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I. INTRODUCTION  

 

Production animals worldwide have become increasingly productive over the last few decades, 

mainly through breeding and management improvements (Rauw et al., 1998; Hansen, 2000; 

Norring et al., 2012). Dairy cows are no exception; on the contrary, the average cow's milk 

yield within the European Unit increased from 5,585 kg in 2001 (Marquer, 2013) to 7,682 kg 

in 2019 (Anonym., 2022), indicating an increase of 37.5% within 20 years. Increased 

productivity has a lot of benefits, such as a smaller number of animals for the same production 

yield (Hansen, 2000), resulting in less time and resources needed, leading to less emissions and 

waste produced for the same output. On the other hand, intensified productivity poses 

challenges as well. For example, increased time investment in management is required, the 

appearance of new production diseases can occur, and reduced cow longevity can occur (Rauw 

et al., 1998; Hansen, 2000).  

Higher productivity implies that the milk yield moves towards the physiological boundaries of 

the cows. Breeding efforts continue to improve productivity and overcome what were 

considered physiological boundaries (Hansen, 2000). Cows can produce high milk yields if all  

needs, such as housing environment and nutritional needs, are adequately met, and many factors 

have to be adjusted optimally (Schrader, 2009). Otherwise, either productivity decreases or – if 

the cow is genetically determined to continue with a high milk yield – animal welfare decreases, 

and the cow’s health decreases (Schrader, 2009).  

Metabolic imbalances are one major challenge (Schrader, 2009). Abundant research was carried 

out on ketosis as the most prominent metabolic imbalance and defined disorder. Prevalence 

rates for subclinical ketosis from 8 to 22% in the first two months of lactation are described 

(Duffield, 2000; Suthar et al., 2013; Tatone et al., 2017). The incidence of subclinical ketosis 

ranges from 16 to 43%, depending on the lactation number (McArt et al., 2012; Gordon et al., 

2013). Subclinical ketosis can become clinical by showing a reduction in milk production, feed 

intake, or foregut motility, as well as a loss of bodyweight, dry and dark feces, or unwillingness 

to move. Neurological signs such as aggressiveness, nervousness, trembling, or roaring are also 

described (Baird, 1982; Berge and Vertenten, 2014; Gruber and Mansfeld, 2019). Subclinical 

ketosis is associated with other production diseases like metritis, clinical ketosis, displaced 

abomasum, lameness, placental retention, and culling within 60 days postpartum (Suthar et al., 

2013; Raboisson et al., 2014; Abdelli et al., 2017; Gruber and Mansfeld, 2019). For a long time, 

the quantitative analysis of ß-hydroxybutyrate acid (BHBA) in blood was considered the gold 
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standard in diagnosing ketosis (Duffield et al., 1997; Oetzel, 2004). Recent research suggests 

that the concentration of non-esterified fatty acids (NEFA) in blood indicates more reliably the 

extent of a metabolic disorder (McArt et al., 2013; Tremblay et al., 2018). 

The aim of this work was to investigate the possibility of reliably diagnosing and predicting the 

occurrence of a metabolic disorder by comparing milk and blood fatty acid (FA) concentrations 

of healthy cows to those of cows suffering from metabolic imbalances using linear regression 

models. Both milk and blood FA concentrations were determined by using milk FTIR data 

available from the high-throughput routine milk analysis. 

Animal welfare can be high in human husbandry, and cows can be adequately kept in a stable 

(Schrader, 2009; Andreasen et al., 2020). If managed well, they receive an appropriate quality 

and amount of food and care, receive treatment if injured or ill, and live in an animal-friendly 

husbandry. Optimal treatment in all circumstances without mismanagement, neglect, or 

mistreatment seems a high goal to achieve (Andreasen et al., 2020). Nevertheless, we should 

strive for this aim, and many steps will lead to many minor and major improvements. This thesis 

will potentially and hopefully lead to an improvement in the management of dairy herds. 
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II. LITERATURE OVERVIEW  

 

1. Ketosis 

1.1. Definition 

The term ketosis is derived from the ketone bodies and describes elevated blood concentrations 

of the same. Ketone bodies are acetoacetate, acetone and ß-hydroxybutyrate acid (BHBA). As 

BHBA concentrations are easiest to determine, the BHBA concentration in blood is generally 

used as a reference to describe hyperketonemia. The quantitative analysis of BHBA was and is 

still considered to be the gold standard in the diagnosis of ketosis (Duffield et al., 1997; Oetzel, 

2004). The term ketosis was traditionally used for cows showing clinical signs with a 

concurring hyperketonemia. It is well established in recent decades to distinguish between 

clinical and subclinical ketosis. Subclinical ketosis (SCK) is defined by serum BHBA levels > 

1.0 to 1.4 mmol/L without clinical signs of ketosis (Duffield, 2000; Iwersen et al., 2009; Suthar 

et al., 2013). Clinical signs start at about > 2.6 mmol/L, while the threshold is extremely variable 

at an individual cow level (Andersson, 1984; Duffield, 2000).  

 

1.2. Prevalence and Incidence 

Prevalence rates for subclinical ketosis ranging from 8 – 22% in the first two months of lactation 

are described (Duffield, 2000; Suthar et al., 2013; Tatone et al., 2017; Gruber and Mansfeld, 

2019). The incidence for subclinical ketosis ranges from 16 – 43%, depending on the number 

of lactation (McArt et al., 2012; Gordon et al., 2013; Gruber and Mansfeld, 2019). 

 

1.3. Symptoms 

The clinical signs showed by cows during a ketosis can be a reduction in milk production, feed 

intake or foregut motility, as well as a loss of bodyweight. Dry and dark faeces may also be 

present or an unwillingness to move. Furthermore, neurological signs as aggressiveness, 

nervousness, trembling or roaring can appear (Baird, 1982; Berge and Vertenten, 2014; Gruber 

and Mansfeld, 2019). 

 

 



II. Literature Overview                                                                                                                                         4 

 

 

1.4. Associated Diseases 

Subclinical ketosis is associated with other production diseases like metritis, clinical ketosis, 

displaced abomasum, lameness, placental retention and culling within 60 days postpartum 

(Suthar et al., 2013; Raboisson et al., 2014; Abdelli et al., 2017; Gruber and Mansfeld, 2019). 

 

1.5. BHBA Concentrations and Clinical Appearance 

Even though ketosis is named after ketone bodies and describes a disease that is associated with 

hyperketonemia, elevated blood ketone levels do not manifest consistently with the clinical 

signs (Andersson, 1984; Duffield et al., 2009; Tremblay et al., 2018). Cows showing clinical 

signs can have low or intermediate blood BHBA levels, while cows with high blood BHBA 

levels do not necessarily show clinical signs. As a result, Tremblay et al. (2018) introduced the 

term "pour metabolic adaptation syndrome (PMAS)". 

 

2. Pour Metabolic Adaptation Syndrome (PMAS) 

It is reasoned that the current gold standard in diagnosing cows suffering from ketosis, the 

detection of hyperketonemia (blood BHBA ≥ 1.2 mmol/L), does not consistently manifest with 

clinical symptoms of ketosis or indications of poor metabolic adaptation during early lactation 

(Andersson, 1984; Duffield et al., 2009; Tremblay et al., 2018). Physiologically, high-yielding 

milking cows enter a phase of negative energy balance (NEB) after parturition due to high 

energy demands of milk production and a dry matter intake that cannot match the energy 

requirements (Baird, 1982; Bell, 1995). It is suggested that cows can either compensate for 

NEB by reducing fat in milk or by increasing fat mobilization from adipose tissue and that only 

cows increasing fat mobilization persistently developed hyperketonemia (Klein et al., 2012; 

Tremblay et al., 2018). Cows with poor metabolic adaptation are characterized by an 

inappropriate reaction to the negative energy balance in early lactation (Baird, 1982; Tremblay 

et al., 2018). Indications of PMAS are expected to be elevated liver enzymes and bilirubin, 

decreased rumen fill, reduced rumen contractions, and a decrease in milk production (Ghanem 

et al., 2016; Issi et al., 2016; Cao et al., 2017; Tremblay et al., 2018). In general, higher 

producing, older cows being in early lactation with a higher body condition score before 

parturition are more often affected by PMAS (Baird, 1982; Rukkwamsuk et al., 1999; Ghanem 

et al., 2016; Tremblay et al., 2018). Metabolic diseases, unlike infectious diseases, cannot easily 

be defined as diseased or not diseased, they are rather defined as syndromes observed on a 
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spectrum of signs (Tremblay et al., 2018). Therefore Tremblay et al. (2018) addressed the 

problem of differentiating classes of PMAS and defined three classes: low, intermediate and 

high PMAS, which did not follow differences in BHBA levels. The argument is brought 

forward, that this may be a consequence of the fact, that ketogenesis and resulting ketonemia 

are normal physiological responses to compensate for NEB as mentioned above and do not 

necessarily reflect pathological changes (Tremblay et al., 2018). This leads to the conclusion, 

that it is important to be able to distinguish between appropriate and inappropriate responses to 

