter applied to the
tail base, and a gas analyser on a little blood draw from the subcla-
vian artery. The results are consistent with those obtained by
Coghe et al. in 1999 and the regression between values obtained
using the two different devices was highly significant (R?=0.87).
Grosenbaugh et al. in 2007 compared the haemoglobin absorbance
spectra from common domestic species with that of human
haemoglobin. This study highlighted that the spectral properties of
bovine haemoglobin do not differ significantly from those of
human haemoglobin and should not be a limiting factor in the use
of a pulse oximeter, based on human algorithms, to animal species.

Bleul and Kahn (2008) found a high correlation (r=0.92)
between SpO» values measured using a pulse oximeter and a gas
analyser confirming the reliability of the pulse oximeter applied in
the zootechnical field in accordance with the conclusions reached
by Uystepruyst et al. (2000). In particular, Uysterpruyst et al.
(2000) demonstrated the possibility of SpO» measurement in
calves using a pulse oximeter designed for humans. Recently,
Kanz et al. (2018) used a pulse oximeter for continuous monitoring
of arterial oxygen saturation and pulse in newborn Holstein
Friesian calves.

Given the ability and the practicality of haemoglobin oxygen
saturation measurement using a pulse oximeter, this approach
could be adopted to evaluate the mechanical stress on teats due to
the milking operation. In fact, as previously discussed, the stress
caused by the milking machine affects the blood flow in teats, with
consequent variation in oxygen saturation in tissues.

Maltz et al. (2000) investigated the relationship between blood
flow and oxygen concentration of teat-end tissue before and after
machine milking using a pulse oximeter, but no significant differ-
ences in post versus pre-milking oxygen concentration measures
were found.

Recently, Wieland er al. (2020) have studied the changes
induced by machine milking in blood circulation in the teats using
power Doppler sonography on 109 Holstein dairy cows. The
authors observed that blood flow increased after pre-milking udder
preparation, but decreased immediately after the unit detachment
probably due to the mechanical stress caused by the milking
machine on teat-end tissues.

The present study is aimed at measuring haemoglobin oxygen
saturation - expressed as a percentage of SpO» - and the pulse rate
on the teat of dairy cows before and after milking, using a bespoke
low cost (<50 €) pulse oximeter. In perspective, this device could
be used as part of the milking machine monitoring system, with the
possibility of adjusting operating parameters in order to minimize
the mechanical stress on the teats.

Materials and methods

The present study was carried out in a commercial farm in
Northern Italy with 100 lactating Italian Holstein Friesian cows. At
this farm, cows are milked in a double-7 herringbone milking par-
lour (DeLaval, Tumba, SWE) set with a 60 cycles/min pulsator
rate and a 50% pulsator ratio with a nominal vacuum of 42 kPa
kept constant by a variable-speed vacuum pump. For the experi-
mental tests, 18 Italian Holstein Friesian dairy cows (DIM, days in
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milking, 82+29 d, ranging from 40 to 136 d; lactation 1-4) were
enrolled. All cows were born and bred at the same farm and man-
aged with the same feeding and nutritional scheme.

The sample size was calculated for oxygen saturation consid-
ering an average value of 98% before milking, and a reduction up
to 95% after milking as the threshold of potential stress, according
to Detry et al. (2003). The minimum number of cows was calculat-
ed based on the following assumptions: power 80%, level of sig-
nificance 5%, expected mean and standard deviation of the paired
differences 3 and 2 respectively (Dhand and Khatkar, 2014). As to
the pulse rate, the sample size was calculated considering an aver-
age value of 80 before milking and a relative increase of 15% dur-
ing milking as the threshold of for potential stress (Royle et al.,
1992; Hopster et al., 1998). As with oxygen saturation, the calcu-
lation of the minimum number of cows was based on the following
assumptions: power 80%, level of significance 5%, expected mean
and standard deviation of the paired differences 12 and 7 respec-
tively (Dhand and Khatkar, 2014).

A MAXREFDES117 (Maxim Integrated, San Jos¢, CA, USA)
sensor was used for the measurement of haemoglobin oxygen sat-
uration and pulse rate, which was inserted in a measuring system
designed and developed at the Department of Agricultural and
Environmental Sciences of Universita degli Studi di Milano.

MAXREFDESI117 is a low power, optical pulse oximeter with
two integrated LEDs - a red (660 nm) light emitting diode and an
infrared (880 nm) light emitting diode - to transmit light through
the vascular bed to a photodetector. The difference in the intensity
of the transmitted light between the red and infrared lights is
caused by the difference in the absorption of light by oxygenated
(saturated) and deoxygenated (desaturated) haemoglobin (Maltz et
al., 2000). This sensor works with both Arduino and others embed-
ded platforms for quick testing, development and system integra-
tion. An open-source heart-rate and SpO> algorithm is included in
a free firmware library provided with the sensor to calculate the
amount of oxygen saturation and pulse rate. MAXREFDES117
implements the heart-rate/SpO> sensor (MAX30102) commonly
used for studies about human health (Telfer et al., 2017; Siam et
al., 2019), an efficient low-power step-down converter
(MAX1921), and an accurate level translator (MAX14595). The
sensor typically operates at less than 5.5 mW, when used with its
firmware, and its acquisition rate ranges between 25 and 100 sam-
ples per second depending on the embedded platform used. A
block diagram of the system implemented is shown in Figure 1.

