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Summary

This thesis deals with health-related data from dairy herds; how they are created, collected,
managed, and evaluated for the purpose of health performance measurement. The overall objective
is to suggest a coherent concept for management of data for health performance measurement that is
suitable and sufficient for the diverse contexts of industrialized Danish dairy herds and associated
veterinary practices.

Chapter 1 is a general introduction to the research area with specification of the objectives. Chapter
2 is a brief description of the context of the Ph.D. project, the framework for health-related data and
their collection, and the applied analytical methods. Chapter 3 initially presents summaries of five
manuscripts also included in chapter 3. These five manuscripts are the core of the work performed
in the Ph.D. project. Chapter 4 is a brief discussion of general problems related to implementation
in veterinary practice of the concepts and tools identified in chapter 3. Chapter 5 is an overall
conclusion. Chapter 6 outlines the future possibilities for implementation of the concepts and tools
and future research perspectives. Essential terminology is explained in an appendix.

The purpose of “Identification of principles and tools for management of health performance data
from the industrialized dairy herd” was to identify principles and tools for analysis of herd health
data in industrialized dairy herds. A further goal was to include the additional complexity that arises
when human behavior and associated changes, including legislative changes, must be taken into
account. The results were summarized into a concrete 7-step plan of action, which I consider to be
adequate.

The purpose of the manuscript, “A tool to detect rater-introduced bias in clinical ratings”, was to
develop a screening tool that can identify errors arising from clinical ratings. The method can be
applied in larger veterinary practices to perform quality assurance of ratings of clinical conditions.
The tool was applied to body condition scores, which is a widely used scoring system with well-
defined categories. Despite the standardization efforts, misclassifications were revealed.

The purpose of the manuscript, “Latent class evaluation of a milk test, a urine test, and the fat-to-
protein percentage ratio in milk to diagnose ketosis in dairy cows”, was to demonstrate a Latent
Class Model in which one can evaluate a diagnostic test without having a perfect test (a gold
standard). The model and the principles behind it have considerable potential not only to evaluate a
diagnostic test’s performance but also to rank the performance of diagnostic tests in relation to each
other. The results show that KetoStix (Bayer Diagnostics Europe Ltd., Dublin, Ireland) has the best
sensitivity and good specificity. The fat-to-protein ratio in milk has the same sensitivity as KetoLac
(Sanwa Kagaku Kenkyusho Co. Ltd, Nagoya, Japan) but lower specificity.

The purpose of “A framework for integration of benchmarking and within-herd analysis in dairy
herd management — analysis of lactation curves as a case” was to demonstrate an initial analysis of
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Summary

a complex health and production indicator like the lactation curve. The lactation curve analysis is
complex because the relevant information cannot be expressed by one figure, and information about
several components of the lactation curve can be used for several purposes at several organizational
levels. Results showed that both the within- and the across-herd models gave similar and valid
estimates of cow and herd levels. In addition, estimates of the lactation curve were prepared for use
in benchmarking at the herd level. The options for inclusion of additional explanatory variables in
the model were demonstrated with inclusion of age at first calving. Herd-specific estimates
regarding the relationship between explanatory variables and milk production were robust and
showed variability in herd-level coefficients, which illustrates the need for herd-specific
multivariable and multilevel analyses in herd management.

The purpose of the “Evaluation of effects of disease control in a complex dairy herd health
management program” was to evaluate the effect of a systematic examination for metritis as part of
a larger health management program that involves simultaneously having to take into account that
basic recordings changed at the beginning of the health management program. The results showed
that the negative effect of metritis on milk yield was reduced by 17% for first-calf cows. For
second-parity and older cows, the health management program contributed 129 kg and 80 kg
Energy Corrected Milk, respectively. There were indications that the effect of the health
management program was mediated through the metritis examinations.
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Sammendrag (Danish summary)

Denne athandling omhandler handteringen af data til prestationsmaling i sundhedsstyringen i
malkekvagsbesaetninger. Prestationsmaling skal forstd som hele den proces, der foregar fra
datafgdsel, dataopsamling og databehandling til evaluering af resultater. Afhandlingen prasenterer
et logisk sammenhangende koncept til handtering af sundhedsrelaterede data, der er praktisk
anvendeligt og tilstreekkeligt til at beskrive de forskellige forhold, der ggr sig geldende i danske
malkekveaegsbesatninger og tilhgrende dyrlegepraksis.

Kapitel 1 er en generel introduktion til fagomradet med specifikation af malene for ph.d.-projektet.
Kapitel 2 er en kort beskrivelse af den sammenhang, hvori ph.d.- projektet skal ses, rammerne for
sundhedsdata og opsamling heraf samt de anvendte analytiske metoder. Kapitel 3 prasenterer fgrst
af alle de delkonklusioner, der er resultatet af de 5 manuskripter, der fglger i 5 delafsnit. De 5
manuskripter er kernen 1 det udfgrte arbejde. Kapitel 4 er en diskussion af de problemstillinger, der
er tilvejebragt i kapitel 3. Kapitel 5 er en samlet hovedkonklusion, hvori jeg foreslar et
sammenh@ngende koncept. I kapitel 6 bliver fremtidige muligheder for implementering af
varktgjerne og fremtidige forskningsperspektiver beskrevet. Til sidst er der et kort appendiks, hvor
central terminologi er forklaret.

Formalet med “Identification of principles and tools for management of health performance data
from the industrialized dairy herd” var at identificere principper og verktgjer til analyse af
sundhedsdata i industrialiserede malkekvaegsbes@tninger. Derudover at forholde sig til den
yderligere kompleksitet, der opstar, nar man skal tage hensyn til menneskelig adferd og endringer i
disse, herunder lovgivningsmassige @ndringer. Resultaterne er sammenfattet i en 7-trins
handlingsplan, som anses for at veere dekkende.

Formalet med A tool to detect rater-introduced bias in clinical ratings” var at udvikle en analytisk
metode, hvormed man kan identificere fejl, der opstar i forbindelse med kliniske scoresystemer.
Metoden har anvendelsesmuligheder 1 stgrre dyrlegepraksis, hvor man ¢nsker at lave
kvalitetssikring af kliniske registreringer. Resultatet var, at der pa trods af standardiserings-
bestrebelser kunne vare systematiske fejlklassificeringer i dyrlegers anvendelse af huldscore ved
andenkalvs og @ldre kger.

Formalet med “Latent class evaluation of a milk test, a urine test, and the fat-to-protein percentage
ratio in milk to diagnose ketosis in dairy cows” var at demonstrere en latentklassemodel, hvormed
man kan evaluere en diagnostisk test uden at have en perfekt test at sammenligne med. Modellen og
principperne bag har betydeligt potentiale for ikke blot at vurdere en diagnostisk tests prastation,
men ogsa at kunne rangere forskellige diagnostiske test i forhold til hinanden. Resultaterne viser at
KetoStix (Bayer Diagnostics Europe Ltd., Dublin, Ireland) har den bedste sensitivitet og bedste
specificitet. Fedt-Protein forholdet 1 melk har samme sensitivitet som KetoLac (Sanwa Kagaku
Kenkyusho co. Ltd, Nagoya, Japan) men lavere specificitet.
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Sammendrag

Formalet med “A framework for integration of benchmarking and within-herd analysis in dairy herd
management — analysis of lactation curves as a case” var at demonstrere en indledende analyse af et
komplekst sundheds- og produktionsméal som laktationskurven. Kompleksiteten bestar i, at
laktationskurven ikke kan udtrykkes ved hjelp af ét tal, og at information om adskillige
komponenter af kurveforlgbet kan bruges til flere formal. Resultaterne viste, at bade modellen inden
for og pa tveers af besatninger gav ensartede og gyldige estimater pa ko- og besatningsniveau.
Derudover at estimaterne af laktationskurven er brugbare til benchmarking af besa&tninger.
Inklusion af yderligere variabler i modellen til forklaring af melkeproduktion gav robuste estimater.
Disse varierede fra bes®tning til bes@tning, hvilket illustrerer behovet for bes@tningsspecifikke
multivariable og hierarkiske statistiske modeller af laktationskurvens form.

Formalet med “Evaluation of effects of disease control in a complex dairy herd health management
program” var at evaluere virkningen af systematisk undersggelse for bgrbetendelse som en del af et
stgrre sundhedsstyringsprogram, nar man samtidigt skal tage hgjde for, at grundlaeggende
registreringer @ndrer sig i1 forbindelse med opstart af sundhedsstyringsprogrammet. Resultaterne
viste, at den negative virkning af behandlede tilfeelde af bgrbetendelse pa malkeydelsen blev
reduceret med 17% for fegrstekalvskger. For andenkalvs og @ldre kger bidrog
sundhedsstyringsprogrammet med henholdsvis 129 kg og 80 kg EKM. Der er tegn pa, at effekten af
sundhedsstyringsprogrammet var medieret igennem undersggelserne for bgrbetandelse.
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1 General introduction

In medicine, an essential task has always been to evaluate the disease and health history of
individual patients (anamnesis) as a component of the diagnosis. Subsequently, it is essential to
evaluate whether the progression of various disease symptoms is satisfactory after some therapeutic
intervention. The same principle is applicable to populations. Some awareness of development of
disease occurrence in populations probably arose centuries ago, as indicated by the use of
quarantine principles to protect the population from contagious disease as far back as Roman times
(ref. Schwabe et al. 1977, p. 35). Numerical methods obviously are needed to deal effectively with
occurrence and spread of disease or other events in populations. As an example, John Snow’s
studies of cholera epidemics in London in the mid-1800s demonstrated a systematic approach to
studying development of disease occurrence in a population (ref. Schwabe et al. 1977, pp. 7-8).
Without knowing the etiology of cholera, he identified how cholera was transferred (sewage
outflow to drinking water) by means of comparing death rates between city districts and water
supply companies during epidemics. These epidemiological principles have now become
sophisticated and applied to many types of diseases, not only contagious disease.

As animal production became more and more intensified and herd size grew, it was obvious to
apply the same principles to identify, prevent, or eradicate disease within animal herds. In Denmark,
efforts to eradicate diseases like tuberculosis and brucellosis in dairy herds were greatly facilitated
by the organizational structure around cooperative milk-processing plants and access to milk for
diagnostic testing. Artificial insemination and systematic recording of milk yield in individual cows
were introduced at a large scale in the mid-1900s. These technologies were mainly introduced for
breeding purposes, but their usefulness for management support was soon realized. Enevoldsen
(1993) reviewed the technologies and management tools developed for use in dairy herd health
management during the 1900s. Over the last two decades, computer technology, automatic milking
systems (AMS), and other automated data collection tools have increased the amount of available
data further.

The production process in a herd and the need to evaluate performance are basically the same as in
any other processes in manufacturing or service-providing organizations. Therefore, the manager of
a dairy herd can apply similar techniques as the managers in other types of enterprises, businesses,
or organizations. The (business or herd) manager will be responsible for establishing systems to
evaluate the health-related performance of the production process continuously, exactly like using
continuous collection of health data to evaluate the health state of individual patients in medicine.
With the growing herd size in the dairy industry, the number of hired personnel also has increased.
Consequently, management of human resources is becoming important. In addition, the detailed
legal regulation of dairy herds in Denmark requires provision of documentation to the public
veterinary authorities. This requirement raises performance measurement issues that are similar to
performance measurement and management in the public sector (so-called New Public
Management).




General introduction

The legal regulations regarding health-related issues in dairy herds give the herd veterinarian a
number of duties with respect to health performance measurement (documentation) based on
recordings in the herd and recordings of the veterinarian’s activities. Because veterinarians are
getting organized in larger networks or companies, they also experience the need to become deeply
involved in establishing efficient systems for performance measurement in the clients’ herds and in
their own practice organizations.

In veterinary medicine and herd management science, terms like ‘surveillance’, ‘monitoring’,
‘benchmarking’, and ‘control’ are widely used. In public management, essential terms are
‘monitoring’, ‘performance management’, and ‘evaluation’. In this work, I use the term
performance measurement because the combination of the words ‘measurement’ and ‘performance’
directly signals an evaluation of the current state of the system. That is, it signals an evaluation of
how the process of interest is functioning at any time, which does not make sense without some
criteria for distinguishing between acceptable or unacceptable. This approach is in contrast to
systems that merely present collections of recordings without any attempt to evaluate. Because the
term ‘health’ cannot be measured explicitly (it is a latent or unobservable trait), measurement of
health performance inevitably requires a number of indicators (variables).

In addition to the general organizational issues described above, the current context for Danish
veterinarians working with larger industrialized dairy herds is characterized by the following:

¢ The number of cows in the herds will typically be from around 50 up to around 1000.

e The owner of the herd will often be the manager (smaller herd), but in larger herds, a hired
manager may be the key decision-maker.

¢ The degree of automatic data collection (AMS, activity measurement, etc.) is quite variable.

e (Complex movement of animals occurs between herds with the same owner because of
environmental regulations about harmony between number of animals and farm land.
Replacement heifers brought up on separate herds and bull calves sold to special meat
production herds are common.

e There is a high degree of legal regulation, not only related to herd size but also to “negative”
performance measurement like mortality and use of antibiotics that may lead to “penalties”
in terms of intensified public supervision. Avoidance of public control is a strong motivating
factor for some farmers.

e Attitudes towards veterinary services are highly variable among dairy producers (Kristensen
and Enevoldsen, 2008).

e There is a need to use scores (ratings) to describe signs of disease like lameness or poor
body condition. The quality of these recordings can be very problematic (Lastein et al.
2009).

¢ Farmer attitudes and values can be important determinants of health and health promotion
initiatives, but these attitudes may change (Andersen & Enevoldsen, 2004).




Consequently, the needs for health performance measurements may differ from herd to herd and
from veterinarian to veterinarian because of variation in contexts. Context probably will be
particularly important for problems involving human activity (e.g., measurement and evaluation of
‘heat detection activities’ or ‘prudent usage of antibiotics’). In contrast, a purely technical
measurement of electrical conductivity in quarter milk in a given AMS will probably be virtually
context free. The consequence of a problem being context dependent is that it is unlikely that we
can find a measurement system that is valid across herds and practices.

The data structure of health-related data from dairy herds is quite complicated. Numerous indicators
are needed for sufficient health performance measurement in a dairy herd because we need to be
able to diagnose numerous diseases or signs of ill-health that are measured at time intervals from
milliseconds to years and at udder quarter level to the herd or veterinary practice level.
Consequently, each herd and each practice must have measurement concepts that can adapt to each
specific context and organizational level. Overall, one fixed type is very unlikely to fit all; at the
least, a claim that one fixed type does fit all would require extraordinary supportive evidence.

The overall objective of this thesis is to
e suggest a coherent concept for management of data for health performance measurement
that is suitable and sufficient for the diverse contexts of industrialized Danish dairy herds
and associated veterinary practices.

The specific objectives are to:

e [dentify principles and tools for management of data for health performance measurement in
industrialized Danish dairy herds. This part includes demonstration of key tools for time
series analysis applicable to the Danish contexts, and it addresses the complexity that arises
when attempts are made to measure human activities; in particular, when legal regulations
are imposed. The outcome is a coherent approach for management of health performance
measurement.

e Demonstrate a tool to detect the bias that may be associated with personal (clinical)
judgments of the health state of dairy cows (ratings). This tool will be particularly useful for
a larger network of veterinarians who wish to explore the quality of the clinical work and
evaluate whether a given type of rating is useful for benchmarking or across-herd statistical
analyses. The outcome demonstrates the need to be close to the research object.

e Demonstrate an application of latent class analysis to evaluating diagnostic tests while
accounting for the very frequently occurring situation when diagnostic tests are imperfect.
This tool may be quite useful for evaluation of the quality of the diagnostic work in the
herds. The outcome also demonstrates a useful approach to clinical diseases that cannot be
defined by one diagnostic test alone.

e Demonstrate an approach to preparing an example of a complex health-production
measurement like the lactation curve for use in benchmarking. Each component and various
aggregations of the lactation curve can be used for both benchmarking across herds and for
time series analysis within the herd. The uncertainties of each component and correlations
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between components at the cow and herd levels are estimated. Inclusion of an explanatory
variable is described to demonstrate the potentials for causal analyses with the multilevel
lactation curve analysis.

e Evaluate the possible effects of the introduction of intensified clinical examinations of
individual cows in the dairy herd when the examination routine is part of a general herd
health management program (HHMP). The study demonstrates the changes in recording
routines that inevitably take place when a HHMP is introduced causing complexity that
makes evaluation of causal effects complicated.

The thesis is organized as follows:
Chapter 2 is a brief description of the context of the Ph.D. project, the data collection framework,
and the applied analytical methods.

Chapter 3 gives a summary of the results obtained in five studies that address each of the specific
objectives. Subsequently, the five specific objectives are addressed in five separate manuscripts
with the following titles:
e Identification of principles and tools for management of health performance data
from the industrialized dairy herd
e A tool to detect rater-introduced bias in clinical ratings
e Latent class evaluation of a milk test, a urine test, and the fat-to-protein percentage
ratio in milk to diagnose ketosis in dairy cows
e A framework for integration of benchmarking and within-herd analysis in dairy herd
management — analysis of lactation curves as a case
e Evaluation of effects of disease control in a complex dairy herd health management
program

In chapter 4, I discuss the general problems identified in chapter 3. I also suggest options for a
coherent combination of the tools presented in chapter 3.

Chapter 5 provides a summary of the conclusions derived in chapters 3 and 4, and I suggest options
for implementation of the principles and tools that are developed in the thesis for practical
application in dairy herds and in veterinary practice.

In chapter 6, I address the most important needs for future development of dairy herd health
management tools and concepts.




2 Study context, data collection framework, and analytic
methods

2.1 Study context

During the last half century, the Danish dairy sector has undergone a tremendous structural
development. Since the early 1960s, the number of herds with cattle has been approximately halved
for every decade. Around the year 2000, there were about 10,000 milk-producing herds with a herd
average of 60 cows. The Danish Cattle Federation (2012) stated that by the end of 2011, there were
around 3,900 dairy herds with an average herd size of 148 dairy cows. One consequence of these
larger herds is that the number of people working in the herd (apart from the family) also increases.
This increase implies that it may be more difficult to identify the decision-maker for specific areas
(like newborn calves) or that there will be a separation between the decision-maker and the persons
who are implementing the decisions. Around the millennium, there were two trends in Danish dairy
production. One was working with a low-cost, uneducated workforce (typically non-Danish) and
the other was in a high-tech direction with sophisticated technologies like AMS and automatic
feeding systems with a demand for a (smaller) educated workforce. Ten years after the turn of this
century, AMS has been installed in approximately 25% of the herds (VFL, 2012); thus, the high-
tech trend appears to have gained popularity.