NEB (Tremblay et al., 2018). In accordance with Klein et al. (2012), Tremblay et al. (2018) 

were able to distinguish within the group of cows suffering from intermediate PMAS, between 

cows increasing ketogenesis (indicated by hyperketonemia) and cows limiting milk fat 

(indicated by a reduced milk fat). A cause for limited milk fat can be limited ketogenesis 

(Baumgard et al., 2000; Tremblay et al., 2018). Cows showing the highest agreement with 

expected PMAS indicators did not decrease milk fat or increase ketogenesis, suggesting that 

they did not adapt appropriately (Tremblay et al., 2018). Furthermore, it is suggested that PMAS 

classes can be identified by NEFA cut-off values of <0.39 mmol/L (95% CI: 0.360–0.410) for 

low PMAS observations and ≥0.7 mmol/L (95% CI: 0.650–0.775) for high PMAS observations, 

as they consistently characterize PMAS classes (Tremblay et al., 2018). 

 

3. Metabolic Diseases and Herd Health Management 

3.1. Definition 

Unlike decades ago, where veterinarians treated mainly individual animals, integrated herd 

health management nowadays concentrates on the prevention of diseases and the performance 

of the dairy herd (de Kruif and Opsomer, 2004). This requires excellent housing facilities as 

well as a functioning cooperation between veterinarians and farmers or managers. The 

prevention of diseases as a main management aim relies strongly on an integrated herd health 

management. Herd health management improves both animal health and welfare and helps to 

maintain a high quality of foods from animal origin (de Kruif and Opsomer, 2004). The 

administration of medication remains necessary but must be carried out under strictly controlled 

conditions (de Kruif and Opsomer, 2004). 

 

 

 



II. Literature Overview                                                                                                                                         6 

 

 

3.2. The Role of Metabolic Diseases in Herd Health Management 

The following factors describe the importance of a disease regarding herd health management: 

occurrence of the disease (prevalence and incidence) as well as the severity which is described 

by the symptoms, associated diseases and associated costs. With an average herd prevalence of 

21%, and an average incidence of approximately 40% within the first 2 weeks after calving, 

subclinical ketosis is a relevant factor in herd health monitoring (Gruber and Mansfeld, 2019). 

Concerning the second factor, the main aspect during a subclinical ketosis is, although not 

showing clinical signs, the milk yield decrease in the first 2 weeks postpartum by 3 – 5.3 kg/d 

for each ketotic cow, and the total average milk reduction through the whole lactation period of 

305 days by 112 kg (standard deviation (SD): 89 kg) (Gruber and Mansfeld, 2019). 

Furthermore, during a subclinical ketosis the risk of developing associated production diseases 

like retained placenta, metritis, displaced abomasum, lameness and clinical ketosis increases, 

while the herd health status deteriorates and the risk for early culling increases (Gruber and 

Mansfeld, 2019). The financial aspect includes costs for early death, reduced milk production, 

reproduction losses and associated production diseases. The calculated costs per case of 

subclinical ketosis vary between $ 78 and $ 289 (Gruber and Mansfeld, 2019). 

 

3.3. Current Monitoring Strategies 

Metabolic disorders are tightly linked to the physiologically occurring negative energy balance 

after calving. Therefore, monitoring the NEB after calving can help to monitor and predict 

metabolic disorders (Roche et al., 2013; Gruber and Mansfeld, 2019). Concurring with a NEB 

the cow loses body weight. This can be rated by using the body condition score (Edmonson et 

al., 1989). The suggested body condition score (BCS) ranges from 1 to 5, using .25-unit 

increments. A score of 1 indicates an emaciated condition, and a score of 5 indicates an obese 

condition (Edmonson et al., 1989). Eight body characteristics are used to evaluate the BCS to 

obtain a maximum of objectivity throughout the evaluation of various persons using the BCS 

(Edmonson et al., 1989). If the cow loses excessive body weight during the first weeks after 

parturition, it can be concluded that she underwent a severe NEB. This suggests that she 

suffered severe metabolic challenges and has a higher risk of a metabolic disease. Consistently, 

not the actual BCS but rather the change of BCS can be used to monitor the risk factor of a 

severe NEB (Gruber and Mansfeld, 2019). This method is easy and cost-effective, yet it requires 

discipline and is work intensive to evaluate the cows at risk regularly (Gruber and Mansfeld, 

2019). Furthermore, even though it objectifies the evaluation by using eight body 
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characteristics, the human factor remains and it is error-prone due to possibly occurring 

operational blindness. Another disadvantage is, that if severe body weight loss has taken place 

and gets noticed, a lot of metabolic challenge has already happened and the cow may already 

be in a positive energy balance again (Bünemann et al., 2019). Furthermore, it is suggested, that 

ultrasonic measurements considering inner fat depots is more accurate (Bünemann et al., 2019).  

Another possibility to monitor metabolic diseases are cow side ketosis tests. A few commercial 

tests are available. They can be conducted on milk, urine or blood (Gruber and Mansfeld, 2019). 

Taking blood requires a veterinarian, while urine and milk can be sampled by the farmer. Milk 

samples are easy to obtain and testing the sample only takes a small amount of time. While 

specificities of 96 and 97% for a cow side test using milk are reported for a serum BHBA 

threshold of 1.2 and 1.4 µmol/L, respectively, sensitivities showed only 88 and 96%, 

respectively (Iwersen et al., 2009). Collecting urine samples is more complicated and while the 

sensitivity was 100%, the specificity was only 59% (Nielen et al., 1994). Regarding the gain of 

information, cow side milk tests can be very useful. They can be of valuable help in testing 

suspicious animals. If conducted on the whole herd or even on all cows during the period at risk 

after calving, it can, though, amount to be work and cost intensive. As a consequence, they 

cannot be considered to be an effective means in monitoring the whole herd regarding metabolic 

disorders (Gruber and Mansfeld, 2019). 

Additional to the information farmers can obtain from automatic milking systems (AMS) or 

other automated monitoring features, the federal states in Germany offer monthly (11 per year) 

analysis of every single cow's milk. A sample is collected from one milking and the milk yield 

is determined (Anonym.). Milk fat, milk protein, milk urea and milk lactose concentration as 

well as the somatic cell count (SCC) are determined based on high throughput Fourier transform 

infrared spectroscopy and edited (Anonym., 2019). Mainly helpful in determining cows at risk 

are milk fat and milk protein as well as the milk fat-to-protein ratio, as they reflect the energy 

and protein intake in relation to the cow's need (Garcia et al., 2015). The cow's demand is 

created by her metabolic turnover as well as her milk production. This method can be very 

helpful for the monitoring of metabolic diseases (Garcia et al., 2015). On the downside, 

evaluating the results of the routine milk analysis is often underrated and neglected and 

therefore a great potential is lost. The potential is further limited by the only monthly 

measurement. In the worst case, the first analysis after calving takes place only a month after 

calving if the previous analysis took place just before calving. The cow passes the period with 

the highest risk without receiving an analysis of her milk and therefore without being monitored 

(Gruber et al., 2021).  
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Some states offer early warnings for metabolic stress or ketosis additional to the established 

monthly analysis. For example, recent research established a so-called "double traffic light" in 

Bavaria (Anonym., 2019). One traffic light indicates the risk for an increase of fat mobilization 

by predicting the blood NEFA concentration using the Fourier-transform infrared (FTIR) 

spectra data. As a traffic light, it has three levels: green – low risk for metabolic stress, yellow 

– intermediate risk and red – high risk. The second traffic light predicts the amount of ketone 

bodies in the blood and uses this information in combination with the milk fat-to-protein ratio 

to predict the risk for ketosis again in three levels: green – low risk for ketosis, yellow – 

intermediate risk and red – high risk (Anonym., 2019). Similar predictions have been 

established in other states and countries, e.g. KetoMIR in Baden-Württemberg (Drössler et al., 

2018). 

 

4. Relevant Fatty Acids in Blood and Milk in the Context of Metabolic Herd Health 

Monitoring 

4.1. Physiologically Occurring Fatty Acids in Blood and Milk 

4.1.1. Physiologically Occurring Fatty Acids in Blood 

The Qlip N.V. (Leusden, The Netherlands) models for FA in blood differentiate between 55 

FA (Table 1). C18:1, C18:0 and C16:0 are the FA with the highest concentration. 
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Table 1: Qlip N.V. (Leusden, The Netherlands) mean fatty acid concentrations in blood in 

µmol/L from n=3 farms in the Netherlands. 