In our study, the Arduino UNO platform was chosen for its
reliability and ease of use. The Arduino microprocessor was pro-
grammed using the firmware library provided by Maxim
Integrated to communicate with the pulse oximeter and show on a
digital display the value of haemoglobin oxygen saturation mea-
sured in the dairy cows involved in this study (Figure 2 right). The
acquisition rate was set at 25 Hz, and haemoglobin oxygen satura-
tion and pulse rate were calculated based on the average of three-
second measurements (i.e. on 75 samples).

The pulse oximeter (Figure 2 left) was fixed at the end of a 50
cm-long flexible metal rod to make easy and safe measurements.

Haemoglobin oxygen saturation and pulse rate were measured
using the pulse oximeter in the right-front teats of the cows, before
the attachment of the milking cluster and immediately after its
automatic removal, during three consecutive morning milking ses-
sions. The measurements were carried out by placing the pulse
oximeter at the contact point between the tissue and the head of the
liner (Figure 3). Particular attention was paid to fit the device per-
fectly in contact with the skin to avoid that any light beam, gener-
ated by the LEDs, could disperse causing errors in the measure-
ment. This particular position was chosen because this is where the
tissue comes in contact with the liner mouthpiece lip, and is there-
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Figure 1. Block diagram of the pulse oximeter sensor and the measuring system used in this study.

Figure 2. On the left: the pulse oximeter fixed at the top of a 50 cm-long flexible metal rod. On the right: the digital display.

fore subject to high mechanical stress due to the frictional force
between the mouthpiece and the teat during the low-flow period
toward the end of the milking session. Furthermore, from a practi-
cal point of view, since this sensor could be included in a monitor-
ing system of the milking machine, this position (i.e. on the liner
mouthpiece) is the best solution to obtain a representative mea-
surement of SpO; and heart rate, and facilitate the periodic main-
tenance activities, including cleaning. Finally, the acquisition time
needed to obtain a stable reading was about five seconds.

The statistical analysis was carried out using JMP Pro 14 (SAS
Institute, Cary, NC, USA). Haemoglobin oxygen saturation and
pulse rate data before and after milking were analysed for all teats
and separately for teats belonging to cows in early (<70 DIM) and
mid-lactation (71-140 DIM) and for teats belonging to cows with
fast (<8 min) and slow (>8 min) milking times. The Shapiro-Wilk
test was used to assess the normality of the measured variables. A
paired t-test was used to compare the effects on the teats within the
same class; an unpaired t-test was used to compare effects on the
teats between classes. Significance was associated with P<0.05.

OPEN aACCESS

Figure 3. Position (indicated by the arrow) of the measurement
point of haemoglobin oxygen saturation and pulse rate.
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Results and discussion

The average oxygen saturation (SpO2) measured on the teat of
the dairy cows involved in the field test ranged between 98.4 and
98.9 % before milking and dropped significantly to 93.3 and
93.8% immediately after the milking cluster detachment (Table 1).
These findings differ from those obtained by Maltz et al. (2000),
who measured a lower average tissue oxygen concentration at the
teat level before milking (94.6+1.8%) and did not find any signif-
icant difference with respect to post milking values (94.9+1.5%).
This could be due to the different measuring time and site. Maltz
et al. (2000) included in the analysis the oxygen concentration data
for the first 60 s after the removal of the milking unit and the mea-
suring site was as close as possible to the teat-end. Our acquisition
time corresponded to the time needed to obtain a stable reading
(about 5 s), while our measurements were taken by placing the
pulse oximeter in contact with the tissue close to the insertion point
between the udder and the teat. The consistent reduction in SpO»
levels measured in our study after the milking unit removal could
be linked to a decrease in teat blood perfusion intensity after
machine milking as reported by Kuchler (2011), who attributed
this change to the effects of machine milking on the teat tissue and
vascularization. Changes of teat skin blood flow dependent on the
milking machine settings were reported earlier also by Hamann et
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al. (1994). More recently, Wieland et al. (2020), in a study aimed
to describe machine milking-induced changes in teat blood circu-
lation of dairy cows, found that blood perfusion intensity of teats
decreased after machine milking, compared with the value mea-
sured after pre-milking udder stimulation. The Authors attributed
the circulatory impairment of the teat to vacuum-induced mechan-
ical forces during machine milking. Their hypothesis was corrob-
orated by previous work from their own group (Wieland et al.,
2018) and reports from other researchers (Upton et al., 2016;
Penry et al., 2017; Odor¢i¢ et al., 2019) confirming the idea of a
machine milking-induced effect on the circulatory system of the
teat. This effect could explain the significant difference we
observed in SpO2 measured at the teat level after the milking clus-
ter detachment for cows with fast (<8 min) and slow (>8 min)
milking times (Table 2). Slow cows showed a higher reduction of
SpO2 which ranged between —5.8 and —6.6%, compared to fast
cows that had values between —3.1 and —3.7%. This confirms that
longer milking times can create stress to the teat and cause tissue
circulatory impairment. The lactation stage did not affect oxygen
saturation. No statistical differences were found in SpO; after
milking for cows in early (<70 DIM) and mid-lactation (71-140
DIM), as summarized in Table 3, suggesting that the oxygen satu-
ration measurement at the teat level is a more suitable parameter
for detecting machine milking-induced alterations in the short term

Table 1. T-test of haemoglobin oxygen saturation and pulse rate measured at the teat level before and after milking.