The following brief review of the development in veterinary practice is primarily based on my
knowledge about activities and debates in the veterinary organizations and my own employment
and involvement in organizational work. During the last 3—4 decades (and because of the structural
development in the dairy herds?), the veterinary practices developed from units with typically one
to three veterinarians covering all species to practices with up to 20 veterinarians working only with
cattle production. Other veterinarians working intensively with cattle organized themselves into
corporate structures where they share brand, business development, and continuous education
activities.

The role or work area for the veterinarians working in dairy cattle practice has also changed. In
particular, after the first law concerning herd health management in 1995, we have seen the
following major changes:

e Diagnosis and treatment of individuals and focus on individual animals has decreased.

e (Consumer concerns about food safety, welfare, and microbial resistance play a much more
important role not only for the producer but also for the work of the veterinarians. This
prominence was especially emphasized in the Danish 2009 herd health legislation, in which
the role of the veterinarian changed because public duties were placed on the veterinarians
concerning auditing of animal welfare legislation (Danish Veterinary and Food
Administration 2011, pp: 4-7). This legislation to some degree changed the relationship
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between veterinarian and herd manager from the veterinarians being a consultant of herd
health (collaborator) to having some degree of public supervision (authority).

In Denmark, control (or eradication) of contagious diseases in the cattle population has a long
tradition. Denmark was declared free of Infectious Bovine Rhinotracheitis in 1992; in 1996, the
eradication program for Bovine Virus Diarrhea was turned into a surveillance program. Additional
programs against paratuberculosis and Salmonella dublin were initiated in 2006 and 2007,
respectively. What is common among these programs is that they were initiated by the farmers’
organization as voluntary. After some period of time, they were incorporated into national
legislation. The requirements in the legislation have then been continuously strengthened until not
complying with the program can make it difficult and too expensive to be a dairy producer.

Compared to virtually all other countries, Danish dairy production has been highly regulated
concerning the use of antimicrobials. Any use of antibiotics requires a prescription in Denmark.
Until 1995, all antibiotic treatments of cattle were to be done by a veterinarian. In 1995, the first
national legislation concerning a herd health program was implemented (voluntary). In essence, the
herd was to have monthly visits, and the farmer was given access to follow-up antibiotic treatment
of adult cattle. Diagnosis and the first treatment were still to be made by a veterinarian. For calves,
the legislation was more liberal. Around 2002, the Danish public veterinary authorities wanted to
explore the consequences of lifting the very strict regulation of dairy farmers’ access to antibiotics
that until then required veterinary presence for a prescription. As a pilot study initiated in 2004,
farmers who entered a specific herd health management program (see below) were permitted to
initiate treatment with antibiotics without the presence of a veterinarian for a limited number of
diagnoses. The link to the herd health management program was to ensure sufficient health
surveillance and prudent use of antibiotics. Within the pilot project period, requirements were very
strict for delivery of registrations from both farmers and veterinarians to a central database. Hill
(2005) evaluated the effects of this pilot project, which was subsequently incorporated into national
legislation. In 2006, the link between more liberal access to antibiotics and the herd health
management program was formalized in a new law concerning herd health. In 2009, the legislation
was further liberalized so that farmers could treat almost any disease without veterinary assistance.
In addition, the very strict requirements for registration of disease treatments and results from
veterinary examinations were abandoned. However, this liberalization was not without constraints.
The veterinary authorities imposed thresholds concerning the amount of antibiotics used in the
production and rates of dead cows and calves. These thresholds are used for classifying herds and
affected the mandatory number of the herd veterinarians’ visits and the risk of control visits by the
veterinary authorities.

In the late 1990s, an Israeli-inspired herd health management system (Enevoldsen, 1997b; Nir -
Markusfeld, 2003) came into some use in Danish dairy production. This Danish version of the
Israeli herd health system was based on regular clinical examinations of groups of cows with a
particularly high risk of contracting disease. The results of these examinations were collected in a
database, and a performance report was developed to use these recordings to evaluate health in the




herds (Jensen et al., 1997). In essence, this herd health program formed the foundation for the pilot
project concerning herd health and the 2006 changes in national legislation.

The context of this thesis is within the area of herd health veterinarians who work with an
industrialized dairy herd given the setting and constraints described above. In this setting,
‘industrialized’” does not only mean large in number of cows but also that the personnel should be
considered as part of an organization in which the decision-maker for specific procedures in the
herd can be difficult to identify. As stated previously, parts of the Danish dairy industry use a high
degree of technology, which requires a well-educated work force. The education affects the ways
personnel can best be managed. As such, there seem to be two major directions for workforce
management. One is working with standard operating procedures requiring limited individual
decision making. The other is working with continuous education and empowerment so that the
personnel to a large extent are permitted to make management decisions themselves in some areas.

2.2 Data collection

In Denmark, almost all recordings on individual dairy cows and young stock are collected in the
National Danish Cattle Database (NDCB), a database owned by the dairy industry. A subset of
these recordings is transferred to the public authorities’ public (‘CHR register’) and non-public
databases (‘Vet-stat’). Virtually all dairy farmers seem to be willing to contribute to the NDCB,
probably because of the strong cooperative tradition in dairy industry and the success of the NDCB
for breeding purposes. For this reason, stand-alone in-herd computerized management systems have
had little success on the Danish market. They have proved to be not very useful or extremely
difficult to use unless they could exchange (two-way) data with the NDCB. This kind of exchange
with such systems rarely happened before 2005. Up until the late 1990s, farmers’ recordings to the
NDCB were based on hand-written registrations of events occurring in the herd (calving, culling,
birth or sex of the calf), professional personnel doing inseminations, the veterinarians’ disease
recording, and recording from the milk yield recording program. Information from the NDCB was
limited to standardized reports on paper to the farmer and consultants. As of 1995, it was almost
impossible for herd veterinarians to gain access to NDCB’s underlying recordings of events for a
dairy (raw data). An explanation could be that there was no real need for extraction of raw data
because the advisory services had been very limited with little use of herd-specific analyses.

In 1994, the analytic concept developed by Thysen and Enevoldsen (1994) was offered to
veterinarians as a freeware PC program (HerdView). Using this program to answer herd-specific
questions about herd health and production required herd-specific input files. On request from
individual veterinarians, these files could be ordered from the NDCB. Around the same time, the
development of a stand-alone PC program for analysis of milk production (lactation curves) led to
the creation of raw text files that contained the necessary information to do additional data analysis.
In 1997, results from standardized within-herd multivariable regression (Israeli-inspired) analyses
were offered to the veterinarians based on these files (Enevoldsen, 1997ab; Jensen, 1997).
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In 2002, a database client for the NDCB was developed. With this user client, farmers could make
the mandatory registration from the farm online and retrieve production reports. In addition, it was
possible to retrieve raw data from the NDCB as a special kind of text file.

To further support the development of the Israeli-inspired herd health program and establish a
platform for herd health—oriented teaching and research, a non-commercial SAS®IntrNet (SAS
Institute Inc., 2008) portal was created in 2003. The portal is called VPR, which is the Danish
acronym for ‘Veterinary Production Consultancy’. As the name indicates, the VPR portal is only for
practicing veterinarians. This portal has features for uploading the clinical recordings in the herds,
verification of the correctness of the registrations (e.g., unique cow numbers), and merging these
registrations with data about calvings and milk production. Information about calvings, milk
production, inseminations, and similar routine recordings are all downloaded from the NCDB by
the veterinarian and subsequently uploaded to the VPR portal. The VPR portal is a non-commercial
service with the overall purposes of 1) supporting the veterinarian for their use of data from the
herd; 2) providing a place where new tools for herd health management can easily be put into work
in the field; and 3) serving as a data-collection portal. During the last 10 years, VPR has become a
central part of herd health management for many veterinarians, and it is under constant
development.

The author of this thesis has, to a large extent, carried out the development work with the VPR
portal. The work has yielded major discoveries and insights concerning the quality of data collected
from the numerous dairy herds and veterinarians. Especially useful was the work with a short-term
prognostic plan for calving, drying-off, and reproduction, which uncompromisingly revealed data
errors because the plan was used for very concrete decision support. This process demonstrated that
assurance of high-quality data concerning disease recording and clinical scores requires active use
of the recordings for herd health management. Various peculiarities were detected. For example, the
number of possible sizes (categories) of the calf were dependent on whether the registration was
done electronically or on paper, and the number of milk control dates per year should be 11 and
approximately equally spaced over the year; however, checking the data showed that some herds
had only 9 or 10, and that even with 11 control dates, they were not equally spaced. Further,
registration of dry-cow treatment can automatically give a recording of dry-off, which is highly
redundant.

The data used in this thesis all came from the VPR portal. This feature carries the implication that
the applied data all are of some interest to veterinarians — data that have been used for herd health
management to a varying degree. Alongside the work with this thesis, the author has been working
as a practicing veterinarian in typical Danish dairy herds (approximately 3 years of full-time work).
This employment has provided additional insights into the entire flow of the recordings from the
establishment of a clinical diagnosis to the analytic outcome of the VPR portal.




2.1 Analytic methods

The analytical methods applied in this thesis are primary based on various types of multi-level
random regression (section 3.3, 3.5 and 3.6). In section 3.4, the parameters of a Hui-Walter model
were estimated with a Bayesian approach using a Markov Chain Monte Carlo sampling algorithm.
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3 Results

3.1 A summary of the major results

This section gives a summary of the major results of this Ph.D. project. First, I summarize and
demonstrate concepts and tools of particular relevance for a systems approach to dairy herd health
management within the context of this Ph.D. project. Then, I summarize four independent studies of
specific tools, which are of particular relevance for health performance measurement.

3.1.1 Identification of principles and tools for management of health performance data from
the industrialized dairy herd

Problem statement: One part of dairy herd management is to handle disease occurrence by means
of health promotion, disease prevention, timely medical treatments, or eradication of disease. It is
an essential task for the cattle veterinarian to support this part of herd management. The study
objective was to identify principles and tools for analysis of herd health data in industrialized dairy
herds. The analysis takes into account the additional complexity caused by changes in behavior
among herd managers and herd personnel due to, for instance, legislative changes to promote
animal welfare or food safety Approach: Methods from herd management science were combined
with context-specific information about social mechanisms. Results: The results were summarized
into a concrete 7-step plan of action. 1) The foundation is the continuing use of process behavior
charts primarily based on animal level data. 2) Assure strict definition of the measurements
considering purpose, collector, and meaning in terms of biology and management. 3) Interpret the
patterns in the process behavior charts, and search for and remove causes of exceptional variation in
a dialogue with the herd manager. 4) Search for options to reduce routine variation. Multivariable or
multivariate statistical models can give additional information because of their ability to reveal
hidden sources of variation. 5) Set targets at tactical and strategic level while accounting for costs
and benefits with appropriate methods suggested in the paper. Issues related to non-financial effects
are addressed. 6) Adjust measurement and intervention theory. The previous 5 steps should initiate
an iterative process, where the intervention is evaluated and updated based on the results achieved
this far. 7) Develop a framework in the veterinary practice unit to support the health performance
measurement process. The activities in step seven will almost certainly require expert statistical
assistance.

3.1.2 A tool to detect rater-introduced bias in clinical ratings

Background: I suggest a ‘screening test’ to examine large data files with clinical ratings for the
occurrence of rater-introduced bias prior to using the data for quantitative analyses. The test is
based on a statistical model in which a well-standardized interval-scale outcome (for example, milk
yield) is related to clinical ratings (for example, body condition scores) obtained from multiple
contexts (for example, dairy herds).

Findings: 84,968 calvings from 279 herds, with subsequent body condition scores performed by
117 veterinarians within the first 21 days postpartum were analyzed with a multilevel random
coefficient regression model. The model included an independent variable, where body condition
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score was centered within veterinarian. This is a socalled comparison effect to describe possible
rater-introduced bias in the body condition scores. A highly significant comparison effect was found
for second and older parities, indicating occurrence of possible rater-introduced bias in this large
multi-herd data file.

Conclusions: A within-group centering technique (the comparison effect) appeared to be useful for
discriminating between biased and unbiased clinical scores. In some cases, this test for bias should
prohibit further analysis of the data and divert the focus of study to the calibration of raters or
alternative study designs.

3.1.3 Latent class evaluation of a milk test, a urine test, and the fat-to-protein percentage ratio
in milk to diagnose ketosis in dairy cows

In this study, three commonly used tests to diagnose ketosis were evaluated with a latent class
model to avoid the assumption of an available perfect test. The three tests were the KetoLac BHB
(Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan) test strip that tests milk for pB-
hydroxybutyrate, the KetoStix (Bayer Diagnostics Europe Ltd., Dublin, Ireland) test strip that tests
urine for acetoacetate, and the fat-to-protein percentage ratio (FPR) in milk. A total of 8,902 cows
were included in the analysis. The cows were considered to be a random sample from the
population of Danish dairy cattle under intensive management, thus representing a natural spectrum
of ketosis as a disease. All cows had a recorded FPR between 7 and 21 d postpartum. The KetoLac
BHB recordings were available from 2,257 cows and 6,645 cows had a KetoStix recording. The
recordings were analyzed with a modified Hui-Walter model, in a Bayesian framework. The
specificity of the KetoLac BHB test and the KetoStix test were both high [0.99 (0.97-0.99)],
whereas the specificity of FPR was somewhat lower [0.79 (0.77-0.81)]. The best sensitivity was for
the KetoStix test [0.78 (0.55-0.98)], followed by the FPR [0.63 (0.58-0.71)] and KetoLac BHB test
[0.58 (0.35-0.93)].

3.1.4 A framework for integration of benchmarking and within-herd analysis in dairy herd
management — analysis of lactation curves as a case

Comparison of livestock herds’ key performance indicators is a widely used management tool for
farmers and herd management consultants (benchmarking). The results of this comparison should
lead to thorough within-herd and between-herd analyses to identify causes of exceptional variation
(unsatisfactory performance). Milk production is obviously the key output from a dairy herd.
However, the distribution of milk production between calvings (the ‘shape of the lactation curve’)
can also be an indicator of production efficiency, including health traits. The objectives of this study
were to describe the variability of the shapes of lactation curves within and between dairy herds and
suggest frameworks for integration of benchmarking and within-herd analysis in herd management.
A total of 51,311 lactations and 345,595 test-days of Energy Corrected Milk (ECM) yield from 170
Danish Holstein herds were used in the analysis. A random coefficient test-day model which allows
a ‘break’ around 60 days in milk was applied to parity-groups 1, 2, and older. A single-herd model
was applied for each parity group (3) within each herd (170) and a multi-herd model was applied
once for each parity group. Internal validity of the models was acceptable. The multi-herd model
lactation curve estimates were closer to the overall mean but the numeric differences in lactation
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Results

curve estimates between the models were marginal. To demonstrate a principle for within-herd
identification of causes of unsatisfactory performance, age at first calving was included in the multi-
herd model as a random variable on herd-level and a fixed variable on cow-level. The result was
that the impact of age at first calving on herd lactation curves was highly herd-specific. In addition,
age at first calving modified the persistency of the lactation curves through an interaction. For a 1
month increase in age at first calving from 26.6 months, herd-level estimates ranged from 24 Kg
ECM to 126 Kg ECM per 295 d per cow. The conclusions of the study were 1) both the single-herd
and multi-herd model provided similar and valid estimates of the major lactation curve parameters
at herd and cow level, 2) the estimates of the lactation curves derived from the models are unbiased
and useful for benchmarking of herds, 3) inclusion of other determinants of milk production is
possible and provides herd-specific estimates about the relation between the determinant and the
milk production, and 4) important information about how the determinant influences the lactation
curve is achieved.

3.1.5 Evaluation of effects of disease control in a complex dairy herd health management
program

Evaluating the effects of all interventions in a dairy herd, including the effects of various herd
health management programs (HHMP), is highly relevant. A traditional randomized controlled trial
is the gold standard but is likely practically impossible or prohibitively expensive to use for a
general evaluation of a HHMP. Generalizability may also be poor because of the dynamics of the
production contexts. In this study, we demonstrate an approach for evaluating the effects of a
HHMP in the field, specifying an intervention theory for an ongoing HHMP in the context of the
Danish dairy industry. As an example, I suggest one statistical model for studying the possible
effects on milk production of systematic post-partum examinations of vaginal discharge, which is
supposed to improve detection and treatment of metritis or endometritis. This routine is one
component of the HHMP. The data consisted of 121 herds and 76,953 lactations over a 15-year
period. For parity group 1, the negative effects of metritis (with treatment) on 305-d milk
production after a normal calving were reduced by 17% after enrollment in the HHMP. For parity
group 2 and parity group >2, enrollment in the HHMP resulted in a 129 kg and an 80 kg energy-
corrected milk yield increase in milk production, respectively. There was some indication that the
effect of the HHMP was mediated through improved metritis detection. This study demonstrates the
importance of a clear-cut intervention theory although even with a theory, the research question can
be too context (herd) specific. In such a case, a within-herd randomized controlled trial study design
seems to be the only way to achieve a valid result for a given herd, and acquiring valid results from
an observational multi-herd study will be very difficult.
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Abstract

Problem statement: One part of dairy herd management is to handle disease occurrence by means
of health promotion, disease prevention, timely medical treatments, or eradication of disease.
Supporting this part of herd management is an essential task for the cattle veterinarian. The study
objective was to identify principles and tools for analysis of herd health data in industrialized dairy
herds. The analysis takes into account the additional complexity caused by changes in behavior
among herd managers and herd personnel due to, for instance, legislative changes to promote
animal welfare or food safety Approach: Methods from herd management science were combined
with context-specific information about social mechanisms. Results: The results were synthesized
into a concrete 7-step plan of action, as follows: 1) As the foundation, use continuously process
behavior charts primarily based on animal-level data. 2) Assure strict definition of the
measurements considering purpose, collector, and meaning in terms of biology and management. 3)
Interpret the patterns in the process behavior charts and search for and remove causes of exceptional
variation in a dialogue with the herd manager. 4) Search for options to reduce routine variation.
Multivariable or multivariate statistical models can give additional information because of their
ability to reveal hidden sources of variation. 5) Set targets at the tactical and strategic levels while
accounting for costs and benefits with appropriate methods suggested in the paper. Issues related to
non-financial effects are addressed. 6) Adjust measurement and intervention theory. The previous
five steps should initiate an iterative process in which the intervention is evaluated and updated
based on the results achieved thus far. 7) Develop a framework in the veterinary practice unit to
support the health performance measurement process. The activities in step 7 will almost certainly
require expert statistical assistance.