Fatty acid Concentration in µmol/L (standard deviation) 

C13:0     0.15 (  0.04) 

C14:0     4.60 (  2.90) 

C14:1     0.96 (  0.97) 

C15:0     3.68 (  1.66) 

C16:0   66.44 (45.79) 

C16:1     9.18 (  8.37) 

C16:2     0.18 (  0.09) 

C17:0     8.56 (  5.65) 

C17:1     4.03 (  2.54) 

C18:0 103.93 (45.47) 

C18:1 113.86 (88.02) 

C18:2   14.33 (  6.46) 

C18:3     4.46 (  2.32) 

C18:4     0.10 (  0.04) 

C19:0     1.01 (  0.55) 

C19:1     1.69 ( 0.83) 

C19:2     0.35 (  0.12) 

C19:3     0.07 (  0.02) 

C20:0     1.39 (  0.44) 

C20:1     1.07 (  0.68) 

C20:2     0.51 (  0.14) 

C20:3     1.27 (  0.32) 

C20:4     3.14 (  1.25) 

C20:5     0.90 (  0.37) 

C21:0     0.37 (  0.08) 

C21:1     0.16 (  0.06) 

C21:3     0.09 (  0.01) 

C21:4     0.18 (  0.02) 

C22:0     1.20 (  0.31) 

C22:1     0.41 (  0.08) 

C22:3     0.11 (  0.02) 

C22:4     0.29 (  0.08) 

C22:5     1.41 (  0.49) 

C22:6     0.18 (  0.05) 

C23:0     1.04 (  0.30) 

C23:1     1.44 (  0.43) 

C24:0     2.28 (  0.66) 

C24:5     0.07 (  0.02) 

C24:6     0.18 (  0.23) 

C25:0     0.49 (  0.10) 

C25:1     0.58 (  0.13) 

C25:3     0.09 (  0.03) 

C25:5     0.05 (  0.01) 

C26:0     5.52 (  1.06) 

C26:1     0.20 (  0.03) 

C26:2     0.05 (  0.01) 

C27:0     0.13 (  0.03) 

C27:1     0.07 (  0.02) 

C27:3     0.09 (  0.03) 

C28:0     0.59 (  0.16) 

C28:1     0.06 (  0.02) 

C29:0     0.07 (  0.02) 

C29:4     0.25 (  0.07) 

C29:6     0.20 (  0.03) 

C30:1     0.06 (  0.01) 
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4.1.2. Physiologically Occurring Fatty Acids in Milk 

In general, milk fat composition is largely influenced by feed intake (Bauman and Griinari, 

2003). Ruminants are thus an exception, as milk fat composition is largely influenced by 

bacterial metabolism in the rumen (Bauman and Griinari, 2003). Milk fat from ruminants is 

expected to contain more than 400 different FA which relates mostly to the bacterial metabolism 

in the rumen (Bauman and Griinari, 2003). The physiological milk fat composition of cows is 

described in Bauman and Griinari (2003) as the following in molar percent: C4:0: 12, C6:0: 5, 

C8:0: 2 C10:0: 4, C12:0: 4,  C14:0: 11, C16:0: 24, C16:1: 3 C18:0: 7, C18:1: 24, C18:2: 3, 

C18:3: 1, >C18:3: <1 (Jensen, 2002). Dorea et al. (2017) describe the following FA as relevant 

in the milk: C4:0, C6:0, C7:0, C8:0, C9:0, C10:0, C11:0, C12:0, C13:0, C14:0, C15:0, C17:0, 

C18:0 and C18:1. Partially overlapping with those FA are the FA examined in Mann et al. 

(2016): C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, cis-9 C14:1, C15:0, C16:0, cis-9 C16:1, C17:0, 

C18:0, trans-9 C18:1, trans-10 C18:1, trans-11 C18:1, trans-12 C18:1, cis-9 C18:1, cis-11 

C18:1, cis-12 C18:1, cis-9,cis-12 C18:2, cis-9,trans-11 C18:2 and cis-9,cis-12,cis-15 C18:3. 

Another study considered C4:0, C10:0, C12:0, C14:0, C16:0, C18:1 as well as the sums of cis-

9 C18:1 and cis C18:1 as relevant (Mantysaari et al., 2019). In a further study the following FA 

are called functional: C4:0, C18:1 trans-11, C18:1 cis-9, C18:2, C18:2 cis-9,trans-11, C18:3, C 

20:4, C 20:5 and C22:6 (Nogalski et al., 2015). 

 

4.2. Changes in the Fatty Acid Composition during Ketosis/PMAS 

After calving and during the beginning of lactation, cows enter a period of a NEB, meaning that 

the extent of energy in form of fat that is used for milk production exceeds the energy intake by 

feed (Baird, 1982). It is suggested that cows can react to the NEB with one of the following 

strategies, either by reducing fat in the milk or by increasing fat mobilization from adipose 

tissue (Klein et al., 2012; Tremblay et al., 2018). Both strategies naturally have an impact on 

the milk fat composition. Furthermore, they also affect the blood fat composition, as fat 

mobilized from adipose tissue directed to the milk is transported via the blood stream and fat 

not used for milk production remains in the blood until further metabolization (Bauman and 

Griinari, 2003). 
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4.2.1 Changes in the Blood Fatty Acid Composition during Ketosis/PMAS 

A lot of research has been done on the concentration of NEFA in blood during metabolic 

disorders (Jorjong et al., 2014; Mann et al., 2016; Dorea et al., 2017; Puppel et al., 2017; 

Mantysaari et al., 2019). Other than NEFA, FA concentrations in the blood have not been the 

subject of extended research. Little is known on the changes in the FA composition in the blood 

during a metabolic disorder.  

 

4.2.2 Changes in the Milk Fatty Acid Composition during Ketosis/PMAS 

Milk FA are derived from two sources: intake from the blood and de novo synthesis in the 

mammary gland (Bauman and Griinari, 2003). Short-chained (4-8C) and medium-chained (10-

14C) FA are almost always derived by de novo synthesized FA, long-chained (>16C) FA are 

derived from blood circulation and FA containing 16Cs are derived from both. By determining 

the milk FA profile, the source of the FA can be derived, which is further explained in the 

following (Bauman and Griinari, 2003): In contrast to non-ruminants using glucose, ruminants 

use acetate as a source of carbohydrate for FA synthesis. Acetate originates from ruminal 

fermentation of carbohydrates. BHBA provides about half of the first 4 Cs in de novo 

synthesized FA (Bauman and Griinari, 2003). Physiologically, lipolysis and metabolization of 

body fat forms less than 10% of the FA in milk. During a state of negative energy balance, the 

ratio of mobilized fat increases directly proportional to the extent of energy deficiency. As a 

consequence, the amount of long-chained and unsaturated FA increases while short- and 

medium-chained FA decrease (Bauman and Griinari, 2003). 

 

4.3. Previous Research and Use of the Fatty Acid Composition in Blood and Milk  

The first publication included in this thesis (Reus and Mansfeld, 2020) gives an overview of 

the research on the use of milk FA composition for the prediction of metabolic health status. 
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IV. FURTHER RESULTS 

 

In addition to the examinations conducted on milk FA concentrations described in the second 

publication (Reus et al., 2023), blood FA concentrations were examined and are described in 

the following. Materials and methods were the same as described in the second publication 

(Reus et al., 2023), concerning data collection, data editing and analysis, cow type 

determination and visualization. Blood FA concentrations were calculated using milk FTIR 

data and applying a regression model developed and validated by Qlip N.V. (Qlip N.V., 

Leusden, The Netherlands). Concerning the linear models, they were built according to the 

description in the second publication (Reus et al., 2023) but used blood FA concentrations 

(palmitic acid (C16:0), stearic acid (C18:0) and oleic acid (C18:1)) instead of milk FA 

concentrations as outcome variables.  

 

1. Descriptive Statistics 

Descriptive statistics have been summarized in the second publication (Reus et al., 2023). 