Variable Milking n Before milking After milking P-value
Mean= StD Mean= StD

Sp0y (%) 1 18 98.4+0.7 93.8+2.0 <0.0001
2 98.9+1.0 93.8+2.1 <0.0001
3 98.6+1.2 93.3£2.7 <(.0001

Pulse rate (bpm) 1 18 86.2+13.6 774109 0.0137
2 94.3+15.3 874+11.7 0.0296
3 86.1+17.1 73.9+11.1 0.0132

StD, standard deviation.

Table 2. T-test on the differences of haemoglobin oxygen saturation and pulse rate at the teat level between before and after milking for
cows with fast (<8 min) and slow (>8 min) milking times.

Milking (n) Milking time (min)
Fast Slow
Mean=StD n Meanz+ StD
Sp02 (%) 1 8 =3.1x1.0 10 —5.8+14 0.0002
2 -3.2+1.5 —6.6+1.3 0.0001
3 -3.7+14 -6.6+2.5 0.0070
Pulse rate (bpm) 1 8 —6.4+11.2 10 —10.7£15.5 0.5022
2 —6.1£4.2 —1.5£5.0 0.5344
3 —6.7+14.9 —16.6+21.0 0.2628

StD, standard deviation.

Table 3. T-test on the differences of haemoglobin oxygen saturation and pulse rate at the teat level between before and after milking for
cows in early (<70 days in milking) and mid-lactation (71-140 days in milking).

Variable Milking (n) Early lactation Mid lactation P-value
n Mean=StD n Mean=StD

Sp03 (%) 1 9 -3.8+15 9 -5.3+1.9 0.0939
2 —4.7+24 —5.6+1.7 0.4425
3 —43+19 —6.2+29 0.1239

Pulse rate (bpm) 1 9 —13.0£14.5 9 —4.6+11.9 0.1954
2 —6.0+10.9 ~7.8+142 0.7698
3 -8.0+17.9 —16.5+19.6 0.3545

StD, standard deviation.
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rather than in medium and long term.

The average pulse rate measured at the teat level before and
after milking ranged respectively between 86.1 and 94.3 bpm and
between 73.9 and 87.4 bpm (Table 1). These values are consistent
with those reported in literature and measured during milking
(Hopster et al., 1998) and before and after milking (Maltz et al.,
2000) for Holstein Freisian dairy cows. The average pulse after
milking was significantly lower than before probably because of
the milk let-down response, as reported by Maltz ez al. (2000).

Milking time and lactation stage did not influence the pulse
rate (Table 3). No statistical differences were found in pulse rate
after milking for cows with fast (<8 min) and slow (>8 min) milk-
ing times and for cows in early (<70 DIM) and mid-lactation (71-
140 DIM), suggesting that other factors can affect the heart rate
variability including human-animal interactions, agonistic interac-
tions in the milking parlour holding area and management proce-
dures during milking.

Conclusions

The aim of this study was to develop a low-cost pulse oximeter
and evaluate if the haemoglobin oxygen saturation (SpO2) and
pulse rate values measured at the teat level before and after milking
showed any significant difference.

The results obtained from a field test involving 18 Holstein
Friesian cows highlighted that there is a significant difference both
in haemoglobin oxygen saturation and in pulse rate before and
after milking for the entire sample of animals. By dividing the
sample according to the milking time, a significant difference
between fast and slow cows was observed for SpO», whilst no dif-
ference was noted considering the lactation stage.

As to the pulse rate, it was only possible to identify a declining
trend of the values measured before and after milking, but no sig-
nificance was demonstrated for milking time and lactation stage.

In conclusion, this study confirms that machine milking can
create stress to the teat and cause circulatory impairment in its tis-
sue and that pulse oximetry could be useful for detecting machine
milking-induced alterations of the teats. In perspective, the mea-
surement of the haemoglobin oxygen saturation by a pulse oxime-
ter sensor inserted at the top of the liner mouthpiece in close con-
tact with the udder could be used to avoid long-term effects on the
teat tissue caused by inadequate milking machine settings (e.g.
vacuum level, pulsation ratio), and could provide useful informa-
tion about the health of the cows. The future steps of this study will
consist in the implementation of the pulse oximeter into a commer-
cial liner (on the mouthpiece head, in contact with the tissue of the
udder) and in a series of tests to be carried out by varying the oper-
ating parameters of the milking machine in order to verify whether
it is actually possible to minimize mechanical stress due to the
milking.
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