Key words: Herd health, Dairy herd management, Veterinarian, Health performance measurement
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Introduction

The size of dairy herds has increased dramatically in many countries, and it seems relevant to
consider the dairy herd as any other industrialized manufacturing enterprise, service provider, or
organization in general. Continuous evaluation of the performance of the production process is an
essential part of herd (business) management. One part of herd management is to handle disease
occurrence by means of health promotion, disease prevention, timely medical treatments, or
eradication of disease. It is an essential task for the cattle veterinarian to support this part of herd
management. During the last two decades, computer technology, automatic milking systems
(AMS), and other automated data collection tools have dramatically increased the amount of data
available for measuring and evaluating performance over time in dairy herds. These data may be
especially useful for measuring occurrence of diseases with subtle signs (e.g., ketosis and mastitis),
which have become relatively more important because major diseases like tuberculosis and
brucellosis have been eradicated. The continuing entry and removal of numerous animals, the
interaction between animals and management, and feedback mechanisms make the dairy herd a
very complicated system or organization, which may make performance measurement and
evaluation of performance in the dairy herd more complicated than they may be in most other
industries.

Enevoldsen (1993) reviewed technologies and management tools developed for dairy herd health
management up to the early 1990s. Principles and tools for measuring and evaluating performance
over time were treated in some detail. Inspired by the tools and principles used in manufacturing
enterprises and other organizations, including public management, we may find uses of numerous
additional tools and principles to be useful. Terms like monitoring, surveillance, control,
benchmarking, epidemiological or business intelligence, performance measurement, evaluation,
statistical process control, and quality control are widely used. However, the definitions and
distinctions between them seem to differ among disciplines, the objectives for application are often
vague, and the interpretation can be complicated.

Krogh and Enevoldsen (2006) describe the so-called VPR platform. It was established in 2003 and
gives Danish practicing cattle veterinarians access to a growing number of tools for management of
health data. During development of the platform and support of the users, we have identified a
number of barriers and needs for efficient support of data management for health performance
measurement in the dairy herd. Especially when data were used for very specific decisions, errors in
collection and management of data were revealed. Based on this interactive development work with
veterinarians in the field together with various research and teaching based on the collected data, we
will (objectives):

1) identify principles and tools that are of particular relevance to dairy herd health consultants’
continuous evaluation of health performance in the industrialized dairy herd, and

2) suggest a coherent set of definitions and tools for management of data for health performance
measurement in the industrialized dairy herd.
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Identification of principles and tools for management of data for health performance measurement
in the industrialized dairy herd

This work is organized into the following main sections: 1) time series analysis, 2) control and a
systems approach to herd management, and 3) a summary of concepts and tools.

The work does not present or discuss simple graphical or tabular presentations of data without
attempts to address random and systematic variation in the production process, or support
evaluation of the performance of the process by means of some type of limits or criteria.

Time Series Analysis

In herd management, the most common questions are related to time. We want to know whether
there are changes in the production process. Detection of changes requires some kind of comparison
of the current (or future) production process with some previous production result. As part of herd
management, we use a variety of measurement tools to make observations of some activity
(variables) at successive points in time. Such data are called time series data or longitudinal data.
The fundamental elements of an analysis of time series data are (Armitage & Berry, 1987, p. 349)
as follows:

¢ Plot the data before doing any computations

® Look for extreme outliers and search for possible reasons

¢ Identify obvious long-term trends
The following section presents concepts and tools for such a time series analysis of major relevance
to dairy herd health management.

The Process Behavior Chart
Figure 1, the upper panel, shows a typical example of a time series graph meant for measuring

performance of a process. In this case, it is a process in a dairy herd, but it could be a process in a
factory or a service industry. The data points are the fat percentage to protein percentage ratio
(FPR) of individual cows at the first milk test day in the period 5 to 28 days after calving. The
diagrams in Figure 1, upper and lower panels, will be described and explained in the following with
the terms used by Wheeler (2000, pp. 151-155), who calls the diagrams in Figure 1 a Process
Behavior Chart (PBC). Above and below the lines connecting the measurements of FPR (the time
series graph) are so-called Natural Process Limits (NPL). The purpose of these limits is to separate
the routine variation of the process (the natural process) from the exceptional variation. If the
process exhibits only routine variation, demonstrated visually as all points inside the limits, the
process will also be predictable (within limits). Predictability is an important and favourable
characteristic of a process. Consequently, the exceptional points (points outside the limits) must
indicate something unpredictable, and the cause(s) of the exceptional variation should be
continuously explored and, if possible, removed to improve the process (make it predictable).
Attempts possibly should be made to reduce routine variation, but doing so will require
fundamental changes in the process. This type of change may be necessary if too many results are
unacceptable from a product quality point of view. For example, electrical conductivity
measurements from an AMS might show only routine variation. Still, an unacceptably large
proportion of cows could have mastitis, which would require very time-consuming attention or
medication. Therefore, fundamental changes in the AMS or the herd management may be justified.
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Wheeler (2000) uses the term method of continual improvement to describe the PBC and its
intended uses.
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Figure 1. XmR-chart of Fat-to-Protein Ratio (FPR) in milk recorded between 5 and 28 days after calving. The solid
lines are the averages and the dashed lines are the control limits. The upper panel is the X-chart. Observations crossing
the control limits and observations that fall for the ‘runs-rules’ are highlighted. The lower panel is the ‘moving Range’-
chart. Observations crossing the control lines are highlighted.

The data points in the lower panel of Figure 1 are the numerical differences between successive
values in the upper panel. They are called moving ranges (mR), which directly measure the cow-to-
cow variation. The average moving range is the average (arithmetic mean) value of the moving
ranges and is shown as the lower horizontal line in the lower panel. The lower and upper NPL in the
upper panel are derived from the average moving range in the lower panel by multiplication-
constants that depend on the type of data (Wheeler, 2000, pp. 136—139); in this case, the constant is
2.66. Similarly, the upper range limit for the average mR is obtained by multiplication with the
constant 3.27. A more conservative approach is to calculate a median mR, which may be more
appropriate if some few values are very high or low. Indications of possible emerging trends are
marked in the upper panel. In this case, a series of more than 7 points on one side of the average is
regarded as signaling a trend. This pattern represents one of several of the so-called runs rules; of
which some are summarized by Kristensen et al. (2009; pages 51-51).

Based on the first author’s personal knowledge about the herd from which Figure 1 was derived, the
interpretation of the chart can be as follows: In the upper panel, two observations cross the upper
limit. These two cows are most likely associated with subclinical ketosis (Krogh et al., 2011). Based
on the previously described runs rules, there is a trend towards a lower average FPR from June 2011
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Identification of principles and tools for management of data for health performance measurement
in the industrialized dairy herd

onwards. In this specific situation, a similar trend was not found in second and older parities (not
shown). For this specific herd, this signal of change in the process was most likely related to
insufficient training of fresh first-parity cows to the AMS. First-parity cows were left standing
outside the AMS for up to 6 hours, thus reducing their roughage intake and leading to milk fat
depression.

The issue with a chart like that in Figure 1 is that we can make two errors: 1) interpret noise (routine
variation) as if it were a signal of exceptional variation or 2) fail to detect exceptional variation
when it is present. The above-mentioned constants and rules to calculate the limits and define
‘signals’ are empirical and intended to strike a balance between these two mistakes (Wheeler, 2000,
p- 32). Woodall (2000) stresses that this type of chart is “a tool of exploratory data analysis” (of
historical data) and that “no assumptions of normality or independence over time need to be made.
In fact, distributional assumptions cannot even be checked before the chart is initially
applied...because one may not have process stability...”. Woodall (2000) disputes the effectiveness
of the traditionally used runs rules and suggests alternatives, as well as suggesting alternatives to
using the mR chart to identify changes in variability in the process. Koutras et al. (2007) conclude
that the sensitivity improvement achieved by supplementing the classical control chart by runs
rules, has a trade off in the false alarm rate. In simple words, runs rules increase sensitivity but also
produce more false alarms.

Wheeler (2000) vigorously stresses that no assumptions are required for the PBC. In case there are
no signs of exceptional variation or trends, intervention is not warranted. In fact, intervention may
distort the process (Wheeler, 2000; Woodall, 2000). Wheeler also vigorously stresses that specific
knowledge about the context of the process is needed to discover causes of exceptional variation,
which is the primary objective of the method of continual improvement.

In the increasingly automated systems, the users of the information may become detached from the
management of data. To completely and fully describe the context, the user needs to know
(Wheeler, 2000): Who collected the data? How, when, and where were data collected? What do
values represent? If computed, how were they computed from raw data? Were there changes in
formulas over time? We will add that sometimes it is crucial to know for what purpose the data are
collected to understand why data can be misleading. These requirements may be a real challenge to
a herd health consultant but also an important learning process.

Statistical Process Control

Classical methods

The PBC described above is one simplified version of the Shewhart Control Chart concept, which is
among the body of techniques known as Statistical Process Control (SPC), widely used since the
1930s. Kristensen et al. (2009, pages 41-72) give a detailed description of what they call the
classical methods for SPC and their applications to various types of herd management data. The
major difference between the PBC and the SPC is that the limits in SPC usually are based on
distributional assumptions of the measurements (e.g., normal or binomial) and degree of
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dependencies between measurements (autocorrelation). For these reasons, these methods are
separated from the PBC in this presentation. The validity and importance of these assumptions may
be very questionable and hard to judge. Woodall (2000) quotes Hoerl and Palm (1992) as stating
that “the underlying model (for SPC) then is only that one has a series of independent random
observations from a single statistical distribution. The control chart rules are used to detect
deviations from the model, including the model assumptions themselves”. In statistical terminology,
this concept is called model control. De Vries and Reneau (2010) discussed the effectiveness of
SPC based on their comprehensive review of applications of the control charts in animal
production. Their main conclusion was that an actual search for the true causes of exceptional
variation is very difficult and seldom done. Papers on the practical benefits of implemented control
chart schemes were not found. Run length distributions (an indicator of SPC effectiveness) were
only found in papers describing simulations studies, which may be problematic because simulations
usually are based on assumptions about distributions, which we rarely know in a real life setting.
Wheeler (2011) claims that autocorrelation (that is, non-independencies of the series of
observations) should not influence the limits for NPL. The argument is that autocorrelation will
cause a trend (signal) that should be explored and the cause(s) identified and removed. If this
exploration and intervention are successful, only routine variation remains, and routine variation
will not contain autocorrelation.

Another major difference between SPC and the PBC is that SPC in many cases shows only data that
are filtered or smoothed to better reveal patterns in the data. This process is achieved by calculating
one of several types of moving averages. One possible choice is the average of the latest 12 months
plotted for each month, which will eliminate erratic fluctuations (smoothing). The moving average
may also be weighted so that the latest measurements of the time series are given more weight than
the preceding ones. Such weighting is generally recommended to avoid reactions resulting from
removal of the oldest historical data. Smoothing may also reveal harmonic variation, which often is
caused by seasonal or diurnal factors in the dairy herd. Basically, smoothing serves the same
purpose as the runs rules for PBC. Methods for calculating various types of moving averages are
available in widely used spreadsheets. However, these simple tools do not always provide limits,
probably because calculation of the standard errors becomes more complex. Wheeler claims that
some methods to calculate limits applied in standard software are quite inappropriate (Wheeler,
2010).

Woodall (2000) stresses the importance of distinguishing between an initial purely explorative time
series analysis like PBC (phase 1) and a subsequent SPC based on the results of the explorative time
series analysis (phase 2). In phase 1, we may find justifications for assuming homogeneous
processes or certain distributions (e.g., normal or binomial) that permit application of a series of
parametric analytical techniques that may be used for prediction and quantification (phase 2,
methods addressed below). Woodall (2000) supports the view that the PBC is very robust but also
states that “there is a wide difference of opinion on how much robustness is needed in practical
applications, so there may always be some disagreement on this issue”. Wheeler (2011) probably
represents the most extreme view by stating that “We do not need to check for normality or
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transform the data to make them ‘more’ normal. We do not have to use sub-grouped data to receive
the blessing of the central limit theorem before the chart will work. We do not need to examine our
data for autocorrelation”.

Performance measurement by State Space Models

Figure 2 provides an example of a concept suggested by Thysen (1993). The individual data points
are the same as those in Figure 1. The solid line is the filtered prediction of the process at each data
point. Outliers (another word for exceptional variation) are indicated by a circle. The solid line (the
prediction) can take the following positions: Level shift or ‘normal evolution’. An outlier will not
affect the prediction.
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Figure 2. Fat-to-Protein Ratio (FPR) in milk recorded between 5 and 28 days after calving. Each observation is given
by a dot. The solid line is the prediction of the FPR updated at each new observation. Observations with a high
probability to be outliers are identified by the model (circles) and do not contribute to the prediction.

Figure 2 is one example of the so-called state space models (SSM). Kristensen et al. (2009) describe
SSM and their potential applications for herd management in detail. The general purpose of a SSM
(Kristensen et al., 2009, p. 74) is to estimate the parameters in a mathematical model (e.g.,
regression coefficients or variances) that combines information from the observed data (e.g., the
data points in Figure 2) with some information available before data collection starts (e.g., expected
effects of some intervention like changes in milking routines). A major advantage of this type of
model is that it is a natural formulation of the Bayesian approach, which means that a priori
knowledge can be combined with new information in a systematic fashion. Important assumptions
can include types of distributions of error terms (e.g., normal or binomial), type of correlation
between measurements, or thresholds for level-shift or outlier. A simple SSM model for
dichotomous fertility data is described by Thysen and Enevoldsen (1994). The trend-line is
supplemented with a graphical display of the dynamics of the raw data to support a qualitative
exploration of potential causes of (exceptional) variation. This concept is implemented in freely
available software for herd management support (Thysen and Enevoldsen, 2011), which is applied
by a substantial number of Danish cattle veterinarians (we track the use via the download of data
from the VPR-platform). The assumption of a binomial distribution behind this concept is not
tested. Justification of the binomial distribution would require providing evidence that all cows in
the observation period had the same chance of experiencing the events (insemination or pregnancy)
(Wheeler, 2000 page 141).
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In the very simple PBC concept described above, it is the manager’s or the consultant’s task to react
to signals and start a search for causes of exceptional variation. This reaction may require some type
of more or less complicated statistical analysis. In the much more complicated SSM, a statistical
analysis essentially is embedded in the time series analysis. That approach may give more valid
signals but at the cost that the assumptions must be justified, which may be a rather complicated
task. In fact, a statistical model control is required, and outliers or lack of fit detected by means of
model control tools can be considered signals of deviations from the assumed (statistical) theory. In
case of signals, the managerial reaction must be directed towards a search for both causes of
exceptional variation (a qualitative context-bound search) and an appropriate statistical model. We
suggest it will be simpler to start with the virtually assumption-free PBC, especially in the typical
dairy health management context where numerous health measurements are available and relevant.
Even if a SSM is validated in one context, it is very likely that distributions and causes of
exceptional variation are different in another context. Because statistical model control is a task for
experts, this approach may be impractical with many herds and numerous indicator variables in
each herd, as is the case for the work context of the herd veterinarian.

Multivariate Statistical Process Control

With the increasing number of herds with automatic data collection, both the number of health,
fertility, and production indicators and the measurement frequency increase dramatically. Some of
these indicators will be correlated. So-called Multivariate Statistical Process Control is an
analytical concept designed to handle the correlations and the large volume of data. By
‘multivariate analysis’, we mean that several variables are analyzed jointly by creating a new Y-
variable (response variable) that is defined by the correlations between the original variables. The
new indicator may represent an unobservable (latent) condition that has an interpretation or simply
a hidden data structure. The calculations are usually based on so-called principal components. The
concept with control limits is the same as in SPC. The variance can also be exposed to time series
analysis with the SPC concept. However, the interpretation of out-of-control points becomes more
complicated because they cannot be directly linked to one single indicator. The concept was
developed several decades ago and is implemented in standard software (e.g., MVPMONITOR
procedure, SAS Institute Inc., 2011).

We are not aware of practical applications or interpretations of Multivariate Statistical Process
Control for dairy herd management, and it is not addressed by Kristensen et al. (2009). Enevoldsen
et al. (1996) applied second-order factor analysis (a similar statistical technique) to condense 22
herd-level indicators of health, fertility, and production into 10 and 5 first- and second-order factors,
respectively (new variables), but these new variables were not used for time series analysis.

Numerous tests are available for disease diagnosis in the dairy herd (e.g., mastitis pathogens in milk
or ketone bodies in urine). In fact, every comparison of performance measurement with the
associated target value can be regarded as a diagnostic test. Because diagnostic tests (including
performance measurements) will be used for decision support, it is necessary to evaluate the quality
in terms of sensitivity and specificity. However, information about these parameters and the
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associated uncertainty is often insufficient. If information about the validity and precision of a given
diagnostic test is insufficient, the herd manager cannot know how an intervention based on the test
results will work. Virtually all diagnostic tests are imperfect. However, knowledge about some
underlying unobservable state can be obtained by combining tests similar to the multivariate
technique described above. Krogh et al. (2011) used a Latent Class Analysis (LCA) to handle this
problem for diagnosis of ketosis. The LCA might be combined with the SPC tools outlined above.