As for the milk FA, there were significant differences (P < 0.05) in blood C16:0, C18:0 and 

C18:1 concentrations between cow types as determined by Kruskal-Wallis test. Significant 

differences in concentrations between each cow type are indicated in Table 2. They were 

determined by pairwise comparisons using Wilcoxon rank sum test with a Bonferroni 

correction. The root mean squared error (RMSE) for each parameter prediction is also indicated. 
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Table 2: Mean blood fatty acid concentrations and standard deviation per cow type (n = 2432 

observations) in µmol/L blood for palmitic acid (C16:0), stearic acid (C18:0) and oleic acid 

(C18:1) as calculated using milk FTIR data and applying a regression model developed and 

validated by Qlip N.V. (Qlip N.V., Leusden, The Netherlands) and the root mean squared error 

(RMSE) of the prediction. 

  

 

 

healthy 

(n = 

539) 

clever 

(n = 

1584) 

athletic 

(n = 

146) 

hyperketonemic 

(n = 82) 

PMAS 

(n = 

81) 

total 

(n = 

2432) 

RMSE 

(prediction) 

 

C16:0  72.31a 

(43.03) 

31.02b 

(38.72) 

130.30c 

(53.25) 

63.85a 

(41.03) 

121.76c 

(48.96) 

50.26 

(50.99) 

18.9 

 

C18:0 96.32a 

(39.27) 

61.34b 

(38.09) 

149.65c 

(45.86) 

96.14a 

(35.77) 

139.02c 

(42.95) 

78.15 

(47.05) 

19.3 

 

C18:1 120.49a 

(86.03) 

29.73b 

(73.34) 

226.57c 

(108.23) 

81.32d 

(82.31) 

216.24c 

(99.55) 

69.61 

(101.01) 

38.2 

 

PMAS: poor metabolic adaptation syndrome, C16:0: palmitic acid, C18:0: stearic acid, C18:1: 

oleic acid 

a–d Letters indicate mean fatty acid concentrations differ as determined by pairwise comparisons 

using Wilcoxon rank sum test with a Bonferroni correction (P < 0.05) 

 

2. Linear Models 

Again, the final models for the blood FA varied in the fixed effects and interaction terms used 

(Tables 3-5). Alle three final models used parity and week as a fixed effect and interaction terms 

between cow type and parity as well as between cow type and log(milk yield). Models for C16:0 

and C18:0 also used the interaction term between week and log(milk yield). The results for the 

respective effects and interaction terms are described below. 

 

2.1. Associations for Cow type 

As cow type was only used within interaction terms and not a fixed effect in all three models, 

the differences in mean values are described in this section.  

All blood FA revealed similar differences in concentrations between cow types (Tables 3-5, 

Figures 1-3). Compared to healthy cows, hyperketonemic cows showed lower concentrations. 

This was significant only for C18:1 (P < 0.001). The clever cow type revealed even lower 

concentrations than hyperketonemic cows compared to the healthy cow type. This finding was 

significant for all FA (P < 0.001). Compared to healthy cows, PMAS and clever cows had 
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significantly (P < 0.001) higher FA concentrations, with clever cows showing the highest FA 

concentrations. 

 

2.2. Associations for Parity 

All blood FA revealed the same associations within this effect and the interaction term with 

cow type. Primiparous cows showed significantly (P < 0.001) higher C16:0, C18:0 and C18:1 

concentrations compared to multiparous cows.  

Within multiparous cows, the FA concentrations of each cow type had the same ratio as for the 

associations for cow type only. This finding was statistically significant (P < 0.001) for all cow 

types and all FA, except for hyperketonemic cows for C16:0, showing a lower p-value (P < 

0.01), on one hand, and for C18:0, not being statistically significant, on the other hand.  

Within primiparous cows, hyperketonemic and clever cows revealed the same ratio compared 

to healthy cows as for the association for cow type only and as within multiparous cows. This 

finding was statistically significant for clever cows only (P < 0.001). On the contrary, athletic 

cows revealed higher FA concentrations compared to healthy cows, not being statistically 

significant. Further, PMAS cows showed even higher concentrations than athletic compared to 

healthy cows (P < 0.001), thus changing the ratio of athletic and PMAS cows within 

primiparous cows compared to multiparous cows. 

 

2.3. Associations for Week of Lactation 

Significant associations were found for all blood FA. All three FA showed a peak in 

concentration in week 2, the difference compared to week 1 only being significant for C18:0 (P 

< 0.05). All FA concentrations decreased over increasing weeks of lactation. This was 

significant for C16:0 concentrations from week 3 on and for C18:0 concentrations from week 

4 on (P < 0.001). C18:0 concentrations showed a significance in week 3 (P < 0.05) and from 

week 4 on (P < 0.001). 
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2.4. Associations for Milk Yield 

All blood FA concentrations increased with increasing milk yield when considering mean 

values. This was statistically significant for C16:0 (P < 0.01) and for C18:0 concentrations (P 

< 0.001). 

When considering the models, interaction terms were used for all blood FA. The slope was 

decreasing with increasing milk yield for athletic cows for C16:0 and C18:1 concentrations. 

This finding was, compared to the increasing slope of healthy cows, statistically significant 

only for C18:1 concentrations (P < 0.001). All other cow types showed steeper slopes compared 

to healthy cows in increasing concentrations in the following order: athletic (only C18:0), 

hyperketonemic, PMAS and clever cows. This was statistically significant for all FA for clever 

cows (P < 0.001) and for PMAS cows for C16:0 (P < 0.05) and for C18:0 concentrations (P < 

0.01). 

 

2.5. Interaction term between Week of Lactation and Milk Yield 

Models for blood C16:0 and C18:0 concentrations used an interaction term between week of 

lactation and milk yield. This interaction term revealed less steep slopes of the increase of FA 

concentrations with increasing milk yield and even increasingly steep slopes of the decrease of 

FA concentrations over time after parturition compared to week 1, where the increase of FA 

concentrations with increasing milk yield was the steepest. An exception was week 5, where 

the second steepest decrease in FA concentrations was found for both C16:0 and C18:0 

concentrations. These findings were significant for week 4 for C16:0 and week 2 for C18:0 

concentrations (P < 0.05), from week 5 on for C16:0 and for weeks 3 and 8 for C18:0 

concentrations (P < 0.01) and for weeks 4 – 7 for C18:0 concentrations (P < 0.001).  
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Table 3: Summary of the linear regression for scaled palmitic acid (C16:0) concentration in 

blood (originally in µmol/L blood) with random effects (cow ID, farm ID), observations: n = 

2432. 

 
C16:0 mean (SD)      difference in mean values 

(95% CI, P -value) 

coefficient – model 

(95% CI, P -value) 

cowtype         

    healthy (= ref)          

    clever                  

    athletic                 

    hypket.                 

    PMAS                     

 

0.4 (0.8) 

-0.4 (0.8) 

1.6 (1.0)     

0.3 (0.8)   

1.4 (1.0)     

 

- 

-0.81 (-0.89 to -0.73, P < 0.001)  

1.14 (0.99 to 1.28, P < 0.001) 

  -0.17 (-0.35 to 0.02, P < 0.083) 

0.97 (0.78 to 1.16, P < 0.001) 

 

     

parity 

    multip. (= ref)         

        healthy x multip. (= ref)                   

        clever x multip.                           

        athletic x multip.                         

        hypket. x multip.                          

        PMAS x multip.                             

    primip.                  

        healthy x primip. (= ref)                   

        clever x primip.                           

        athletic x primip.                          

        hypket. x primip.                          

        PMAS x primip. 

 

-0.1 (1.0) 

 

 

 

 

 

0.2 (0.9) 

 

- 

 

 

 

 

 

0.25 (0.15 to 0.35, P < 0.001) 

 

 

 

- 

-0.74 (-0.82 to -0.67, P < 0.001) 

0.94 (0.78 to 1.09, P < 0.001) 

-0.24 (-0.41 to -0.06, P < 0.008) 

   0.51 (0.33 to 0.69, P < 0.001) 

0.35 (0.18 to 0.51, P < 0.001)       

   - 

-0.63 (-0.77 to -0.49, P < 0.001) 

0.18 (-0.11 to 0.47, P < 0.220) 

-0.32 (-0.94 to 0.29, P < 0.306) 

   0.67 (0.34 to 1.00, P < 0.001) 

week 

    1 (= ref) 

    2 

    3 

    4 

    5 

    6 

    7 

    8 

 

0.1 (1.3) 

0.5 (1.1) 

0.3 (1.0) 

  0.0 (0.9) 

-0.1 (0.9) 

-0.3 (0.9) 

-0.4 (0.7)  

-0.5 (0.7) 

 

- 

0.42 (0.23 to 0.62, P < 0.001) 

0.22 (0.02 to 0.41, P < 0.029)   

  -0.10 (-0.29 to 0.10, P < 0.333) 

  -0.17 (-0.36 to 0.03, P < 0.090) 

-0.40 (-0.59 to -0.21, P < 0.001) 

-0.46 (-0.66 to -0.27, P < 0.001)  

-0.61 (-0.95 to -0.28, P < 0.001) 

 

- 

0.04 (-0.10 to 0.18, P < 0.587) 

-0.27 (-0.42 to -0.13, P < 0.001) 

-0.58 (-0.72 to -0.44, P < 0.001) 

-0.66 (-0.80 to -0.52, P < 0.001) 

-0.83 (-0.97 to -0.68, P < 0.001) 

-0.88 (-1.03 to -0.74, P < 0.001) 

-1.04 (-1.28 to -0.80, P < 0.001) 
log(milk yield) [-11.3,3.0]              

    healthy x log(milk yield) (= ref)       

      clever x log(milk yield)                   

      athletic x log(milk yield)                 

      hypket. x log(milk yield)                         

      PMAS x log(milk yield) 

   week 1. x log(milk yield) (= ref) 

      week 2. x log(milk yield) 

      week 3. x log(milk yield) 

      week 4. x log(milk yield) 

      week 5. x log(milk yield) 

      week 6. x log(milk yield) 

      week 7. x log(milk yield) 

      week 8. x log(milk yield) 

0.0 (1.0) 0.05 (0.01 to 0.09, P < 0.008) 

 

 

   - 

0.35 (0.24 to 0.47, P < 0.001) 

-0.04 (-0.20 to 0.12, P < 0.619) 

0.14 (-0.09 to 0.37, P < 0.248)     

0.20 (0.01 to 0.40, P < 0.043) 

   - 

-0.11 (-0.23 to 0.02, P < 0.104)     

-0.13 (-0.26 to 0.00, P < 0.069) 

-0.16 (-0.29 to -0.03, P < 0.016) 

-0.22 (-0.35 to -0.08, P < 0.002) 

-0.18 (-0.30 to -0.05, P < 0.007) 

-0.20 (-0.34 to -0.07, P < 0.003) 

-0.30 (-0.53 to -0.08, P < 0.009) 

SD: standard deviation, ref: reference, hypket.: hyperketonemic, PMAS: poor metabolic 

adaptation syndrome, primip.: primiparous, multip.: multiparous 
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Table 4: Summary of the linear regression for scaled stearic acid (C18:0) concentration in blood 

(originally in µmol/L blood) with random effects (cow ID, farm ID), observations: n = 2432. 

 
C18:0 mean (SD)      difference in mean values 

(95% CI, P -value) 

coefficient - model 

(95% CI, P -value) 

cowtype         

    healthy (= ref)          

    clever                  

    athletic                 

    hypket.                 

    PMAS                     

 

0.4 (0.8) 

-0.4 (0.8) 

1.5 (1.0) 

0.4 (0.8)   

1.3 (0.9) 

 

- 

-0.74 (-0.82 to -0.66, P < 0.001) 

1.13 (0.98 to 1.28, P < 0.001) 

  -0.00 (-0.20 to 0.19, P < 0.969) 

      0.91 (0.71 to 1.10, P < 0.001) 

 

 

parity 

    multip. (= ref)         

        healthy x multip. (= ref)                   

        clever x multip.                           

        athletic x multip.                         

        hypket. x multip.                          

        PMAS x multip.                             

    primip.                  

        healthy x primip. (= ref)                   

        clever x primip.                           

        athletic x primip.                          

        hypket. x primip.                          

        PMAS x primip. 

 

-0.0 (1.0) 

 

 

 

 

 

0.2 (0.9) 

 

- 

 

 

 

 

 

      0.20 (0.10 to 0.29, P < 0.001) 

 

 

 

- 

-0.67 (-0.75 to -0.59, P < 0.001) 

0.93 (0.77 to 1.09, P < 0.001) 

-0.11 (-0.29 to 0.07, P < 0.223)     

   0.52 (0.34 to 0.70, P < 0.001) 

0.29 (0.12 to 0.46, P < 0.001) 

   - 

-0.51 (-0.65 to -0.37, P < 0.001) 

0.20 (-0.09 to 0.50, P < 0.171)     

  -0.25 (-0.88 to 0.38, P < 0.436)     

   0.61 (0.28 to 0.95, P < 0.001) 

week 

    1 (= ref) 

    2 

    3 

    4 

    5 

    6 

    7 

    8 

 

-0.1 (1.4) 

0.5 (1.2)     

0.3 (1.0) 

  0.0 (0.9) 

-0.0 (0.9) 

-0.3 (0.9) 

-0.3 (0.8)  

-0.5 (0.6) 

 

- 

   0.55 (0.35 to 0.75, P < 0.001) 

0.41 (0.21 to 0.60, P < 0.001) 

   0.11 (-0.09 to 0.30, P < 0.283) 

    0.05 (-0.15 to 0.24, P < 0.637) 

  -0.19 (-0.38 to 0.00, P < 0.055) 

-0.27 (-0.46 to -0.07, P < 0.007) 

-0.41 (-0.75 to -0.07, P < 0.018) 

 

- 

0.15 (0.01 to 0.30, P < 0.045) 

-0.12 (-0.26 to 0.03, P < 0.119)     

-0.41 (-0.56 to -0.27, P < 0.001) 

-0.49 (-0.63 to -0.34, P < 0.001) 

-0.66 (-0.80 to -0.51, P < 0.001) 

-0.72 (-0.87 to -0.57, P < 0.001) 

-0.89 (-1.13 to -0.64, P < 0.001) 

log(milk yield) [-11.3,3.0]              

    healthy x log(milk yield) (= ref)       

      clever x log(milk yield)                   

      athletic x log(milk yield)                 

      hypket. x log(milk yield)                         

      PMAS x log(milk yield) 

   week 1. x log(milk yield) (= ref) 

      week 2. x log(milk yield) 

      week 3. x log(milk yield) 

      week 4. x log(milk yield) 

      week 5. x log(milk yield) 

      week 6. x log(milk yield) 

      week 7. x log(milk yield) 

      week 8. x log(milk yield) 

-0.0 (1.0) 0.12 (0.08 to 0.16, P < 0.001) 

 

 

   - 

0.45 (0.34 to 0.57, P < 0.001) 

0.05 (-0.11 to 0.22, P < 0.539) 

0.22 (-0.02 to 0.46, P < 0.071) 

   0.27 (0.07 to 0.47, P < 0.010) 

   - 

-0.13 (-0.26 to -0.01, P < 0.050) 

-0.19 (-0.33 to -0.06, P < 0.006) 

-0.22 (-0.35 to -0.09, P < 0.001) 

-0.28 (-0.41 to -0.15, P < 0.001) 

-0.25 (-0.38 to -0.12, P < 0.001) 

-0.26 (-0.40 to -0.13, P < 0.001) 

-0.34 (-0.57 to -0.12, P < 0.004) 

SD: standard deviation, ref: reference, hypket.: hyperketonemic, PMAS: poor metabolic 

adaptation syndrome, primip.: primiparous, multip.: multiparous 
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Table 5: Summary of the linear regression for scaled oleic acid (C18:1) concentration in blood 

(originally in µmol/L blood) with random effects (cow ID, farm ID), observations: n = 2432. 

 
C18:1 mean (SD) difference in mean values  

(95% CI, P -value) 

coefficient – model  

(95% CI, P -value) 

cowtype         

    healthy (= ref)          

    clever                  

    athletic                 

    hypket.                 

    PMAS                     

 

0.5 (0.9) 

-0.4 (0.7) 

1.6 (1.1) 

0.1 (0.8) 

1.5 (1.0) 

 

-                                         

-0.90 (-0.98 to -0.82, P < 0.001) 

       1.05 (0.91 to 1.20, P < 0.001) 

  -0.39 (-0.57 to -0.20, P < 0.001) 

       0.95 (0.76 to 1.13, P < 0.001)     

 

  

parity 

    multip. (= ref)         

        healthy x multip. (= ref)                   

        clever x multip.                           

        athletic x multip.                         

        hypket. x multip.                          

        PMAS x multip.                             

    primip.                  

        healthy x primip. (= ref)                   

        clever x primip.                           

        athletic x primip.                          

        hypket. x primip.                          

        PMAS x primip. 