In some aspects of dairy production, we have a solid theory about the relationships between
measurements that allows us to combine a number of measurements into one meaningful
combination. This approach is in contrast to the purely data-driven condensation of variables by
means of principal components or similar methods. An example is the so-called lactation curve.
Krogh and Enevoldsen (2012a) demonstrated an analysis of milk yield recordings in which the
shape of the lactation curve is defined by multiple variables in a coherent way that takes into
account correlations between variables. In the case of the lactation curve, we have an example of a
hierarchy of indicators and applications. We can use some components (e.g., the parameter for
acceleration early postpartum) as a direct health indicator, the combination of all parameters into a
lactational yield per cow, and the summation of yield from all cows into a herd-level indicator of
milk delivery.

In recent years, the emergence of social media and other digital stores with vast amounts of text has
created a need for automatic detection of emerging trends in, for instance, buying patterns. This
search is called rext mining. Search engines like Google are based on such tools. The increasing
requirements for documentation by means of various reports in the dairy industry may create a need
for development of tools for continuous text mining to support health performance measurement.
Computerized text analysis has been applied by Allaki (2005) for the veterinary authorities’
surveillance of health. Text mining is also implemented in standard software (SAS Text Miner,
SAS institute inc., 2010).

Multilevel Statistical Process Control

In a dairy herd, data are produced at multiple organizational levels (e.g., udder-quarter, udder,
lactation, cow, group of cows, and herd). The data from these levels may be correlated, and such
dependencies should be accounted for. The correlations could, for instance, be taken into account
by pooling the recordings from the four quarters (e.g., electrical conductivity) into one average
udder-level measurement. However, important information may be lost by this aggregation. Some
of the methods described above may be developed to handle this situation effectively. We are not
aware of practical applications for herd management, but industrial applications are reported.

Control and a Systems Approach to Herd Management
The mainly explorative analytic approaches described in the previous sections will enable us to
detect changes within the processes in the production system. However, the historical results from
an actual herd will not necessarily tell us whether the resources could have been used better in that
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herd. That is, was the performance acceptable, really good, or poor? Or was it optimal from a
resource use point of view? The following presents relevant approaches to answering this
fundamental question. Often this evaluation is called control in the management literature.

Benchmarking
Benchmarking is one obvious way to select targets. In its simplest form, it could merely be a herd

manager asking his neighbor about the performance in his herd as a tool to judge his own results.
More systematically, the principle of benchmarking is to identify several other herds with a similar
combination of resources as our case herd and compare the performance measurement in our
specific case herd with the range of results in these reference herds. This comparison will indicate
performance level at best practice. For instance, what is the range of values in the best 25% of a
performance indicator (e.g., milk production)? A formal comparison of targets and performance
measurements may now allow us to evaluate whether we are on target or not and determine if the
system is performing satisfactorily. In addition, dissemination of these targets to the farmers may
motivate changes in management (Nir-Markusfeld, 2003). The selected target performance
measures can also be considered a prognosis for the future or a budget.

A fundamental problem in benchmarking is to decide when a potential reference herd really is a
comparable herd. It is straightforward to find herds that are comparable with respect to very general
characteristics like herd size, breed, type of ration, or milk production level. To further investigate if
these herds are truly comparable, the methods described above or the methods described below can
be used to delineate the production systems in sufficient detail to judge whether they are
comparable.

The principles of benchmarking used in stochastic frontier analysis in which a ‘best performance’
frontier is estimated to describe the best performance given a specific set of input factors
(Kumbhakar and Lovell, 2000). Also Data Envelopment Analysis (DEA) describes such a frontier
but is driven by actual observations (performance measures), instead of detailed knowledge about
production functions. Bramsen and Nielsen (2004) provided an example of DEA in pig production.
DEA does not account for uncertainty in the variables. In practical management of Danish dairy
production, benchmarking on health indicators so far seems to have used one performance
measurement at a time (univariable), which does not account for the correlation between the
performance measures.

Correlation between performance measures in essence means that calculating additional
performance measures will yield only minor additional information. The negative correlations are
the most troublesome because targets often are derived from univariable analyses. In the case of
lactation curves, Krogh and Enevoldsen (2012a) addressed this issue in detail. An increasing peak
yield is strongly associated with a steeper decreasing slope afterwards, but because the correlation
varies from herd to herd, the correlation can be a performance measurement per se.
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It is obvious that benchmarking is invalidated if the scale of a measurement differs from herd to
herd. Milk yield, fat percentage, and somatic cell counts (SCC) are examples in which the scales are
calibrated in central systems. However, for the cattle veterinarian, animal-level conditions like body
condition, lameness, and skin lesions are examples in which scoring systems (ratings) are needed.
These ‘clinical recordings’ obviously must be standardized to be useful for benchmarking. Clinical
criteria that are constant within herd (e.g., specific for a single manager or veterinarian) may suffice
if performance measurement is restricted to historical data within the herd. Kristensen et al. (2006)
demonstrate typical variation in scores and that agreement in clinical scores quite easily can be
improved with training. Consequently, before any target health performance measurement
(indicator) can be chosen, the quality of available clinical records must be evaluated. The evaluation
essentially includes estimation of sources of variation (random, within-herd, between-herd) and
identification of systematic errors in data collection.

Even when score values are described in detail in manuals or protocols, they may be used
differently by veterinarians or others doing recordings in the herds (Lastein et al., 2009). The
veterinarians’ perception of the herd health management system could influence the basic clinical
recordings. Recordings of disease treatments are also influenced by herd-specific conditions (Vaarst
et al., 2002), which will make comparability across herds very poor. Krogh and Enevoldsen have
described a concept to detect this type of measurement error (2012b). This approach could be useful
in a large veterinary practice that might want to develop a benchmarking system based on
recordings from multiple veterinarians in the practice.

Data used for benchmarking are often an aggregation of data for a longer period of time (e.g., a year
or a quarter of a year). The same time interval is usually used in routine reports to evaluate the
performance of a given concrete herd. In case we have not discovered an important time trend, we
may miss a signal or get a misleading signal. Averages, ranges, and histograms all obscure time
order, which can be misleading (Wheeler, 2000). If, for instance, performance has improved
markedly in our case herd, we might be interested only in the value for the latest month.
Consequently, an appropriate time series analysis with as few restrictions as possible should always
precede traditional statistical analyses like benchmarking or statistical modeling (Armitage & Berry,
1987).

Planning tools to derive targets for performance

Even if we have identified ‘comparable’ herds, specific constraints or personal values may persist
that make the concrete herd unique. Therefore and ideally, regular and iterative planning processes
should produce herd-specific plans that again should have formulated goals for health, fertility,
production, etc., based on the system context and the use of the available input factors like feed,
medicine, and management. The goals should be specified as targets for the performance
measurements that can be derived routinely from the production process (Kristensen et al., 2009). A
simple approach to setting herd-specific targets is to take historical results and adjust them for
expected results of the planned changes in the next planning period. Enevoldsen (1993)
demonstrated this simple approach for a series of health and fertility performance measures. The
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expected results (targets) of changes in plans were based on a mix of general theoretical knowledge
and context-specific knowledge about the herd and the management.

Numerous advanced tools are available for planning. Major examples include (Kristensen et. al.,
2009): expert systems (based on norms and logic), linear programming (widely used to formulate
feed rations), dynamic programming and Markov decision processes (e.g., used to select the optimal
time to replace cows), Bayesian networks and decision graphs (very complicated development of
decision trees that represents uncertainties of decision problems), and simulation (computer model
of an entire system; e.g., a herd). Ideally, the targets should be estimated from an optimization of
the available resources. This optimization can be obtained by means of some of these tools. For
dairy herd health management, a very complicated and scientifically well-documented and
commercially available herd model is adapted to the needs of practicing cattle veterinarians
(Dstergaard et al., 2010; www.simherd.com).

The requirements for performance measurement will depend on the time horizon. In herd
management, science decisions about the production system have traditionally been divided into the
strategic, tactical, and operational levels. Operational decisions typically relate to day-to-day
management routines in the production process. The effects of operational decisions can quite
quickly be implemented and evaluated, and the economic impact of the individual decision is often
of minor magnitude for the herd as a whole. The tactical decisions are in the month-to-year time
frame. The decision could be to increase the amount of labor and change the feed ration. Strategic
decisions are long term. The decision could be to build a new stable, increase the number of dairy
cows, or convert to organic farming. The needs for and types of performance measurements are
very different at these levels.

Wheeler (2000) provides numerous examples of the errors that can occur if the target setting and
comparison with an aggregated single-value performance measurement are used alone in some
‘Annual Report” without a detailed preceding time series analysis. In fact, his view seems to be that
the aggregated report is unnecessary if an appropriate PBC analysis is conducted. The advantage of
this graphical approach is that we avoid definition of arbitrary (non-biological) cut-offs between
time periods.

Causal analysis supported by Multivariable Statistical Modeling
The application of the tools for time series analysis usually will create a need for further analysis to

identify causes of exceptional variation or emerging trends, or options for reduction of routine
variation (that is, to re-engineer the system). A possible need for setting targets may also require
additional analysis. Well suited for both purposes are multivariable statistical models (MSM; e.g.,
logistic and linear regression or analysis of variance), which have been used for research purposes
for many years (e.g., Armitage & Berry, 1987). Implementation of MSM at a larger scale for herd
management is described by Markusfeld (1993), Enevoldsen (1997ab), and Nir-Markusfeld (2003).
Examples of important information produced by such MSM include: differences in milk production
between cows with or without mastitis, differences in chances of pregnancy in cows with or without
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previous metritis, and risk of early culling in cows with or without ketosis. If the analyst has context
knowledge about the herd, such information can be valid as estimates of predicted effects of
management interventions to reduce disease occurrence. A MSM can also be used to estimate a
time trend in a performance measurement. Singer and Willett (2003) and Kristensen et al. (2009)
suggest a range of approaches for modeling change and event occurrence. Multiple levels (e.g.,
cow, herd, and veterinary practice) can also be handled (e.g. Krogh and Enevoldsen, 2012c). The
advantage compared with the time series analyses described above is that numerous possible
confounding factors like parity and stage of lactation can be accounted for in a systematic fashion.
Consequently, time trends derived from a MSM may be more valid than time trends derived from
the time series analyses. In fact, a MSM may also detect time trends that were not detected by the
time series analyses because they were hidden by confounding factors. However, application of
MSM relies on several assumptions like distributional properties, independencies of data, or
appropriate model specification. Prior application of a PBC may help in identifying situations in
which these assumptions are justified. Results of statistical model control may also serve as signals
of changes in the process or signals of exceptional variation. Appropriate model control should also
detect violation of distributional assumptions.

Quantitative and qualitative methods for a Systems Approach
Andersen and Enevoldsen (2004) give an example of the challenges we can face when a herd health

consultant works with the herd manager. Figure 3 represents the synthesis of thorough successive
quantitative and qualitative analyses of a single herd conducted at several herd visits and
discussions with the herd owner over several months. The production system is composed of cows,
housing, feeding, and technical equipment. The production process transforms input factors to
output (products, milk, meat, and livestock). Measurements from the production system
(quantitative data) are used by the farmer to adjust the flow of input (feedback). One view on herd
management can be that this adjustment is according to simple decision criteria. However, the case
behind Figure 3 demonstrated that this particular farmer’s action system was very complex and
dynamic and involved feedback mechanisms. Personal values and views on the role as farmer in the
community played some part. Andersen and Enevoldsen (2004) described the entire system as a
learning system in which double-loop learning took place.
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Figure 3 Factors, relationships, feedback, and interactions in a system comprising the production system and the
farmer’s personal action system (Andersen & Enevoldsen, 2004, with permission)

The joint application of some of the tools described above for performance measurement, including
tools for setting targets, is demonstrated by Enevoldsen et al. (1995), where a systems approach
(Kristensen et al., 2009, pp. 251-252) is applied to a concrete case-herd. This approach allows us to
express our prior knowledge of the qualitative and quantitative structures of the system we work
with. Complicated computer models usually play a major role in a systems approach. However,
essential parts of the information needed for input to the computer model must be derived from the
herd manager (cf. Figure 3).

The analysis and subsequent synthesis of a theory about such a system as described in Figure 3
require much more than routinely collected data. A lengthy dialogue is needed to establish a
genuine common understanding between the farmer and the researcher. Several qualitative research
techniques are useful for such purposes. However, the information obtained with these qualitative
methods can also be very useful for specifying and using MSM to analyze the quantitative data. In
the particular case demonstrated in Figure 3, advanced quantitative decision-support tools probably
would have been of very limited use if applied without the qualitative knowledge obtained. The
qualitative knowledge, in contrast, probably would be quite useful alone.
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Kristensen et al. (2008) use the term mixed-methods research (MMR) to describe the research
approach leading to a model like the one in Figure 3. MMR basically is rooted in the social
sciences. Kristensen and Enevoldsen (2008) use a so-called Q-Method to obtain more general
knowledge about current subjective views like the manager’s views indicated in Figure 3. The latter
study also showed that the subjective views on consultancy differed markedly between cattle
veterinarians and dairy farmers. This factor illustrates the importance of establishing a genuine
common understanding of the entire system. From the quantitative perspective, Wheeler (2000) also
stresses the importance of context knowledge by specifying a (somewhat provoking) ‘first principle
for understanding data’: No data have meaning apart from their context.

Major effects of public management and other organizational constraints on performance data
Figure 4 shows a Process Behavior Chart from a dairy herd during a 4-year period. Limits are
empirical and estimated as described for figure 1. The average treatment rate and the natural process
limit, based on average moving range, are calculated on the entire time period. The performance
measurement is the rate of medical treatment for interdigital phlegmon (IDF) among the cows in the
herd. From figure 4 it is evident that there is a clear change in the treatment rate from July 2008.
The issues related to proportions and rates are discussed by Wheeler (2000 pp. 140-142). The
assignable cause of the marked shift(s) was not a change in the biological processes but a change in
the criteria for defining the diagnosis. New legislation introduced some disease categories in which
farmers legally could get drugs and others in which they could not. For IDF, a farmer could get
prescriptions but could not do so for digital dermatitis (DD). Not surprisingly, the manager had a
strong incentive to use IDF instead of DD in cases of foot problems. For the herd presented in
figure 4, the herd entered the herd health management program and the new legislation in July
2008.
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Figure 4. Rate of Interdigital Phlegmon treatment over time in one herd. The average treatment rate (solid line) and
natural process limit (dashed line) are calculated on the entire time period. The average moving range is used for
calculation of the natural process limit.
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Another example is the use of SCC in the milk sold to the milk processor as an indicator of udder
health. Because milk payments from the milk processors are reduced in cases of SCC above certain
limits, it is quite obvious that farmers have an incentive to discard milk from cows with high SCC
values. Consequently, the value of SCC in deliveries as an indicator for the herd’s udder health
status may be distorted. What happened here is what Wheeler (2000) called the Voice of the
Customer. That is, the decision takers in the organization attempt to adjust to the needs of the
outside world while the process per se is not changed.

Such distortion of the data is not seen as a problem for the manager or the local consultant because
they know what goes on in the process. However, an outside observer without sufficient context
knowledge (e.g., a statistician working with large data files for research or a veterinary officer doing
follow-up on the legal regulations) may draw naive conclusions about the process, which might lead
to unjustified political interventions or causal inference. The upshot could be reduced efficiency of
the process or even its misdirection.

A misinterpretation of data like the one outlined above is also recognized in the social sciences and
basically viewed in the same way as Wheeler (2000), who gives an example (pp. 70-71) and states
that “...pressure to meet any arbitrary numerical goal or target will most often result in the
distortion of either the system, or the data, or both”. Krogstrup (2011) calls such a local distortive
management reaction to outside regulation or requirement a ‘perverse side effect’ in a thorough
discussion of performance measurement, effect evaluation, and evidence in (New) Public
Management. As an example, targets for the rate of dead cows and calves are now incorporated into
Danish legislation. Despite the fact that the targets are extremely high, the first author has
experienced that simply setting the targets has made some farmers change behavior. Some farmers
became more reluctant to euthanize chronically i1l cows, instead keeping them in the herd, hoping
for recovery. The consequence is that in some herds, there is a substantial amount of ‘accumulated
suffering’” — cows kept in the herd suffering from various conditions with poor prospects for
recovery. This example represents a perverse side effect because the purpose of setting the target
was to improve animal welfare. It is clear that inclusion of these sociological aspects will make
even more complicated the rather complicated representation of an organization in Figure 3.

Krogstrup (2011) defines the term ‘performance measurement’ as the combination of measurements
of processes (what goes on in terms of, e.g., types of management routines (actions) like heat
detection), output of the processes (in terms of what was actually done in the process-routines; e.g.,
minutes of heat detection every day), and results (outcome; e.g., pregnancy rate). In our herd
context, it is implicit that the process is influenced by some intervention and the context
(competencies and capacity). That is, by measuring ‘output’, we measure the intervention that has
taken place. The outcome is the result of the output (process). This outcome (results) is what the
recipient experiences. Wheeler (2000) basically uses the same demarcation by distinguishing
sharply between The Voice of the Process (performance of the process per se) and The Voice of the
Customer (the quality of the products). A subset of the outcome is the direct or the indirect effect of
the intervention; that is, the causal effect(s). Management of an organization can be based on
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measurements of the outcome; an evaluation of whether the results are on target (in new public
management terms, a results contract). In this public management context, the term ‘evaluation’
may seem similar to the term ‘control’ described above for herd management. However, Krogstrup
(2011) gives a broader definition of evaluation: “A systematic retrospective assessment of output
(process), outcome (results), administration, and organization of (public) business, which is
expected to play a role for practical actions”. In this definition, it is essential to note that evaluation
includes some judgment that separates important aspects from unimportant aspects. It is also
essential that practical use is intended. For an intervention to be practically applicable, we need to
know how and when it works. This view is similar to the term ‘surveillance’ used by Schwabe et al.
(1977) and Stéirk and Salman (2001) in epidemiology. They use surveillance as some active goal-
oriented process (Schwabe et al., 1977: ‘information for action’) in contrast to monitoring as some
passive data collection (measurement) without evaluation. If no decision or action is possible, then
the measurement does not provide information and is thus worthless for management. Kristensen et
al. (2009) do not make a distinction between monitoring and surveillance and simplify the
complexity of views, values, interaction, feedback, and learning into a general term like ‘utility
function’ without addressing the problems of identifying this function in practice. To us, the
parameterization of a utility function seems to be a big challenge in a veterinary practice context,
especially because Figure 3 indicates that the utility seems to be dynamic.

With the increasing public focus on regulation of animal production (e.g., animal welfare promotion
and reduced usage of antibiotics), it follows that there will be an increasing need for evaluation of
the results of the interventions and ideally the effects of the interventions. In large herds with large
personnel, some incentive systems based on obtained results may be used. That is, perverse side
effects may be an important issue to consider for both local and public management of data
collected from the herds. For the purpose of providing documentation of the state of the production
system to public authorities, the manager probably does not see ‘perverse side-effects’ as perverse.

For obvious reasons, we want to know as much as possible about the causal effects of interventions.
In a simple-problem context like assessment of the effects of mechanical changes in an AMS on the
frequency of cows’ visits to the robot, a quantitative estimation of the effect is straightforward with
the numerical methods outlined above, if sufficient context knowledge is available. Krogstrup
(2011) calls such a problem a tame problem, in contrast to identification or quantification of causal
effects (evaluation) in a context like Figure 3. Krogstrup (2011) calls a problem similar to that in
Figure 3 a wild problem, which mainly is characterized by a vague definition, lack of an optimal
solution, unclear causal mechanisms, and interaction between context and mechanisms. Krogstrup
(2011) gives a thorough discussion of the possibilities for evaluation of such problems. One
prerequisite is to specify an intervention theory. Often, the modest ambition will be to explain why
some intervention did not work. Basically the formulation of Figure 3 will allow us to identify key
elements that can be addressed with a mixed-methods approach. Again, context knowledge is
essential. Krogstrup (2011) uses the term Context-Mechanism-Outcome, which means that
interventions cause mechanisms that then selectively interact with the case-specific circumstances
(context) and result in effects that differ in different contexts. A very complicated system like this
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can be considered self-organizing (Rickles et al., 2007). The term complex responsive processes
(Stacey, 2001) seems applicable, as well. This concept describes organizational knowledge as being
in the relationships between people in an organization.

A clear-cut context-specific intervention theory is also needed to reduce the number of potentially
relevant performance measurements that otherwise easily becomes large, causing the overview of
the system to be lost. Krogstrup (2011) gives an overview of approaches to evaluate evidence of
effects of intervention in the spectrum of contexts, from tame to wild, from the randomized
controlled trial, which is regarded as the ideal in medicine but is impossible to apply to wild
problems, to the everyday evaluation, or an effect-focused practice. A systematic use of the simple
PBC in a herd (which includes more or less qualitative follow-up to remove effects of exceptional
variation) could be seen as an example of an effect-focused practice.

A definition of (herd) health in the context of a Systems Approach
In the preceding text, we have not defined health; we have focused on management of

measurements related to disease occurrence. However, our presentation and discussion of these
concepts and tools bring us closer to an understanding of health. In standard veterinary textbooks,
explicit definitions of health are rare (Gunnarsson, 2006), and Houe et al. (2004, p. 25) also state
that health is often defined for a very specific context. Hence, a definition of herd health is at least
as problematic. A similar problem exists in humans, for whom the term ‘public health’ sometimes
seems to be defined only as preventive medicine — the science of preventing diseases. However,
much broader definitions also have been applied that involve the interaction among society,
population, and health, intended to improve the health of the population through education and
preventive medicine (e.g., MacQueen et al., 2001).

In a herd health context, the difference between the health of an individual and herd health is that
herd health is concerned with the herd as a system, as illustrated in Figure 3; that is, not only the
population of animals is of concern but also the ‘support’ for the population as environment and
management. Based on Albrecht et al. (1998, p. 57) and the concepts described above, we propose
an analogous definition of herd health, which then can be, “Animal, environment, and manager
together viewed as a dynamic and complex ecosystem. In this context, an ecologically informed or
process-view of herd health implies the self-regulation through feedback and maintenance of all
relevant systems promoting ongoing physical, mental/emotional, and social well-being. This latter
definition gives us a sharper understanding of what poor herd health is. That is, the loss of the
ability to self-regulate and the disintegration of support systems leading to the necessity for
intervention. In a process-view, intervention is directed towards restoration of all relevant support
systems in order for health again to be self-generated and self-regulated”.

In this definition, it is important to acknowledge that being healthy in a herd health context involves
the herd managers’ conception of the animals’ well-being. Thus, the role of the herd manager
(context) is pivotal.
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Summary of concepts and tools

It is our experience from several countries that often the only tools for health performance
measurement in dairy herds are simple graphical or tabular presentations of data without attempts to
address random and systematic variation in the production process. Also, there is limited or no
support for systematic evaluation of the performance of the process by means of some type of limits
or criteria for intervention. In the following, we suggest to the herd veterinarian for cattle herds a
concrete stepwise approach to using the concepts and tools for management of health performance
measurement data presented above to develop a systems approach to herd health management in an
industrialized dairy herd.

Step 1: Develop process behavior charts like that shown in Figure 1 for the available routine
measurements from standard herd management programs. These charts do not require sophisticated
software or hard-to-justify assumptions. Use animal-level data directly whenever possible. Do not
wait until ideal data are available; there will always be data available that are useful for health
performance measurement.

Step 2: Make sure you can answer the following questions concerning the definition of the
measurements: For what purpose were data collected? Who collected the data? How, when, and
where were data collected? What do values represent? If computed, how were they computed from
raw data? Were there changes in formulas over time? Precise knowledge about these topics in the
concrete herd will give a very strong and necessary foundation for interpreting the charts.
Knowledge about the specific context and the dynamics in the context will increase. Meeting these
requirements may be a real challenge for a herd health consultant but also an important learning

process.

Step 3: Interpret the patterns in each chart, search for assignable causes of exceptional variation

(outside limits or trends), and attempt to remove such causes. This systematic process will add
further to your knowledge about the herd context, including the manager’s more or less subjective
views. The charts and your use of them will document your reasons for suggesting interventions to
the herd manager and, if needed, to the public veterinary authorities. You will also be able to
distinguish clearly between process-related and results-related measurements and experience the
difference between them through the dialogue with the manager.

Step 4: Search for options to reduce the routine variation when the results of the process are

unsatisfactory. Some options will be obvious (e.g., repair technical faults in the milking equipment
or ensure hoof trimming). However, because of the usually large number of animals and long-time
horizon in dairy production, you will profit from some multivariable or multivariate statistical
modeling. A range of traditional statistical models and state space models are developed specifically
for this purpose (presented and discussed above). Model control of these analyses can also serve as
advanced tools to explore causes of exceptional variation. Standard setups are available, and the
younger generation of veterinarians has been trained in using simple versions. This process will also
add substantially to your context knowledge.
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Step 5: Set up targets at the tactical or strategic level. The interventions to reduce the routine

variation or simply improve the results by eliminating product out of specifications (e.g., bulk milk
cell counts above penalty limit) will often require some investments, which are quite easy to
estimate. However, the benefits in terms of increased production or decreased disease-associated
losses are more complicated to assess. Models to do such analyses are described above. Some are
commercially available, and you can get support for interpretation and use. With the knowledge
gained during steps 1 to 4, you will be well equipped to provide relevant and comprehensive input
to these models. The models provide predictions of the important health performance measures and
potential profit due to the interventions you consider. The discussions of the results with the
manager will bring you deep into the topics described in Figure 3, which again will provide
knowledge about causes of exceptional variation. The entire process in step 5 will also provide
some estimate of the economic value of each health performance measurement.

Step 6: Adjust the measurements and the intervention strategy. Steps 1-5 should initiate an iterative

process. Some measurements will be dropped, others added, the quality of the measurements
assessed, process limits or targets possibly changed, cost—benefit assessed, etc. In essence, you have
established a systems approach to dairy herd (health) management like that outlined above.

Step 7: Develop a framework to support the health performance measurement process at the
practice level. This will be particularly useful for establishing a basis for benchmarking because the

context knowledge obtained in steps 1 to 6 will allow identification of the most comparable herds.
Above, a tool is presented for identifying rater bias in ratings used for health performance
measurements that must be corrected prior to benchmarking, or across-herd analyses to, for
example, evaluate the effects of various interventions like those discussed above in the case of
metritis diagnosis and treatment. The validity and usefulness of across-herd analyses will be greatly
improved compared to data from larger data collections from multiple veterinary practices. A
homogeneous set of data will also be useful for evaluation of diagnostic tests applied in practice and
development of new health performance measures like those demonstrated in the case of lactation
curves. The activities in step 7 will almost certainly require expert statistical assistance.
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Abstract

Background: We suggest a ‘screening test’ to examine large data files with clinical ratings for the
occurrence of rater-introduced bias prior to using the data for quantitative analyses. The test is
based on a statistical model in which a well-standardized interval-scale outcome (for example, milk
yield) is related to clinical ratings (for example, body condition scores) obtained from multiple
contexts (for example, dairy herds).

Findings: 84,968 calvings from 279 herds, with subsequent body condition scores performed by 117
veterinarians within the first 21 days postpartum were analyzed with a multilevel random
coefficient regression model. The model included an independent variable, where body condition
score was centered within veterinarian. This is a so-called comparison effect to describe possible
rater-introduced bias in the body condition scores. A highly significant comparison effect was found
for second and older parities, indicating occurrence of possible rater-introduced bias in this large
multi-herd data file.

Conclusions: A within-group centering technique (the comparison effect) appeared to be useful for
discriminating between biased and unbiased clinical scores. In some cases, this test for bias should
prohibit further analysis of the data and divert the focus of study to the calibration of raters or
alternative study designs.

Key words: bias, diagnostic test, large data files, standardization of ratings, body condition scores
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Findings

Background

In clinical veterinary medicine, numerous diagnostic measurements are ratings of conditions that
cannot be measured using standardized metric tools. It is often relevant to employ collections of
ratings from multiple raters (registry data) for benchmarking or statistical analyses. Lastein et al.
(2009) describe practicing cattle veterinarians’ recording and use of a metritis score [1]. The authors
demonstrate that the veterinarians’ use of the metritis score (ratings) was very different from the
intended use, even if detailed rating manuals were disseminated to veterinarians prior to the study.
The ratings could be systematically different (level-shift in scale), or the rating of a subject could be
affected by the subject’s context (relative rating). Relative rating may occur if other clinical
findings are incorporated into the score, or if the score is adjusted to the prognosis (feedback) [1].
Because relative rating will render interpretation across observation contexts (e.g., herds) virtually
impossible, we must detect such a measurement error prior to the analysis and use of the data. If a
systematic relationship exists between the clinical condition being studied (X) and some other
condition measured with a completely objective scale (Y), then level-shift or relative rating caused
by rater (R) can be detected by means of an appropriate statistical model. If the effect of X differs
among different levels of R, then relative rating is likely. This is also known as a comparison effect.
A main effect of R indicates level-shift and is not studied further because it is less complicated to
detect and adjust for.

The objective of this study was to demonstrate a quantitative screening method to detect occurrence
of relative ratings or comparison effects prior to the statistical analysis of large data files containing
ratings from multiple raters.

Concepts and terms

To demonstrate our approach to identifying relative ratings, we used the well-established relation
between a very well-standardized interval-scale outcome (milk production in energy-corrected milk
(ECM)) and a widely used rating, the body condition score (BCS). The BCS is an ordinal-scale
rating with symmetrically distributed values. Veterinarians will likely be able to rank cows correctly
using the BCS because they typically rate several cows during a single herd visit, and are
consequently able to compare the cows directly. However, it is less certain that several veterinarians
are able to assign the same BCS to the same cow. This hypothesis is supported by Kristensen et al.
(2006) who observed that within-rater agreement of BCS is higher than between-rater agreement
[2]. Relative rating could occur if the veterinarian provided ‘preferential treatment’ according to
some implicit characteristics of the cow (e.g., a special feed ration to particularly valuable cows).
Vaarst et al. (2002) provides examples of this scenario in an udder health management context [3].

Materials

The data were extracted from the VPR platform [4]. The mean energy corrected milk (ECM, kg)
between 9 and 92 days postpartum in individual cows was calculated as a mean of the milk yields
from test days within this time period. The final data file consisted of 279 herds with 84,968
calvings, with subsequent BCS rating performed by a veterinarian within the first 21 days
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postpartum. A total of 117 veterinarians observed and recorded the BCS of individual cows in the
herds. Table 1 shows how veterinarians were distributed with regard to the herds.

Table 1. Distribution of veterinarians among herds and herds among veterinarians

Number of herds scored by one veterinarian (%)

1-3 herds 4-6 herds >6 herds
39 (33%) 35 (31%) 43 (36%)
Number of veterinarians in each herd (%)
1-2 veterinarians 3-4 veterinarians >4 veterinarians
173 (62%) 81 (29%) 25 (9%)

The mean BCS by veterinarian was in the interval between 2.72 and 3.69. The interquartile range
was (.26, indicating that the veterinarians’ BCS means were quite similar in most cases. Similarly,
BCS means were calculated at herd level and ranged from 2.57 to 3.75, with an interquartile range
of 0.31. The herd-level mean of the daily ECM per cow between 9 and 92 days postpartum had a
median value of 33.5 kg ECM. Upper and lower quartiles were 31.5 kg ECM and 35.5 kg ECM,
respectively.

Statistical model
To demonstrate rater-introduced bias in our non-documented data, a multilevel random coefficient
regression model was used. Consider an ordinary multilevel regression model as model 1, where y,

is the outcome of cow i in herd j, and x; is a predictor of y, measured at cow level. @, is a random

variable that accounts for herd j’s departure from the overall intercept, £, . €;is the random error
term.

Yy =Byt Bix + g,

where

By; =B+ o,

o, ~ N(0,0.) and E; ~ N(0,07)

)

In the following, only the first line of model 1 is presented because the rest of the model does not

change. Let x; symbolize the individual effect of cow 1 in herd j. Let X symbolize the effect of

rater k as the mean of x within rater k and (x; —xx) describe the comparison effect of rater k. We

now suggest model 2 as a tool to answer the research question.
Vi =By (B +B)x; — By (x; —xi) €, 2)

The parameters in model 2 can be interpreted as an effect related to the individual cow (5, + 5,),
and as an effect that relates to this individual cow’s standing as assessed by the rater (53,). A

possible effect of the rater on the clinical score will reveal itself by B, differing significantly from
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0. Although model 2 can be re-parameterized to answer the question about a level shift in scale
between raters, this was not done in the present study.

Statistical analysis

The data file was analyzed using a slightly modified version of model 2. We included the number of
days postpartum that BCS was observed, and an interaction between days of observation
postpartum and BCS to account for the biological changes due to fat mobilization early postpartum.
Separate analyses were conducted for the first lactation, second lactation, and later lactations. BCS
was grand-mean centered within parity groups by subtracting the mean from the individual BCS
values. This technique eases interpretation of the parameter estimates related to BCS. Grand-mean
centering does not influence other parameter estimates or variances [5]. All analyses were
performed using SAS® PROC MIXED [6] with Maximum Likelihood estimation. Tests of
parameter estimates were performed using the deviance test for tests of fixed effects between nested
models.

Results

Table 2 summarizes parameter estimates for significant effects after the removal of non-significant
variables from the models. In the analysis of first-parity cows, the comparison effects could be
removed from the model (P = 0.23). In the analyses of second and later parities, the comparison
effects were highly significant (P < 0.001). In the analysis of third or later parities, the effect of the
interaction between BCS and days of observation postpartum and the main effect of BCS could
both be removed (P =0.12 and P = 0.99, respectively).

Table 2. Parameter estimates from models of energy-corrected milk from first, second, and later parities

Variable Parameter estimate

Parity 1 Parity 2 Later parities
Intercept 280 3597 36.87
Body condition score (BCS) (centered), 1 to 5 2.19NT 1.00NT 0.05™
scale
Days postpartum at BCS recording 0.01N" 0.02N" 0.03"
(dpp_obs), interval 5 to 20 dpp_obs.
Interaction BCS x dpp_obs -0.07™ -0.08"" -0.04™
Comparison effect 0.46™ 216" 253"

"P<0.05; P<0.001; NT, not tested; NS, not significant (P > 0.05)

Discussion
In the analyses of the data file with clinical ratings, a significant comparison effect was observed for
the second and later parities, but not for first-parity cows. The interpretation of these results is that
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BCS was rater-biased for second and later parities. For parities > 2, the effect of the individual
cows’ BCS could be removed from the model. The interpretation is that the relative standing of a
BCS within a single rater was more important than the absolute BCS. The main effect of BCS could
not be removed from the model of the second parity group because of the significant interaction
between BCS and the postpartum day at which a cow was rated. We can only guess about the
practical reasons for the difference between first and later parities. Knowledge about BCS
recordings at drying off (only relevant at second and later calvings) might have been used somehow
when the veterinarians recorded BCS after calving. However, to study this hypothesis we obviously
require additional data collection, which is beyond the scope of this study. In the BCS setting, some
veterinarians could also recommend that cows with high BCS postpartum should be given special
attention or special feeding supplements. Such actions, if effective, would also reveal themselves as
comparison effects.

In this study, we have deliberately chosen the postpartum BCS instead of the metritis score or
lameness score because we believe that it is unlikely that major actions are taken based on the BCS.
Actions related to the metritis score, such as medical treatments, may be directly related to the
metritis score, and the action taken may be veterinarian-specific [1]. However, if effective actions
are taken based on BCS and revealed as a comparison effect, the data will be useless or even
misleading for the estimation of relations between the ratings and a given outcome, or between the
rating as outcome and some explanatory variable. In other words, focus should be diverted to
calibration or the development of alternative study designs.

We could have used a cross-classified design [7] to account for the unbalanced distribution of
number of herds per veterinarian; however, this would not correct the underlying problem of rater-
specific misclassification of scores. We could also have specified a model that featured the rater as
a fixed categorical effect and included the rater in an interaction term with BCS. A significant
interaction would imply a relative rating. Although this approach will work when relatively few
raters are being considered; it is likely to be problematic when many raters are considered, as in our
case. In addition, partial confounding between herds and raters will pose additional problems
regarding the interpretation of results from a fixed-effect model.