 

-0.1 (1.0) 

 

 

 

 

 

0.3 (1.0) 

 

- 

 

 

 

 

 

0.36 (0.26 to 0.45, P < 0.001) 

 

 

 

- 

-0.82 (-0.90 to -0.75, P < 0.001) 

   0.85 (0.69 to 0.10, P < 0.001) 

-0.41 (-0.58 to -0.24, P < 0.001)    

0.47 (0.30 to 0.64, P < 0.001)                 

0.44 (0.28 to 0.60, P < 0.001)        

   - 

  -0.72 (-0.86 to -0.59, P < 0.001) 

0.09 (-0.18 to 0.37, P < 0.514)   

-0.37 (-0.97 to 0.22, P < 0.220)  

   0.68 (0.36 to 1.01, P < 0.001) 

week 

    1 (= ref) 

    2 

    3 

    4 

    5 

    6 

    7 

    8 

 

0.0 (1.3) 

0.5 (1.1) 

0.3 (1.0) 

0.0 (0.9) 

-0.1 (0.9) 

-0.3 (0.9) 

-0.3 (0.8) 

-0.5 (0.7) 

 

- 

0.44 (0.24 to 0.64, P < 0.001) 

0.27 (0.08 to 0.47, P < 0.006) 

-0.03 (-0.23 to 0.16, P < 0.756) 

   -0.10 (-0.29 to 0.09, P < 0.318)   

-0.33 (-0.52 to -0.13, P < 0.001) 

 -0.39 (-0.58 to -0.19, P < 0.001) 

  -0.52 (-0.86 to -0.18, P < 0.003) 

 

- 

0.12 (-0.00 to 0.24, P < 0.060)  

-0.15 (-0.27 to -0.02, P < 0.020) 

-0.44 (-0.57 to -0.32, P < 0.001) 

-0.53 (-0.66 to -0.41, P < 0.001) 

-0.68 (-0.81 to -0.56, P < 0.001) 

-0.75 (-0.87 to -0.62, P < 0.001) 

-0.93 (-1.15 to -0.72, P < 0.001) 

log(milk yield) [-11.3,3.0]              

    healthy x log(milk yield) (= ref)       

    clever x log(milk yield)                   

    athletic x log(milk yield)                 

    hypket. x log(milk yield)                         

    PMAS x log(milk yield) 

0.0 (1.0) 0.03 (-0.01 to 0.07, P < 0.176) 

 

 

   -        

0.18 (0.14 to 0.23, P < 0.001) 

  -0.22 (-0.34 to -0.11, P < 0.001) 

   0.02 (-0.19 to 0.22, P < 0.858) 

0.04 (-0.12 to 0.21, P < 0.598)     

SD: standard deviation, ref: reference, hypket.: hyperketonemic, PMAS: poor metabolic 

adaptation syndrome, primip.: primiparous, multip.: multiparous 
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Figure 1: Effect plots of the linear model for scaled palmitic acid (C16:0) concentration in blood 

(n = 2432 observations , originally in µmol/L blood) with 95% confidence intervals. Effects: 

(a) parity, (b) log(milk yield) and (c) week x log(milk yield), originally in L/d. The cow types 

are as following: (1): healthy, (2): clever, (3): athletic, (4): hyperketonemic and (5): poor 

metabolic adaptation syndrome (PMAS). 
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Figure 2: Effect plots of the linear model for scaled stearic acid (C18:0) concentration in blood 

(n = 2432 observations , originally in µmol/L blood) with 95% confidence intervals. Effects: 

(a) parity, (b) log(milk yield) and (c) week x log(milk yield), originally in L/d. The cow types 

are as following: (1): healthy, (2): clever, (3): athletic, (4): hyperketonemic and (5): poor 

metabolic adaptation syndrome (PMAS). 
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Figure 3: Effect plots of the linear model for scaled oleic acid (C18:1) concentration in blood 

(n = 2432 observations , originally in µmol/L blood) with 95% confidence intervals. Effects: 

(a) week, (b) parity and (c) log(milk yield), originally in L/d. The cow types are as following: 

(1): healthy, (2): clever, (3): athletic, (4): hyperketonemic and (5): poor metabolic adaptation 

syndrome (PMAS). 
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V. DISCUSSION 

 

1. Examined Fatty Acids and Effects 

When comparing blood and milk FA concentrations and their differences between cow types, 

it becomes noticeable that all three examined FA concentrations show the same differences 

between cow types for blood FA but not for milk FA. For all examined blood FA concentrations 

clever cows show the lowest concentration, followed by hyperketonemic, healthy and PMAS 

cows and with the athletic cow type showing the highest concentration. The same order was 

found for the milk C18:1 concentration and similar for milk C18:0 concentration, where athletic 

cows showed the highest and PMAS cows the second highest concentration. Milk C16:0 

concentrations showed a different order with hyperketonemic cows having the lowest 

concentration, followed by clever, athletic and PMAS cows and healthy cows showing the 

highest concentration. These findings might be explained by the fact that milk C18:0 and C18:1 

FA origin from blood FA and are increased during a NEB (Bauman and Griinari, 2003), and 

therefore their blood and milk concentrations are expected to be similar within the same cow 

type representing a metabolic health status. Milk C16:0 on the other hand can be both de novo 

synthesized while the milk is produced or origin from the blood (Bauman and Griinari, 2003). 

This is in accordance with differing concentrations of blood and milk FA between the cow 

types. 

When considering effects and interaction terms, C18:1 concentrations also show great 

similarities between blood and milk. For C18:0 concentrations, the effects and interaction terms 

are also quite similar apart from hyperketonemic cows showing relatively higher concentrations 

when compared to healthy cows for multiparous cows and within lower milk yield in blood 

than in milk. This is in accordance with the findings discussed before (Bauman and Griinari, 

2003). 

Effects and interaction terms found for blood C16:0 concentrations vary notably from those for 

milk C16:0 concentrations. For example, blood C16:0 concentrations increase with increasing 

milk yield while milk C16:0 concentrations decrease with increasing milk yield. This finding 

can also be explained with the fact that milk C16:0 is both synthesized de novo and derived 

from blood C16:0 and compared to longer chained FA decreases with an increasing metabolic 

challenge, such as a higher milk yield (Bauman and Griinari, 2003). 
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2. Previous Use of the Blood and Milk Fatty Acids 

Previous research focused on the gain of knowledge through the examination of FA 

concentrations and ratios in milk (Reus and Mansfeld, 2020). It can be seen as the base for 

application in herd health monitoring. 

Not much research was carried out on the FA composition in blood. This may be due to the lack 

of use. The concentration of NEFA in blood can be and is reliably used to determine a metabolic 

disorder (Tremblay et al., 2018). Though information can be obtained by examining the FA 

composition, there is little prospect in clinical use that the NEFA concentration cannot give, as 

the amount of work is at least the same (collecting blood samples and sending them to a 

laboratory). 

Earlier research and use of milk FA analysis focused on the analysis via gas chromatography 

(Pedron et al., 1993; Van Haelst et al., 2008; Jorjong et al., 2014). The analysis using gas 

chromatography is very exact and allows to differentiate between various FA. It is a time and 

work consuming process, which is very useful for research, but is not practicable for routine 

and herd-based milk analysis. This research focused on identifying single FA, FA groups [e.g., 

conjugated linolenic acid (CLA) or short-chained FA (SCFA)] or FA ratios that can be used as 

a marker for metabolic diseases by defining a threshold concentration. Useful findings were 

made, and some thresholds are promising in the detection of diseased animals in high-

throughput milk analysis, such as FTIR. 

More recent research focused on data obtained through high-throughput milk analysis (Bach et 

al., 2019; Mantysaari et al., 2019). As a much bigger amount of data is gained, it becomes more 

and more important to identify relevant FA or to effectively process the available data. The 

downside, that measurements are not as exact as via gas chromatography, can be outweighed 

by the amount of data that is produced and available for processing. The focus of the research 

is on the wise use of methods on data processing. Interesting models for the prediction of 

increased blood BHBA or NEFA values have been calculated (Tremblay et al., 2019). They 

offer the potential to be valuable in herd health monitoring. 

 

3. Use of the Blood and Milk Fatty Acids in this Work 

The present work focuses on the determination of cow types and especially the description of 

differences between them considering blood and milk FA concentrations. Cows have different 

mechanisms in adapting or failing to adapt to the NEB physiologically occurring after 
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parturition (Tremblay et al., 2018; Mandujano Reyes et al., 2023). Milk FA have been analyzed 

in various ways and with various objectives in recent studies, yet not much research with the 

aim of understanding the FA profile changes in blood FA was carried out. Instead, blood NEFA 

concentration is widely used and becoming more important as a reference for a metabolic 

disorder (Tremblay et al., 2018). One objective of this work was to deeper understand the 

mechanisms of adaptation or failure to adapt by comparing the blood and milk FA 

concentrations within the different cow types regarding the difference between heifers and 

cows, over time after parturition and differences in milk yield.  

Usually, blood FA concentrations are determined by analyzing blood samples. Within this 

work, blood FA concentrations were calculated using milk FTIR data and applying a regression 

model. This implies that for the use of calculated blood FA concentrations, no blood sample is 

needed, and it could therefore allow the use within high-throughput milk analysis. The 

differences between blood and milk FA concentrations regarding cow types were described and 

discussed earlier. Especially within C16:0 marked differences between blood and milk FA can 

be found. This supports the thesis, that blood FA concentrations add information on the 

metabolic health status to using milk FA concentrations only, even though being calculated 

from milk FTIR data. As there were no reference blood FA concentrations analyzed in blood 

samples, it is one limitation of this work, that the information gained from calculated blood FA 

concentrations cannot be compared to blood FA concentrations analyzed in blood samples. 

Interestingly, effects and interaction terms are quite similar between the examined blood FA 

concentrations, especially between C18:0 and C18:1. This finding supports the thesis, that the 

changes in concentration are rather uniform between the different blood FA. Which in turn 

justifies the established use of NEFA as a general marker (Tremblay et al., 2018) and the lack 

of research within blood FA. Nevertheless, different FA concentrations behave slightly 

different within the same metabolic status, according to whether they are derived from 

mobilized adipose tissue or not. The described findings are partly explained using the unit 

µmol/L blood, while milk FA are measured in general in g/100 g fat. This implies, that 

concentration changes in relation to other FA are easier to detect in milk compared to blood due 

to the used unit. 

Considering milk FA concentrations, they are not as similar between the different FA 

concentrations as blood FA. As already discussed, this is in accordance with the expectation, 

that the milk of metabolically challenged cows contains more preformed and less de novo 

synthesized FA (Bauman and Griinari, 2003).  
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Both blood and milk FA concentrations show marked differences within the cow types and the 

different examined effects, especially between the PMAS cow type and the other cow types, 

but also between the other cow types at a closer look. Therefore, the focus should be on the 

differentiation between cow types, additionally using the examined effects. The cow types 

reflect the different possible reactions to the physiologically occurring NEB. Cow types can be 

distinguished using milk FA concentrations analyzed with FTIR and as a result can be managed 

differently. 

 

4. Application of the Results and Outlook 

Challenges of modern dairy farming including the increased average and single cow's milk yield 

need a constantly improving and more detailed monitoring of the cows during the risk period 

around calving (Gruber et al., 2021). Detecting cows of the cow types at risk and determining 

the cow type will help to improve the understanding and care for the cow's needs. By 

considering the whole herd and the proportion of each cow type compared to the herd, it can be 

responded to the demands of the whole herd.  

Furthermore, evaluating the results of routine milk analysis is often underrated and neglected 

and great potential is lost (Reiter et al., 2021). The results of the study can potentially address 

this challenge, as they can lead to a refined output for the farmer that could facilitate the 

interpretation as also suggested by other authors (Hajek et al., 2023) and the required reaction. 

Another challenge that needs to be addressed is the limited potential due to the currently only 

monthly analysis. Smaller intervals between the sample collection should be considered 

(Gruber et al., 2021).  

 

5. Conclusion 

The use of blood and milk FA concentrations offers great potential in the monitoring of dairy 

herds' health. Studies have shown the association between certain FA concentrations or FA 

ratios surpassing a defined threshold and signs for metabolic disorders, such as hyperketonemia 

or elevated blood NEFA concentrations (Reus and Mansfeld, 2020). The classification of cows 

into the five cow types healthy, clever, athletic, hyperketonemic and PMAS allows a more 

detailed consideration of the cow, both on a herd and an individual cow level. Each cow type's 

different behavior of FA concentrations within the variables parity, milk yield and DIM can 
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help to differentiate between the cow types and to determine the proportion of each cow type 

compared to the whole herd. Cows can be managed according to their cow type, assuring their 

needs are met as adequately as possible.
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VI. SUMMARY 

 

Major challenges  in modern dairy farming are increasing (milk) yield while the cow's 

physiology remains unchanged. Increasing productivity can decrease the health status of both 

the individual cow and on the herd level. At the same time, the possibilities of monitoring the 

herd health status of cows have never been higher due to increasingly accessible and extensive 

data collection. 

Metabolic disorders play a big role in the cows' health, e.g., ketosis with a reported prevalence 

of 8 – 22% and incidence of 16 – 43%. The newly described term "Poor Metabolic Adaptation 

Syndrome (PMAS)" puts the focus on the (lacking) ability of the cow to adapt to the 

physiologically occurring negative energy balance after parturition instead of on the 

concentration of ketone bodies in blood, quantified by using the ß-hydroxybutyrate acid 

(BHBA) concentration in blood. PMAS is mainly characterized by the concentration of non-

esterified fatty acids (NEFA) in blood. 

Together with the established cow-side tests using blood, urine, or milk that have the 

disadvantage of a relatively high (time) effort, Fourier-transform infrared (FTIR) analysis of 

milk in high-throughput technologies is a promising approach. This dissertation investigated 

the correlation between blood and milk FA concentrations and metabolic disorders. 

The first publication is a review describing the possibility of using milk FA for predicting 

metabolic disorders in dairy cows. Ten studies were included; three examined the correlation 

between milk FA and NEFA in blood, three the correlation between milk FA and both NEFA 

and BHBA in blood, and four the correlation between milk FA and BHBA in blood. Decreased 

concentrations of short and medium-chained FA (C4 – C14 and C5 – C15) were associated with 

metabolic disorders, while concentrations of long-chained FA as cis-9 C18:1 were increased 

during a metabolic disorder. Some FA concentrations, such as cis-9 C16:1, and FA ratios cis-9 

C16:1 to C15:0, C17:0 to C15:0, and C18:1 to C15:0 were also correlated with a metabolic 

disorder. The analysis of correlation coefficients suggests that specific ratios might be useful 

for herd health monitoring. Two studies developed linear regression models using FA 

concentrations, FA ratios, and further information to predict the metabolic health status. 

Refined models to predict the health status of individual cows and the whole herd might be 

more promising than using single FA or FA ratios to detect cows suffering from metabolic 
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disorders. These prediction models can potentially become a supporting tool in routine herd 

health monitoring. 

The second publication focuses in detail on the milk FA concentrations as well as other 

associated factors for different metabolic health statuses. During weekly visits on n = 8 farms 

over 51 weeks, blood samples were collected from Simmental cows between 5 and 50 days in 

milk (DIM). The farmer collected corresponding milk samples. Milk FA concentrations were 

determined using milk FTIR data, while blood FA concentrations were calculated using milk 

FTIR data and applying a linear regression model. N = 2432 observations from n = 553 

Simmental cows were used for the analysis. The observations were assigned to five different 

cow types (healthy, clever, athletic, hyperketonemic, and PMAS), representing five metabolic 

health statuses. The classification is based on the thresholds of 1.2 mmol/L, 0.7 mmol/L, and 

1.4 for the concentrations of ß-hydroxybutyrate acid, nonesterified fatty acids, and milk fat-to-

protein ratio, respectively. Linear regression models using the predictor variables cow type, 

parity, week of lactation, and milk yield as fixed effects and interaction terms were developed 

to test for significant associations with the outcome variables FA concentrations in blood and 

milk. There was a significant interaction term found between PMAS cows and parity compared 

to healthy cows for milk C18:1 (P < 0.001) and for milk C18:0 (P < 0.01). It revealed higher 

concentrations for PMAS in primiparous and multiparous cows compared to healthy cows, the 

slope between PMAS and healthy cows being steeper for primiparous cows than for 

multiparous cows. Further, an interaction term was found between PMAS cows and milk yield 

compared to healthy cows and milk yield for milk C16:0 (P < 0.05), revealing a steeper slope 

for decreasing C16:0 concentrations with increasing milk yield for PMAS compared to healthy 

cows. 

When considering effects and interaction terms, C18:0 and C18:1 concentrations show 

remarkable similarities between blood and milk. On the contrary, effects and interaction terms 

for blood C16:0 concentrations deviate notably from those for milk C16:0 concentrations. For 

example, blood C16:0 concentrations increase with increasing milk yield, while milk C16:0 

concentrations decrease with increasing milk yield. This emphasizes that blood FA 

concentrations add information on metabolic health status compared to using milk FA 

concentrations only. 

The associations and interaction terms between cow type, parity, week, and milk yield as 

predictor variables and blood and milk FA concentrations as outcome variables suggest 
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different dimensions of management practices. They could identify cows at risk on both the 

herd and the individual cow level and optimize sustainable productivity and welfare. 