Based on the results in this study, we suggest that many studies based on non-documented data
could benefit from initial investigations of the comparison effect. Burstein (1980) suggested that the
comparison effect is an effect related to ‘lack of knowledge’ [8]. Based on our data, we find the
BCS problematic for second and later parities, and we suggest that the comparison effect might be
related to rater-introduced bias or rater-specific actions taken based on the clinical score. Hence, we
require additional information, such as a standard for calibrating the crude scores or information
about rater-specific actions, if we want to study the BCS in detail.
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Latent class evaluation of a milk test, a urine test, and the fat-to-protein
percentage ratio in milk to diagnose ketosis in dairy cows

M. A. Krogh,1 N. Toft, and C. Enevoldsen

Department of Large Animal Sciences, Faculty of Life Sciences, University of Copenhagen, Grennegardsvej 2,

DK-1870 Frederiksberg C, Denmark

ABSTRACT

In this study, 3 commonly used tests to diagnose ke-
tosis were evaluated with a latent class model to avoid
the assumption of an available perfect test. The 3 tests
were the KetoLac BHB (Sanwa Kagaku Kenkyusho
Co. Ltd., Nagoya, Japan) test strip that tests milk for
B-hydroxybutyrate, the KetoStix (Bayer Diagnostics
Europe Ltd., Dublin, Ireland) test strip that tests urine
for acetoacetate, and the fat-to-protein percentage
ratio (FPR) in milk. A total of 8,902 cows were in-
cluded in the analysis. The cows were considered to be
a random sample from the population of Danish dairy
cattle under intensive management, thus representing
a natural spectrum of ketosis as a disease. All cows
had a recorded FPR between 7 and 21 d postpartum.
The KetoLac BHB recordings were available from 2,257
cows and 6,645 cows had a KetoStix recording. The
recordings were analyzed with a modified Hui-Walter
model, in a Bayesian framework. The specificity of the
KetoLac BHB test and the KetoStix test were both high
[0.99 (0.97-0.99)], whereas the specificity of FPR was
somewhat lower [0.79 (0.77-0.81)]. The best sensitivity
was for the KetoStix test [0.78 (0.55-0.98)], followed by
the FPR [0.63 (0.58-0.71)] and KetoLac BHB test [0.58
(0.35-0.93)].

Key words: ketosis, diagnostic test evaluation, latent
class model, gold standard

INTRODUCTION

Ketosis is a common disease in adult cattle. It
typically occurs in dairy cows in early lactation and
is clinically characterized by nonspecific signs such as
anorexia, milk loss, central nervous symptoms, and
loss of body fat. The pathogenesis of ketosis involves a
complex set of manifestations of excessive mobilization
of body reserves of stored energy, mostly fat, due to
a lack of balance between the cow’s energy demand
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for milk production and her energy intake. The cause
of low energy intake can be related to poor quality of
feedstuff, including ketogenic substances in the feed,
other diseases like milk fever (post-parturient hypocal-
caemia), or displaced abomasums. However, increased
body condition score at calving may also in itself de-
crease feed intake (Broster and Broster, 1998).

A range of biochemical tests are available to diagnose
ketosis. Measurements of BHBA in serum or milk and
acetoacetate (AcAc) in urine probably are the most
common. Several studies have used serum concentra-
tions of BHBA of 1400 pmol/L as the suggested cut-off
or even gold standard to define ketosis, but several cut-
offs for the available tests have been suggested (Gei-
shauser et al. 1998; Carrier et al., 2004; Iwersen et al.
2009). Previous studies on the accuracy (sensitivity and
specificity) of available tests for ketosis that can be used
in the herd (cow-side test) have primarily used serum
levels of BHBA as the gold standard. However, BHBA
and AcAc measurements vary for several reasons. For
example, diurnal variation (Nielsen et al., 2003), high
levels of somatic cells in the milk that will give false-
positive results of a BHBA test on milk (Jeppesen et
al., 2006), temperature (Geishauser et al., 2000), time
of reading of urine sticks that influences color changes
(Jeppesen et al., 2006), and pure measurement error.
Fat-to-protein percentage ratio (FPR) in the milk has
also been suggested as an indication of ketosis (Duf-
field et al., 1997; Cejna and Chladek, 2005). Excessive
mobilization of fat will be reflected in an elevation of
fat percentage. Because protein percentage is rather
stable and cow-specific, FPR should be an indicator
of ketosis that is adjusted for a cow effect. Although
neither of the above tests can be considered perfect,
they are all relevant tools in the dairy herd from a prac-
tical point of view and evaluation of their performance
under field conditions is needed. Also, neither level of
BHBA in serum, nor any other tests are appropriate
to define a gold standard to describe the dynamic level
of metabolic stress the cow is exposed to. The term
gold standard should only be applied to diagnostic tests
that have a sensitivity and specificity of 1. However, as
an alternative, the term criterion standard is adopted
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by the American Medical Association and defined as
a method having an established or widely accepted
accuracy for determining a diagnosis, providing a
standard to which a new screening or diagnostic test
can be compared. Thus, previously obtained estimates
of test accuracy for ketosis tests may be biased, due
to the misclassification bias, which occurs from using
a less than perfect test in a testing scheme to define
cases and non-cases (Nielsen and Toft, 2002). Cow-side
ketosis tests are ideally tools to detect ketosis at a stage
where the possibly diffuse clinical symptoms are not yet
present and not just to verify a clinical suspicion. This
provides the practitioner the possibility to intervene ef-
ficiently. Thus, a practically relevant disease definition
relates to cows in all stages of ketosis, rather than one
subject to the selection bias imposed by a classification
scheme using (e.g., serum as a gold standard or clinical
symptoms).

Under certain conditions, latent class analysis (LCA)
can be used to estimate the sensitivity (Se) and speci-
ficity (Sp) of diagnostic tests without the assumption
of one being a gold standard (Toft et al., 2007a). The
basic LCA relies on what is generally referred to as
the Hui-Walter paradigm (Hui and Walter, 1980): 2 or
more tests must be evaluated in 2 or more subpopula-
tions with different prevalence of the disease, the tests
must have constant Se and Sp across the populations,
and the tests must be conditionally independent, given
disease status. The LCA methods have gained increased
acceptance as a means of evaluating diagnostic tests for
infectious diseases and are now endorsed by the OIE
(World Organization for Animal Health) as an alterna-
tive to classic test evaluations in the OIE fitness for
purpose concept (OIE, 2010).

The objective of this study was to compare the test
performance of a milk-based cow-side BHBA test, a
urine-based cow-side AcAc test, and the FPR in milk
as tools to diagnose ketosis without the assumption of
an available gold standard.

MATERIALS AND METHODS

Diagnostic Tests

The KetoLac BHB (Sanwa Kagaku Kenkyusho Co.
Ltd., Nagoya, Japan; marketed as KetoTest in the
United States) test is a dip-stick that measures the
milk contents of BHBA on a semiquantitative scale. In
this study we used the cut-off >200 pmol/L of BHBA
in milk, recommended by the manufacturer, to define
a positive test. Tests were performed as described by
the manufacturer. However, variation in the procedure
between veterinarians might exist (such as preceding
testing for mastitis).
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The KetoStix (Bayer Diagnostics Europe Ltd.,
Dublin, Ireland) is a dip-stick that measures the AcAc
content in the urine on a semiquantitative scale. A con-
centration of 4 mmol/L (moderate) or above of AcAc
in urine was chosen as the cut-off for a positive Keto-
Stix test (Carrier et al., 2004). Tests were performed
as described by the manufacturer on urine collected as
catheter sampling, spontaneous urination, or urination
induced by manual manipulation the distal urethra in
the vagina.

The FPR was calculated based on 1 of the 11 annual
milk recordings from the Danish milk control program
(RYK, 2010). Fat-to-protein percentage ratio values
above 1.5 were defined as test positive for ketosis, as
suggested by Cejna and Chladek (2005).

Data Collection

Data were extracted from the Veterinary Production
and Consultancy (VPR) database, which is a subset
of the National Danish Cattle Database (Krogh and
Enevoldsen, 2006), on June 7, 2009. The VPR data-
base consists of herds, where the veterinarians perform
systematic clinical recordings on well-defined groups
of cows. At least 12% of the Danish dairy herds have
their cows routinely tested in early lactation for ketosis
by a veterinarian. The veterinarians voluntarily submit
cow-level registrations to the VPR database. In most
Danish dairy herds, milk yield, fat percentage, and
protein percentage are measured at up to 11 annual
test days. The primary inclusion criteria for our study
were that cows had been tested for ketosis with either
the KetoLac BHB or the KetoStix between 7 and 21
d postpartum and had a milk test-date recording 1 d
before the day of the ketosis test. The restriction with
a minimum of 7 d postpartum was imposed because
some cows might still have some colostrum in the milk
up to this time point and colostrum will affect the
measurement of fat content in the milk. Milk record-
ings at or after the day of testing for ketone bodies
were also excluded because test results might have
induced treatments of ketosis (usually glucocorticoids
parentally or propylene glycol given orally; Radostits
et al., 2000), which might affect FPR. Initial analy-
ses of the data suggested that treatments could affect
the milk composition very quickly. Records of ketosis
treatment were available but not used, except for the
initial data analyses. Out of 141,133 ketosis tests avail-
able from individual cows, a total of 8,902 cows were
selected based on the milk test date. Of these, 2,257
cows were examined with the KetoLac BHB test and
6,645 cows with the KetoStix test. The KetoLac BHB
tests were recorded from February 2004 to April 2009.
The KetoStix tests were recorded between February
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2003 and April 2009. Both tests were recorded during
all seasons of the year.

Statistical Model

To estimate the Se and Sp of the KetoStix, KetoLac
BHB, and FPR in the absence of a gold standard, we
applied LCA, using a modified version of the Hui-Walter
model (Hui and Walter, 1980). As previously mentioned,
the Hui-Walter model assumes that prevalences are dif-
ferent across subpopulations, Se and Sp are constant
(within tests) across the subpopulations, and tests are
conditionally independent, given disease status. These
assumptions imply that for each subpopulation a 2 x
2 table of tabulated paired test results is required. For
each combination of test results, the probability of that
particular result can then be expressed in terms of Se,
Sp, and prevalence (p). For the ith subpopulation, the
joint probability (Pr) of test 1 (T,) positive and test
2 (T,) negative can be expressed as Pr(T,+,T,—) =
Pr(T,+,T,—|D+)Pr(D+) + Pr(T,+,T,—|D—)Pr(D-)
= Pr(T+|D+)Pr(Ty—|D+)Pr(D+) + Pr(T,+|D-)
Pr(T,—|D—)Pr(D—) = Se,(1 — Sey)p; + (1 — Sp;)Spy(1
— p;), where, for example, Pr(T,+,T,—|D—) means the
joint probability of test 1 being positive (T;+) and test
2 being negative (T,—), conditional on (|), the test sub-
ject being truly disease free (D—). The first equation
takes into account that, although unobserved, the true
state of each animal is either diseased or not diseased.
The second equation uses the assumption of conditional
independence, given disease status, to express the joint
probability as a product. The final equation merely
rewrites the expression using the conventional terms of
Se, Sp, and p. The above expression uses 5 terms (Se,,
Spi, Se,, Spy, and p;); the other 3 probabilities in the
2 x 2 table may be expressed similarly using the same
5 terms. Thus, each 2 x 2 table of data representing
a subpopulation can be expressed using 5 parameters,
while providing only 3 degrees of freedom in the data.
Hence, identifiability of the original 2-test, 2-popula-
tion Hui-Walter model was given by the assumptions of
conditional independence, given disease status; constant
test properties across populations; and the prevalences
truly differing between populations. These assumptions
ensured that for 2 populations, 2 times 3 (i.e., 6 degrees
of freedom) were available and only 6 parameters were
used, because adding a population only meant adding 1
new parameter (the prevalence of the population). We
shall address the validity of these assumptions for our
model further in the discussion.

The original Hui-Walter 2-test, 2-population model
was extended as illustrated in Figure 1. Thus, the Se
and Sp of the KetoLac BHB test were estimated from
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subpopulation 1, 2, and 3; the Se and Sp of the Keto-
Stix from subpopulation 4, 5, and 6; and the Se and Sp
of the FPR were estimated using all 6 subpopulations.
The 6 subpopulations were defined as follows: subpopu-
lation 1 and 4 are first-parity cows, subpopulation 2
and 5 are second-parity cows, and subpopulation 3 and
6 are older than second parity. Essentially, we have a
2-test, 3-population model for each BHBA and FPR
test combination, giving us 9 degrees of freedom, while
only requiring 7 parameters. Furthermore, because the
FPR is assumed to be constant across all populations,
the full model uses only 12 parameters with 18 degrees
of freedom.

We chose a Bayesian estimation approach (Branscum
et al.,, 2005) implemented in OpenBUGS software
(Thomas et al., 2006), which uses a Markov Chain
Monte Carlo (MCMC) sampling algorithm to obtain a
Monte Carlo (MC) sample from the posterior distribu-
tion. The first 10,000 MC samples were discarded as a
burn-in to allow convergence, and the following 90,000
iterations were used for posterior inference. Conver-
gence of the MCMC chain after the initial burn-in was
assessed by visual inspection of the time-series plots of
selected variables as well as Gelman-Rubin diagnostic
plots using 3 sample chains with different initial values
(Toft et al., 2007Db).

In Bayesian analysis, all parameters are modeled us-
ing distributions, where prior distributions are provided
to reflect what is known about the tests. However, as
we used a model capable of estimating all parameters
from data alone, we chose priors in the shape of uniform
distributions on the interval between 0 and 1, mod-
eled using the Beta(1,1) distribution for all parameters
(i.e., Se and Sp of the 3 tests and prevalence of the
6 populations). This implies that posterior estimates
are comparable to those obtained from a maximum
likelihood analysis. However, we avoided the question-
able assumptions about asymptotic normality of the
estimates (Toft et al., 2005).

Based upon the estimates of Se and Sp of the 3 tests,
we calculated the combined Se and Sp of FPR and the
KetoLac BHB/KetoStix tests. An assumption for this
calculation is the conditional independence of the tests
(Gardner et al. 2000). Due to this issue the combined
test performance of the KetoLac BHB and KetoStix
test is not calculated. Both a parallel and a serial test-
ing scheme were demonstrated. Parallel testing means
that the combined test is only considered negative if,
and only if, both tests are negative. The parallel diag-
nostic Se (Se,,,) and parallel diagnostic Sp (Sp,.) are
calculated as Se,,, =1 — (1 — Se;)(1 — Sey) and Sper =
Sp1Sp,, where Se; and Sp, are the diagnostic properties
of test 1 and Se, and Sp, are the diagnostic proper-
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FPR

KetoLac BHB

KetoStix

Figure 1. Study design that reflects the applied Bayesian latent class model. The data are divided into population 1, 2, and 3 versus 4, 5,
and 6 based on type of cow-side ketosis test [KetoLac BHB (Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan) or KetoStix (Bayer Diagnostics
Europe Ltd., Dublin, Ireland)]. For each type of ketosis test, these recordings are divided into parity groups. Fat-to-protein percentage ratio

(FPR) is measured on all of the cows. Subpop. = subpopulation.

ties of test 2. With parallel testing, the Se will often
be higher than for any of the tests alone, whereas the
Sp often will be substantially lower. In a serial testing
scheme, both tests need to be positive for the combined
test to be positive. The serial diagnostic Se (Se,,) and
parallel diagnostic Sp (Sp,.,) are calculated as Se,, =
Se,Se, and Sp,, =1 — (1 - Sp,)(1 — Sp,), where Se, and
Sp, are the diagnostic properties of test 1 and Se, and
Sp, are the diagnostic properties of test 2.

Posterior inference was based on medians and 95%
posterior credibility intervals (PCI, the Bayesian ana-
log of a confidence interval) of the prevalence in the 6

subpopulations, the Se and Sp of the 3 tests, and the
combined Se and Sp of the tests.

RESULTS

To satisfy the modeling assumptions, data were
divided into the subpopulations defined by Figure 1.
Summary statistics of the number of cows, the number
of herds, and the median number of cows from each
herd, as well as the percentage of breeds in each popu-
lation, are given in Table 1.

It is apparent that most herds only contributed with
few cows to the analysis. The distribution of breeds in-

Table 1. Summary statistics of the sample population: number of cows, number of hergls. median number of cows within herds, and breed
distribution in parity groups within type of ketone body test (KetoLac BHB' or KetoStix")

KetoLac BHB KetoStix
First Second >Second First Second >Second
Item parity parity parity parity parity parity
Cows (n) 795 620 842 2,552 1,895 2,198
Herds (n) 140 127 150 254 248 255
Cows with ketone tests in herd (median n) 3 3 3 6 5 5
Red Danish cattle (%) 14 12 11 8 7 8
Danish Holstein (%) 60 60 57 73 76 72
Danish Jersey (%) 19 21 25 10 8 10

'Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan.
*Bayer Diagnostics Europe Ltd., Dublin, Ireland.
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Table 2. Cross-tabulation of the dichotomized test results for fat-to-protein percentage ratio (FPR; cut-off:
>1.5), KetoLac BHB' (cut-off: >200 pmol/L), and KetoStix® (cut-off: >4 mmol/L), stratified by the use of
either KetoLac BHB or KetoStix and, subsequently, into parity groups

Group Ketone test FPR + FPR —
KetoLac BHB
Subpopulation 1 (first parity) KetoLac BHB + 21 24
KetoLac BHB — 202 548
Subpopulation 2 (second parity) KetoLac BHB + 19 9
KetoLac BHB — 100 492
Subpopulation 3 (>second parity) KetoLac BHB + 46 39
KetoLac BHB — 176 581
KetoStix
Subpopulation 4 (first parity) KetoStix + 155 64
KetoStix — 600 1,733
Subpopulation 5 (second parity) KetoStix + 67 72
KetoStix — 357 1,399
Subpopulation 6 (>second parity) KetoStix + 197 139
KetoStix — 405 1,457

'Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan.
“Bayer Diagnostics Europe Ltd., Dublin, Ireland.

dicates that the KetoStix test is more frequently used to
test Danish Holstein cows than the KetoLac BHB test.
The cross-tabulation of the test results dichotomized
by the selected cut-offs and stratified by ketone test and
parity group are given in Table 2. Based on the data in
Table 2, the Se and Sp of the tests and the prevalences
in the 6 subpopulations were estimated (Table 3). Slight
differences in the parity-specific prevalences of ketosis
were present for the populations defined by their use of
KetoLac BHB or KetoStix. The overall prevalences of
ketosis in the populations defined by the use of KetoLac
BHB or KetoStix were 0.10 and 0.12, respectively.
Table 4 shows the results from the combination of
tests. Applying the KetoLac BHB test and the FPR
test or the KetoStix and FPR in parallel substantially

increased the Se, whereas only a minor decrease oc-
curred in the Sp. A serial testing scheme will decrease
the Se of the combined test substantially, whereas the
Sp here was around 1.

DISCUSSION

The LCA creates a probabilistic disease definition
based on the cross-classified test results. Given the
tests applied in this study, the definition of ketosis
in this study will be a condition between 7 and 21 d
postpartum that manifests itself with either elevated
levels of ketone bodies in milk or urine, or elevated fat
content in milk. These indicators are all very likely to
be manifestations of excessive mobilization of fat.

Table 3. Medians and 95% posterior credibility intervals (PCI) from the latent class model using data from

Table 2
Parameter' Median 95% PCI
KetoLac BHB
First parity, prevalence 0.08 0.04-0.17
Second parity, prevalence 0.06 0.03-0.10
>Second parity, prevalence 0.15 0.08-0.23
KetoStix
First parity, prevalence 0.10 0.07-0.16
Second parity, prevalence 0.08 0.05-0.12
>Second parity, prevalence 0.18 0.14-0.26
SeKetolac BHB" 0.58 0.35-0.93
SPKetoLac BHB- 0.99 0.97-0.999
Seppr. 0.63 0.58-0.71
Sprpr’ 0.79 0.77-0.81
SeKetostix 0.78 0.55-0.98
SPKetoStix 0.99 0.98-0.999

'KetoLac BHB (Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan); KetoStix (Bayer Diagnostics Europe
Ltd., Dublin, Ireland); Se = sensitivity; Sp = specificity; FPR = fat-to-protein percentage ratio.

“Cut-off: >200 pmol/L.
*Cut-off: >1.5.
*Cut-off: >4 mmol/L.
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Table 4. Medians and 95% posterior credibility intervals (PCI) of the combined test performance of KetoLac
BHB and KetoStix with fat-to-protein percentage ratio (FPR) in serial (ser) and parallel (par)’

Item Separ

Sppzu Seser

SPeer

KetoLac BHB-FPR
KetoStix-FPR

0.85 (0.75-0.98)
0.92 (0.830.99)

0.77 (0.75-0.80)
0.78 (0.76-0.81)

0.37 (0.22-0.60)
0.49 (0.34-0.64)

0.99 (0.99-1.00)
0.99 (0.99-1.00)

'KetoLac BHB (Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan); KetoStix (Bayer Diagnostics Europe

Ltd., Dublin, Ireland); Se = sensitivity; Sp = specificity.

We used LCA to estimate the sensitivity and speci-
ficity of KetoLac BHB, KetoStix, and FPR as tests
for ketosis, without the assumption of an available
gold standard test. The analysis showed that no real
differences existed in median estimates of the Sp of
the KetoLac BHB and KetoStix, but both were more
specific than FPR. The KetoStix had the best median
Se, followed by FPR, and KetoLac BHB, with notice-
able differences in median estimates between all 3 tests.
Combining KetoLac BHB and FPR or KetoStix and
FPR in parallel substantially increased the Se of the
test and decreased Sp, whereas the serial test combina-
tion substantially decreased Se and increased Sp.

One of the underlying assumptions in the LCA is
a direct association between the (latent) disease state
and the diagnostic tests included in the analysis. This
means that it, to some extent, is the diagnostic tests
under evaluation that define our disease. Our data
did not allow us to estimate the relation between the
latent disease definition derived from this study and
the commonly used criterion standard of serum BHBA
concentration of 1,400 pmol/L (Radostits et al., 2000).
However, it is possible to compare the results of other
diagnostic test evaluations to our findings. Using a cri-
terion standard of 1,400 pmol/L in serum and a cut-off
of >200 pmol/L for the KetoLac BHB test, Carrier et
al. (2004) found Se = 0.27 and Sp = 0.99; Geishauser et
al. (2000) found Se = 0.59 and Sp = 0.90; and Iwersen
et al. (2009) found Se = 0.30 with a 95% CI (0.07;
0.65) and Sp = 0.98. Another study by Geishauser et
al. (1998) with the same cut-off but with a criterion
standard of 1,200 pmol of BHBA /L in serum, found Se
= 0.45 and Sp = 0.97.

Carrier et al. (2004) also studied the KetoStix using
serum contents of BHBA of 1,400 pmol/L, as a case
definition using our selected cut-off of 4 mmol/L and
found Se = 0.49 and Sp = 0.99; Iwersen et al. (2009)
found Se = 0.67 and Sp = 1.00.

Duffield et al. (1997) have published Se and Sp of
the protein-to-fat ratio (1/FPR) based on a criterion
standard of serum BHBA at 1,200 pmol/L: Se = 0.22
and Sp = 0.85. The rather low Se in this study could
be due to the study population (entire lactation) and a
rather long time span between the 2 tests.

Overall, the LCA results estimated in this study are
similar to the ones based on selected cut-offs of BHBA
serum levels. However, using LCA, the estimates of test
accuracy are not subject to the misclassification bias
imposed by using an imperfect test as a gold standard,
nor will tests be punished by correctly identifying true
positives or negatives, which are misclassified by the
imperfect gold standard, and thereby underestimate
or overestimate the Se and Sp of the new test. Even
though the results we find with the LCA are similar
to the ones found in gold standard studies, we do not
suggest that the gold standard studies are not subject
to misclassification bias. Our findings may only imply
that the amount of misclassification bias most likely
is not large enough to substantially change the final
result. Also, most other studies have been performed
in small/medium-scale experiments, which also tend
to eliminate important covariates, thereby providing a
better result of test performance than can be found
under field conditions.

The data used in our study were collected from a
large number of different herds, with different manage-
ment levels, seasons, and years, different breeds, and
distribution of parities. Essentially, we obtained a ran-
dom sample because the cows were selected based on
their milk recording data and calving dates. Thus, the
cases in our data can be considered a random sample
of naturally affected cows, representing ketosis as it
is manifest in intensive dairy systems with intensive
veterinary services. Data were collected over several
years, which should remove possible systematic effects
of years and seasons. Thus, the estimates for Se and Sp
of the 3 tests obtained in this study reflect the values of
these tests when applied under field conditions in the
intensive Danish dairy population.

Our motivation for using the FPR was two-fold: FPR
linked the KetoLac BHB and the KetoStix because no
cows were tested using both, and FPR is freely avail-
able. Despite the FPR clearly being less accurate than
the other cow-side tests due to a low Sp, it may still
have value for establishing and monitoring the herd
prevalence of ketosis. Because the milk recordings are
already being performed, this prevalence could work as
an effective and cheap monitoring tool for ketosis on
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herd level, given that the sampling scheme and the Se
and Sp of FPR is taken into account. In the near future,
in-herd analysis of fat and protein percentage may be
available, thus increasing the interest in the FPR as
a useful monitor for ketosis on individual cow level.
Because the Sp of the FPR test is low (0.79), Se is 0.63,
and the prevalence of ketosis is below 20%, numerically
more false positives than true positives will occur. Ap-
plying an additional test, such as KetoStix, in a parallel
testing scheme will not improve this, but more of the
true positives will be detected (Se = 0.92). Using Keto-
Stix in a serial testing scheme will improve the overall
Sp but the overall Se will drop to 0.49. Application
of a routine testing scheme based on FPR alone or in
combination with other tests should take into account
what the herd manager wants to achieve by using these
tests, the cost related to testing, the negative effects of
having a false-negative result (diseased but untreated),
the cost of treating cows that are not diseased (false
negatives), and possible positive or negative effects of
treatment.

The overall median prevalences of ketosis in the 2
populations defined by the use of KetoLac BHB or Ke-
toStix were 0.10 and 0.12, respectively. Prevalence esti-
mates from the parity groups tested with the KetoStix
were all larger than for the parity groups tested with the
KetoLac BHB. However, the same pattern of second-
parity cows having the lowest prevalence, followed by
first-parity cows, and with old cows having the highest
prevalence was found for both sets of subpopulations.
Other studies (Dohoo and Martin, 1984; Nielen et al.,
1994) have found prevalence estimates of ketosis similar
to what we have found here. The difference in overall
prevalence may be attributed to sampling variation or
systematic differences in measurement protocols. How-
ever, it may also indicate that measurements of AcAc
in urine and BHBA in milk are associated with differ-
ent stages of the disease process of ketosis.

It is a requirement of the LCA model assumptions
that prevalences differ between subpopulations. The ef-
fects on model performance of differences in prevalences
in the subpopulations have been studied by Toft et al.
(2005) on simulated data. The overall conclusions were
that if the differences in prevalences in the subpopula-
tions are small (<10%), then the uncertainty and bias
related to the estimates of sensitivity and specificity
increase for a given sample size. However, considering
the true overall prevalence in our study, it would be
difficult to increase the differences between populations
while ensuring the other assumptions of the Hui-Walter
model. Furthermore, in our model, we use essentially 3
populations for each of the BHBA tests and 6 for the
FPR.
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We chose to split into subpopulations based on par-
ity. Although this is generally not recommended for
infectious diseases, where it most likely will cause dif-
ferences in test properties, it is not considered a prob-
lem for this analysis. The BHBA contents in milk or
the urine contents of AcAc will reflect the underlying
pathophysiological process within the cow. It is unlikely
that this pathophysiological process should be different
for different parity groups. It is well known that the
milk production increases with increasing parity group.
However, there is no reason why (or evidence suggest-
ing) the ratio between fat and protein in milk should
be different for different parities and, hence, provide
a different substrate for the growth of the calf, which
must be considered the basic biological objective of
milk production.

The concept of conditional independence between
tests, given disease status, can best be understood
by considering the opposite: conditional dependence
between tests, given disease status. This often occurs
when tests are based on the same phenomenon (e.g., 2
ELISA tests to detect antibodies): assuming that the
true disease status is known (e.g., the test subject is
truly infected), then knowing that test 1 is positive
(or negative) will most likely influence the belief in a
positive test result for test 2, because now additional
information considering the level of antibodies or pos-
sible cross-reactions can be incorporated in the belief
of a test result of test 2, when applied to the known
truly infected animal. From a biological point of view,
it is hard to imagine that the KetoStix test for AcAc
in urine and the FPR in milk should be conditionally
dependent, given disease status, because they measure
different substances in different body fluids from the
cow. The conditional dependence or independence of
the KetoLac BHB test for BHBA in milk and the Keto-
Stix test for AcAc in urine is irrelevant because no cows
were tested with both tests. It could be hypothesized
that the excretion of BHBA in milk is linked to the fat
molecules in the milk, so that higher fat percentage in
the milk will give higher concentrations of BHBA in
milk. This, however, is not possible to test using the
available data.

CONCLUSIONS

Using LCA, we were able to estimate the Se and Sp
of 3 tests for ketosis without the assumption of a gold
standard. This enabled us to use a large data set with a
random sample of naturally occurring stages of ketosis
similar to what must be expected in the population
and context where the tests are to be used. Thereby,
we avoided the misclassification bias often seen in tra-
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ditional test evaluations due to the use of an imperfect
test or a selection scheme to establish cases and con-
trols. Our findings were that KetoStix had the highest
sensitivity and specificity: 0.78 and 0.99, respectively.
The KetoLac BHB test had a similarly high specificity
(0.99) but the lowest sensitivity (0.58). The FPR had
a marginally higher sensitivity (0.63) than the KetoLac
BHB and a substantially lower specificity (0.78).
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Abstract

Comparison of livestock herd key performance indicators is a widely used management tool for
farmers and herd management consultants (benchmarking). The results of this comparison should
lead to thorough within-herd and between-herd analyses to identify causes of exceptional variation
(unsatisfactory performance). Milk production is obviously the key output from a dairy herd.
However, the distribution of milk production between calvings (the ‘shape of the lactation curve’)
can also be an indicator of production efficiency, including health traits. The objectives of this study
were to describe the variability of the shapes of lactation curves within and between dairy herds and
suggest frameworks for integration of benchmarking and within-herd analysis in herd management.
A total of 51,311 lactations and 345,595 test-days of energy-corrected milk (ECM) yield from 170
Danish Holstein herds were used in the analysis. A random coefficient test-day model that allows a
‘break’ around 60 days in milk was applied to parity groups 1, 2, and older. A single-herd model
was applied for each parity group (3) within each herd (170), and a multi-herd model was applied
once for each parity group. Internal validity of the models was acceptable. The multi-herd model
lactation curve estimates were closer to the overall mean, but the numeric differences in lactation
curve estimates between the models were marginal. To demonstrate a principle for within-herd
identification of causes of unsatisfactory performance, age at first calving was included in the multi-
herd model as a random variable at herd level and a fixed variable at cow level. The result was that
the impact of age at first calving on herd lactation curves was highly herd-specific. In addition, age
at first calving modified the persistency of the lactation curves through an interaction. For a 1-
month increase in age at first calving from 26.6 months, herd-level estimates ranged from 24 kg
ECM to 126 kg ECM per 295 d per cow. The study conclusions were that 1) both the single-herd
and multi-herd models provided similar and valid estimates of the major lactation curve parameters
at the herd and cow levels; 2) the estimates of the lactation curves derived from the models are
unbiased and useful for benchmarking of herds; 3) inclusion of other determinants of milk
production is possible and provides herd-specific estimates about the relationship between the
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determinant and the milk production; and 4) important information about how the determinant
influences the lactation curve is obtained.

Keywords: Benchmarking, herd management, within-herd analysis, between-herd analysis, random
coefficient regression model, effect modification

Introduction
Ranking the performance of herds and cows and comparing them with the best in a comparable

group is a widely used principle in dairy herd management. This benchmarking is a tool to identify
best management practices and set targets for key performance indicators (KPIs). Benchmarking or
identification of best practices is regarded as a challenging factor for many farmers (Nir-
Markusfeld, 2003). Herd management consultants, including veterinarians, often work in groups
that have started to organize data collection; usually these data are organized hierarchically. For the
consultants, information that is useful for improvement of the production process may be derived
from systematic statistical analyses of the differences in performance measurements among groups,
herds, and cows within herds.

A huge number of performance indicators can be derived from routinely collected records in
dairy herds. Some are very complex. Milk production is obviously the key output from a dairy herd
and could simply be measured as an average per cow. However, the distribution of milk production
between calvings (usually about 1-year intervals) can be quite complex (the ‘shape of the lactation
curve’) and can be an indicator of production efficiency, including health traits. An efficient
analysis, including benchmarking, of a complex performance indicator like the lactation curve
within the consultants’ hierarchical contexts is not a trivial task. Consequently, development of a
proper framework for analysis of lactation curves may be seen as a useful model for other traits
(i.e., KPIs).

For management purposes, it is relevant to separate the milk production into milk
production before ‘peak’ (‘acceleration’), around ‘peak lactation’, and slope from peak lactation to
305 days in milk (persistency). These parameters together describe the shape of the lactation curve,
an important cow-level trait or response for the following major reasons: Flat (persistent) curves
may indicate a more efficient production process because the cows can be or have been fed with a
lower concentrate-to-roughage ratio (Solkner and Fuchs, 1987). Increasing peak milk yield is
associated with a higher risk of disease (@stergaard & Grohn, 1999) and poorer fertility (Loeffler et
al., 1999) because of a lack of energy. However, a higher peak will often be associated with a
higher total milk production during lactation although this relationship obviously depends on the
magnitude of the correlation between peak and persistency. Correlations between peak and
persistency have been estimated but with a primary focus on genetics (Cobuci et al., 2005). There is
huge variability in the acceleration part of the lactation curve where some cows experience a
marked drop in milk production from calving to peak lactation (Macciotta et al., 2006). This shape
is not physiological. Obviously, the shape of the lactation curve and the variation in lactation curves
within a herd cannot be expressed in one single number, which makes benchmarking complicated.

Many traits (determinants) are associated with milk production (e.g., age at calving, dry
period length, and diseases), and quantification of these associations is important for efficient
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management. However, these associations seem to differ among herds (Nir-Markusfeld, 2003).
Consequently, within-herd analyses are relevant for herd management purposes. However, within-
herd analysis of risk factors may be complicated because of low numbers of study units in some
herds. Multilevel analysis based on multiple herds should make it possible to derive more precise
estimates of the influence of a trait on the individual herd’s milk production instead of providing
overall across-herd estimates that do not reflect the specific herd, or imprecise herd-specific
estimates from single-herd analyses. Knowledge is lacking about the effects of choice of modelling
principle (multi-herd or single-herd) on the parameter estimates.

The overall objective of this study was to suggest a framework for examining the variability
of a complex KPI within and between dairy herds and for integration of benchmarking and within-
herd analysis in herd management. The specific objectives were to 1) compare estimates of lactation
curve characteristics (as a model for a complex KPI) derived from herd-specific models with
estimates from a multi-herd model and 2) provide estimates of the between-herd variation in the
effect of a determinant of milk production (a KPI).