Evaluating the results of routine milk analysis is often underrated, leaving great potential 

unused. The study results could increase the use by creating a refined output by assigning the 

cows to the cow types and facilitate the interpretation and the required reaction to the respective 

metabolic health status. Furthermore, shorter intervals for milk analysis should be considered 

to improve the quality of herd health monitoring.
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VII. ZUSAMMENFASSUNG 

 

Steigende (Milch-)Leistungen trotz unveränderter Physiologie sind aktuelle Herausforderungen 

in der Milchviehhaltung. Höhere Leistungen können mit einer schlechteren Gesundheit der 

einzelnen Kuh, sowie der Herde einhergehen. In der heutigen Zeit bietet eine fortschreitende 

Digitalisierung immer mehr Möglichkeiten, durch automatisierte, umfassende und daher 

vereinfachte Datenerhebung, den Gesundheitsstatus von Milchkühen zu erfassen.  

Stoffwechselerkrankungen sind eine große Herausforderung der Kuhgesundheit im 

postpartalen Zeitraum. Hier ist vor allem die Ketose mit beschriebenen Prävalenzen von 8 – 

22% sowie Inzidenzen von 16 – 43% zu nennen. Das neu beschriebene „Poor Metabolic 

Adaptation Syndrome (PMAS)“ betont dabei weniger die tatsächliche Ketonkörper-

konzentration im Blut, ausgedrückt durch die ß-Hydroxybuttersäure (BHBA)-Konzentration im 

Blut, sondern die (mangelnde) Fähigkeit der Kuh sich an den physiologisch nach der Kalbung 

auftretenden Energiemangel anzupassen. PMAS ist vor allem durch die Konzentration an freien 

Fettsäuren (non-esterified fatty acids, NEFA) im Blut charakterisiert. 

Bereits etablierte Schnelltests, die im Stall mit Blut, Urin oder Milch durchgeführt werden 

können, sind sehr zeitaufwendig. Ein vielversprechender Ansatz im Herdenmonitoring ist die 

Fourier-Transform-Infrarot (FTIR) Analyse der Milch im Hochdurchsatzverfahren. In dieser 

Arbeit wurde der Zusammenhang zwischen Blut- und Milchfettsäurekonzentrationen einerseits 

und Stoffwechselstörungen andererseits untersucht. 

Die erste Veröffentlichung ist ein Übersichtsartikel und beschreibt die Möglichkeiten der 

Vorhersage von Stoffwechselstörungen bei Milchkühen anhand von Milchfettsäurekonzen-

trationen. Es wurden zehn Veröffentlichungen verglichen, wovon drei die Korrelationen 

zwischen Milchfettsäureprofilen und NEFA im Blut untersuchten, drei zwischen 

Milchfettsäureprofilen und sowohl NEFA als auch BHBA im Blut, und vier zwischen 

Milchfettsäureprofilen und BHBA im Blut. Niedrigere Konzentrationen von kurz- und 

mittelkettigen Fettsäuren (C4 – C14 und C5 – C15) waren mit Stoffwechselstörungen assoziiert, 

während langkettige Fettsäuren, vor allem cis-9 C18:1, höhere Konzentrationen während einer 

Stoffwechselstörung zeigten. Einige Fettsäurekonzentrationen, wie cis-9 C16:1, sowie die 

Fettsäurequotienten cis-9 C16:1/C15:0, C17:0/C15:0 und C18:1/C15:0 korrelierten ebenfalls 

mit einer Stoffwechselstörung. Eine Analyse der Korrelationskoeffizienten zeigt, dass eine 

Nutzung im Herdenmonitoring möglich sein könnte. Neue lineare Regressionsmodelle 
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basierend auf Fettsäurekonzentrationen, Fettsäurequotienten und weiteren Informationen 

wurden entwickelt, um den Stoffwechselstatus vorherzusagen. Die Nutzung von optimierten 

Vorhersagemodellen zum Stoffwechselstatus könnte zielführender sein als die Nutzung von 

einzelnen Fettsäurekonzentrationen oder Fett-säurequotienten. Diese Vorhersagemodelle 

könnten im Herdenmonitoring genutzt werden. 

In der zweiten Veröffentlichung werden die Veränderungen der Blut- und 

Milchfettsäureprofile, sowie assoziierte Faktoren bei unterschiedlichem Stoffwechselstatus 

untersucht. Bei 51 wöchentlichen Bestandsbesuchen auf n = 8 Betrieben wurden Blutproben 

von Fleckviehkühen zwischen 5 und 50 Tagen in Milch (days in milk, DIM) genommen. Der 

jeweilige Betriebsleiter nahm dazugehörige Milchproben. Milchfettsäurekonzentrationen 

wurden anhand von Milch FTIR-Daten bestimmt. Blutfettsäurekonzentrationen wurden 

ebenfalls anhand von Milch FTIR-Daten bestimmt, welche durch die Anwendung von linearen 

Regressionsmodellen berechnet wurden. N = 2750 Proben, bestehend aus einer Blut- und 

zugehörigen Milchprobe, von n = 553 Kühen wurden analysiert. Jede Beobachtung wurde einer 

von fünf Kuhtypen zugewiesen (Gesund, Clever, Athletisch, Hyperketonämisch und PMAS) 

welche jeweils einem Stoffwechselstatus entspricht. Die Einteilung wurde anhand der 

Grenzwerte 1,2 mmol/L BHBA, 0,7 mmol/L NEFA und 1,4 für den Fett-Eiweiß-Quotient 

durchgeführt. Lineare Regressionsmodelle, basierend auf den Vorhersagevariablen Kuhtyp, 

Laktationszahl, Woche in Laktation und Milchleistung als feste Effekte und Interaktionsterme, 

wurden entwickelt und auf signifikante Assoziationen mit der jeweiligen Ergebnisvariable 

Fettsäurekonzentration in Blut und Milch getestet. Ein signifikanter Interaktionsterm wurde 

zwischen dem PMAS Kuhtyp und Laktationszahl im Vergleich zum gesunden Kuhtyp für 

Milch C18:1 (P < 0,001) und für Milch C18:0 (P < 0,01) gefunden. Hier zeigten sich höhere 

Konzentrationen im PMAS Kuhtyp für Kalbinnen und multipare Kühe im Vergleich zum 

gesunden Kuhtyp, mit einem ausgeprägteren Gefälle zwischen PMAS und gesunden Kühen bei 

Kalbinnen als bei multiparen Kühen. Weiterhin gab es einen Interaktionsterm zwischen dem 

PMAS Kuhtyp und Milchleistung im Vergleich zum gesunden Kuhtyp für Milch C16:0 

Konzentrationen (P < 0,05). Dieser zeigte einen steileren Abfall der C16:0 Konzentrationen mit 

steigender Milchleistung für den PMAS Kuhtyp im Vergleich zum gesunden Kuhtyp. 

Feste Effekte und Interaktionsterme zeigen große Ähnlichkeiten zwischen Blut- und 

Milchfettsäurekonzentrationen für C18:0 und C18:1, während diese sich bei C16:0 deutlich 

voneinander unterscheiden. Zum Beispiel steigen C16:0 Blutfettsäurekonzentrationen mit 

steigender Milchleistung, während diese Konzentrationen bei steigender Milchleistung in der 
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Milch sinken. Blutfettsäurekonzentrationen ergänzen also die durch Milchfettsäurekonzen-

trationen verfügbaren Informationen zum Stoffwechselstatus. 

Die Assoziationen und Interaktionsterme zwischen den Vohersagevariablen Kuhtyp, 

Laktationszahl, Woche in Milch und Milchleistung und den Ergebnisvariablen Fettsäurekon-

zentrationen (jeweils in Blut und Milch) deuten darauf hin, dass die verschiedenen Kuhtypen 

im Herdenmanagement individuell berücksichtigt werden sollten. Sowohl auf Einzeltier- als 

auch auf Herdenebene könnten Problemtiere und -gruppen identifiziert und so eine nachhaltige 

Wirtschaftlichkeit und das Tierwohl gefördert werden. 

Die Ergebnisse der regelmäßigen Routine-Milchuntersuchung werden oft nicht adäquat 

genutzt. Hierdurch bleibt eine vielversprechende Möglichkeit im Herdenmonitoring ungenutzt. 

Die Ergebnisse der Studie könnten dazu beitragen, diese Informationen gezielter zu verwenden, 

indem sie durch die Einteilung der Kühe in die Kuhtypen den direkten Nutzen der 

Informationen erhöhen und so Handlungsanpassungen an den jeweiligen Stoffwechselstatus 

vereinfachen könnten. Weiterhin sollten kürzere Milchuntersuchungsabstände angeboten 

werden, um die Qualität des Herdenmonitorings zu verbessern. 
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