Material and methods
Data collection
Data were extracted from the VPR platform (Krogh & Enevoldsen, 2006), which provides a subset

of the national Danish Cattle Database. The subset is homogeneous in the sense that the herds work
intensively with herd health management. Data were extracted on September 22, 2008. We included
herds for which the last milk yield recording at herd level was later than December 31, 2007, and
we included lactations within these herds if the calving was less than 2 years prior to the last milk
yield recording in the herd. We chose the 2-year period so that we safely could ignore the possible
increase in milk production attributable to genetic progress within the herds. Herds with fewer than
11 milk yield recordings each year or herds with less than 90 percent of the calvings derived from
Danish Holstein cows were excluded. Based on these criteria, 170 herds were included. We
excluded milk yield recordings after 400 Day in Milk (DIM) because previous exploratory studies
indicated that these values can be quite variable. The last milk yield recording date within a
lactation was also excluded from the analyses because this recording could be influenced by non-
recorded drying-off procedures like reduced energy supply or milking frequency. Test-day results
that had missing or zero values for fat percentage, protein percentage, or kilograms of milk were
excluded from the data file. First-parity cows with an age at first calving above 42 mo or below 18
mo (21 cows) were excluded from the data file. The resulting dataset consisted of 51,311 lactations
and 345,595 milk recording test-dates equal to 6.7 test-dates per lactation. The test-day energy-
corrected milk (ECMT) yield was calculated using formula 1:

kg ECMT = (kg milk x (383 x fat% + 242 x protein% + 780.8))/3140 @))

Descriptive statistics
Table 1 provides an overview of the data file. Distributions of herd-averages of test-dates, ECM,

and age at first calving indicate a considerable herd-level clustering. As an example, the median
ages at first calving within herds ranged from 23.5 mo in one herd to 32 mo in another herd.

65



Table 2. Distributions of median number of calvings, test-days, energy-corrected milk yield (ECM) per day, and
age at first calving at herd level by parity group

1* parity 2" parity 3" 4 parity
N herds 170 170 170
N calvings 19,720 14,955 16,636
N test-dates 137,584 100,456 106,555
Average ECM per test-day 28.5 334 34.3
Median no. of calvings (min—max) per herd 102 (22-449) 78 (17-293) 88 (28-341)
Median no of test-days (min—max) per herd 8 (3-10) 7 (3.5-10) 7 (4-10)
(median within herd)
Median ECM per test-date (min—max) per 28.5(19.8-35.8) 33.5(22.4-41.3) 34.9 (23.5-44.5)
herd (median within herd)
Median age at first calving in months (min— 26.0 (23.5-32.0) - -

max) per herd (median within herd)

Statistical analysis
The lactation profiles of ECMT were created as a piecewise linear function of DIM, which allowed

a break at 60 DIM for individual cows. This calculation was accomplished by creating two variables
derived from DIM: 1) DIMun60, which takes the value of (DIM-60)/60 when DIM is less than 60,
or otherwise the value is 0; and 2) DIM60, which takes the value (DIM-60)/245 when DIM is
greater than 60, or otherwise DIM60 equals 0. DIMun60 then describes the change in ECM in the
period from calving to 60 DIM, and DIM60 describes the change in ECM from 60 DIM to 305
DIM.

This model type has been used in other studies in recent years (Bennedsgaard et al., 2003;
Nielsen et al., 2009). The advantages are the minimized number of parameter estimates and ease of
interpretation. These features are essential when the aim is to provide support for herd-specific
management in populations with limited numbers of observations (compared to sire-evaluations).
The statistical analysis was conducted in three steps. First, a 3-level piecewise linear random
coefficient model was fitted. The levels were herd, cow, and test-date. We fitted separate models to
parity groups 1, 2, and >2 because we expected the shapes to be substantially different at both cow
and herd levels. The following model 2 (M2) was applied to the 3-level data:
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ECMTijx = BoxDIMun60iik + Bijx + B2ixDIM60ijk + €ijk
where

BOjk ~ Bo+ Vok + o jk

Bljk ~ B1+ Vik + Uik

szk ~ Bz+ Vak + U2k

2

Vok G0

vik |~ N(@O,Q): Qv=| 62, 0o,

Vak 0302 0312 632

Mojk Gio

Wik |~ N(0,Qu): Qu= (5501 Gil

Majk G,ioz Gfuz Giz @)
€ix ~ N(O, Gz)

where i = test-date, j = cow, and k = herd.

Based on parameter estimates from M2, milk yields were predicted at DIM 10, 60, and 305
for each cow. The change in milk yield from 10 to 60 DIM (Bojx, acceleration) and the change in
milk yield from 60 to 305 DIM (B, persistency) were estimated. The point estimate at DIM 60
(the intercept) is an estimate of Bijx, which could be labelled ‘peak’, but because the acceleration
may be negative, this designation can cause confusion. However, in the following we use the terms
acceleration, peak, and persistency (Bojk, Pijx, and Bajk, respectively). Similarly, a two-level model
(within herd) was specified and analysed for each herd (170) and each parity group. Model 3 (M3)
is given below.

ECMT;; = BoDIMun60ij + Bij+ B3 DIM60; + €;;

where

BOj ~ Bo =+ Woj

Blj ~ Bl + W1j

B2i ~ B2+ L2 3)
Moj Gﬁo
Wi |~ N(O,Qu): Qu=| c;,, O,
Maj 6;2102 6;2112 0;212

&j~ N (O, Gg)
where i = test date and j = cow.
The cow-level estimates of acceleration, peak, and persistency (Boj, Bijk, P2jk), wWhich were
cow-level estimates derived from model 3, were aggregated to herd level. The parameter estimates
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for cows within a herd were averaged, and the variances and covariances were calculated. In this
way, they are comparable to the parameter estimates from model 2.

Finally, age at first calving was added to model 2 for first-parity cows. Age at first calving
was centred to the average across all cows (26.5 mo). Linear and quadratic terms of age at first
calving, interactions of age at first calving, and DIMun60 and DIM60 were added to the fixed part
of the model. The linear term of age at first calving was also included as a herd-level random effect,
and the covariances with DIMun60, peak, and DIM60 were all included. At cow level, this model
will allow the shape of the individual cow’s lactation curves to vary with age at first calving
because of the interactions with the variables describing the lactation curve. The herd-level age at
first calving will modify the effect of age at first calving of the individual cows within each herd.
This initial model was subsequently reduced based on deviance tests for fixed effects (maximum
likelihood) and covariances (restricted maximum likelihood) to a final 3-level model (model 4).
Based on the 3-level model selection, a similar 2-level model was specified, and estimates of the
effects of age at first calving on milk production were compared for the two models.

ECMTij = Bojx+ BixkDIMun60ix + B2kxDIM60ix + PBixAge; + B4Age§ + BsAge*DIM60; + €ijk

where
BOjk ~ [30+ Vok + [Lojk
Bljk ~ [31+ Vik + Wijk
szk ~ Bz+ Vak + U2k
sz ~ B3 + V3K
2
Vok (W
2 2
Vik &) (&)
~ N(O, Qv) (Qv= Vot Vi 2
Vak 0 0 o,
Vik 0 0 0 o,
2
H’Ojk Gu()
2 2
Wi |~ NO,Qu): Qu=| 6%, o, )
. 2 2 2
M2k G2 Ou Op
&ijk ~ N (0, 65)

where i = test-date, j = cow, and k = herd.

Statistical analysis for the 3-level model was conducted with the software programme
MIWin 2.0 (Rasbash, 2004). Prediction and analysis of the 2-level models were conducted with
SAS® PROC MIXED (Littell et al., 2006). All analyses were performed with restricted maximum
likelihood estimation. Model control was performed by examining leverage, influence, and
standardized residuals graphically for each level in the models.
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Results
Three-level model
Parameter estimates and standard errors of the mean for the fixed effects derived from model (2) are

in Table 2. These parameter estimates describe the overall average shapes of the parity-specific
lacation curves. It is evident that lactation curves from 1%-parity cows differ in shape from 2™ and
older parities with an increase in milk yield from DIM 10 to DIM 60, a much lower peak milk yield,
and a much better persistency. Second and older parities had only minor changes in milk yield from
DIM 10 to DIM 60 compared to first parity: a 7-9 kg ECM higher production at peak lactation and
a persistency of -11.5 kg ECM/245 d to -14.1 kg ECM/245 d. Regardless of parity, the milk
production at 305 DIM was around 25 kg ECM. The intercept for 2™ parity was lower than for
older cows, and the average slope before peak was negative.

Table 2. Fixed-effects parameter estimates from a multi-herd model of test-day energy-corrected milk yield (ECM).
DIMun60 is the change in ECM from 10 to 60 DIM, Intercept is the point estimate ECM at 60 DIM, and DIMG60 is the
change in ECM from 60 to 305 DIM. Standard error of the mean (SEM) is in parentheses.

1* parity 2" parity 3" 4+ parity
DIMun60 B; (SEM) 2.16 (0.14) -0.26 (0.18) 0.46 (0.18)
Intercept By (SEM) 29.97 (0.18) 37.01 (0.25) 38.91 (0.27)
DIMG60 B, (SEM) -3.85(0.11) -11.58 (0.18) -14.17 (0.17)

Table 3 gives the parameter estimates of the variance—covariance matrices €, and Q, for
each parity. All the variance components increased with increasing parity. The residual variances,
which are the variation within cows within herds for parity groups 1, 2, and >2, were 8.5, 12.5, and
15.0, respectively. These values represent about half of the cow-level (between cow) variance
components at peak milk production (16.5, 29.9, and 37.9, respectively). Variance components at
herd level (€2,) are the variation between herds, whereas variance components at cow level (£2,,) are
the variation between cows within a herd. The total between-cow variation is, consequently, the
sum of the cow-level and herd-level variance components. The herd-level variance components
related to peak production were 3—10 times smaller than the corresponding cow-level variance
components. It is clear that the herd level accounted for only minor differences in the shapes of the

lactation curve between cows. The herd-level variance component related to peak lactation (6:1) is
of special interest because this component probably will account for most of herd-level differences
in level of total production.

Covariance parameter estimates from different levels are difficult to interpret directly.
Therefore, correlations are calculated instead according to formula 5:

__ cov(x,y)

8.8,y
The herd-level covariance estimates between acceleration and persistency (o, ) and between peak
lactation and persistency (o, ) in first parity were statistically non-significant (P>0.20 and P=0.15,

respectively) and consequently set to 0. Based on the correlations, it is evident that even though the
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variances are different between parity groups, the correlations are very similar both at herd level
and cow level for all parities (approximately -0.5). That is, an increase in peak milk yield is
consistently associated with a markedly poorer persistency.

Table 3. Estimates of variance—covariance matrices €, £, and residual variances derived from a
multi-herd model of test-day measurements of energy-corrected milk yield (ECM). Correlations (p)
for the covariances are in parentheses.

1* parity 2" parity 3" 4 parity
Vok Vik Vok Vok Vik Vak Vok Vik Vak
2.8 - - 42° - - 43¢ -
Q. (p) 1.34(0.3) 5.1° - 1.54(0.3) 9.6° - 1.94(0.3) 11.6° -
0°(0.0) 07(0.0) 1.7°¢ -1.2°(-0.3) -3.17(-0.5) 4.17¢ -1.1°(-03)  -3.4'(-0.5) 3.9¢
Hojk Hijk Hajk Hojk Hijk ik Hojk Hujk Hajk
22.0¢ - - 41.5¢ - - 54.3¢ -
é; (p) 3.87(0.2) 16.5" - 6.257(0.2) 29.9" - 9.57(0.2) 37.9" -
-13%(0.1)  -6.1'(-0.4) 13.6/ 2.65%(-0.1)  -15.6'(-0.5) 32.451 33%0.1)  -21.0'(-0.5) 39.31
Residual 8.50 12.54 14.96
* Herd-level variance component related to acceleration " Cow-level variance component related to peak milk
® Herd-level variance component related to peak milk production
production 'Cow-level variance component related to persistency
Herd-level variance component related to persistency JCow-level covariance between acceleration and peak
¢ Herd-level covariance between acceleration and peak ¥ Cow-level covariance between acceleration and
“Herd-level covariance between acceleration and persistency
persistency 'Cow-level covariance between peak and persistency

"Herd-level covariance between peak and persistency
& Cow-level variance component related to acceleration

Model control (results not shown) for the 1% parity indicated that three herds had high
leverage values for the intercept (DIM=60 d) at herd level. The three herds could also be found in
the residual plots for the intercept. However, we retained them in the study because excluding these
herds from analysis did not influence the parameter estimates. Leverage at herd level for DIMun60
and DIM60 did not cause concern. At cow level, there were no apparent problems with leverage,
influence, and residuals. Plots of standardized residuals at test-day level against DIMun60, DIM60,
and DIM gave no indication of a fanning pattern (results not shown). Similar diagnostic graphs
were created for 2"- and 3"- parity groups (results not shown). As with the 1*-parity group, one
and three herds showed high leverage values for the 2" and 3"-parity groups, respectively, for the
intercept term. We could not identify obvious reasons for these potential problems. Leaving these
herds out of the analyses did not change the parameter estimates. For the 2nd—parity group, there was
a tendency to an excess of small negative residuals for the intercept term, making the residual
distribution for the intercept a little skewed to the left. For the 3rd—parity group, the distributions of
residuals were acceptable at all levels.
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Two-level model
Each of the 170 herds for each of the three parity groups was analysed using model 3 (510

analyses). In total, eight parity groups within herds did not converge successfully to give unique
estimates of the parameters included in the model. One of these herd-parity group combinations had
a low number of cows (n=22), but for the other groups, we cannot suggest possible reasons. Table 4
gives fixed-effect parameter estimates as means and the minimum and maximum values of herds to
describe the variation in parameter estimates. It is evident that the means are very similar to the
parameter estimates derived from model 2. The means of the variance components and the means of
correlations between variance components are all very similar to the parameter estimates derived
from model 2.

Table 4. Means of parameter estimates from model 3. DIMun60 is the change in energy-corrected milk (ECM)
production from 10 to 60 DIM, Intercept is the point estimate of ECM at 60 DIM, and DIMG60 is the change in ECM
from 60 to 305 DIM. The number of herds indicates the number of herds where the model converged. Parameter
estimates are averaged over the number of herds where the model converged (N herds). Minimum and maximum
estimates are given in parentheses.

1* parity 2" parity 3"+ parity
DIMun60 B, 2.08 (-2.84;7.22) -0.38 (-5.48; 7.65) 0.34 (-4.66; 8.30)
Intercept Bo 29.94 (20.00; 39.09) 36.98 (24.01; 45.29) 38.89 (26.07; 51.5)
DIM60 B, -3.83 (-6.60; -1.31) -11.54 (-18.12; -5.67) -14.09 (-19.59; -7.98)
N herds 165 168 169

Model control (results not shown) was conducted the same way as for the 3-level model except herd
level was not included in these analyses. Plots of standardized residuals against DIMun60, DIM60,
and DIM did not cause major concern (results not shown). There were no apparent fanning patterns
in the residuals (results not shown), but for some herds (~10%), the distribution of residuals was a
little wider than for the normal curve.

Comparison of the 2-level and 3-level models

The 2-level model was compared graphically with the 3-level model. The parameter estimates of
model 2 were ranked according to the peak milk production (Bi;), and the first, the last, and every
10™ herd were selected to allow a visual inspection. The same 18 herds were selected from the 3-
level model. Figure 1 shows the 18 selected herds for 2nd parity. The dotted horizontal reference line
symbolizes the grand mean of the peak milk production from the 2-level model. It is evident that the
3-level model will give estimates closer to the grand mean of peak milk production than the 2-level
model.
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Figure 1. Ranking of 18 representative herds (2" parity) based on the 2-level (single-herd) and 3-level (multi-herd)
models of peak milk yield at 60 DIM. Dashed line is grand mean for all herds.

Figure 1 shows that some herds will change rank based on model type. The two models were
subsequently evaluated with 2x2 contingency tables to allow comparison of the results of the two
models. Based on model 2, the 25" and the 75 percentiles were identified for the herd-level
estimates for acceleration, peak, and persistency. These percentiles were then used as cut-off values
for the parameter estimates from model 3. The conditional probability that the model 3 (M3)
estimates were outside the interquartile range given that model 2 (M2) estimates were within the
interquartile range was denoted as P(M3-l M2+). The conditional probability that a model 3
estimate is within the interquartile range given that a model 2 estimate was not within the
interquartile range was denoted as P(M3+IM2-). For all parities, these two probabilities were very
similar. For the acceleration, P(M3-IM2+) was between 9.5% and 11.3%, and P(M3+IM2-) was
between 0% and 0.6%. For peak lactation, P(M3-IM2+) was between 2.3% and 3.6%, and
P(M3+IM2-) was between 0% and 0.6%. For persistency, P(M3-IM2+) was between 10.7% and
15.2%, and P(M3+IM2-) was between 0% and 1.8%. Consequently, there was a much higher
probability that model 3 gave estimates outside the interquartile range when model 2 gave estimates
within the interquartile range than the reverse probability.

Herd-level estimates of peak production, persistency, and total milk yield from DIMIO to
DIM305 were compared for the two models to assess the numerical differences between the
models. Estimates of peak milk production and persistency were rounded to 0.5 kg ECM, and total
milk yield estimates were rounded to 50 kg ECM. For the estimates of peak milk production, 83%,
66%, and 66% of the herds gave a complete match of absolute values between the models for 1%,
2" and 3" parity, respectively. The largest difference between the two models was 1.5 kg ECM for
2" parity. For persistency, there was a complete match in absolute values between the models in
54%, 33%, and 35% for 1%, 2™, and 3" parity, respectively. The largest persistency difference was
2 kg ECM, and there was a slight tendency for the 3-level models to give a poorer persistency than
the 2-level model. The estimates of kg ECM produced between 10 DIM and 305 DIM from the two
models showed that for all parity groups, 75% of the herds were considered a match. For the 1°-
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parity cows, the largest difference was 200 kg ECM. For 2" and Srd—parity cows, the largest
difference between the models was 300 kg ECM. There was no tendency for any one of the models
to give systematically larger estimates than the other for total milk production.

Similarly, herd-level prediction intervals were calculated, and the differences were minor. In
Figure 2, predicted lactation curves and the corresponding 95% prediction intervals are given for 2™
parity in herd no. 36. The gray lines are the 3-level model, and the black lines are the 2-level model.
Herd no. 36 was chosen because it had the lowest number of cows in 2" parity (17 cows) and
because it had the largest deviations between the lactation curves derived from models 2 and 3.
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Figure 2. Lactation curves for 2" lactation cows in herd no. 36. Black lines are derived from the 2-level (single-
herd) model; gray lines are derived from the 3-level (multi-herd) model. Dashed lines represent 95 percent
prediction intervals.

Figure 2 shows that the 2-level model for herd no. 36 until 210 DIM has a narrower prediction
interval than the 3-level model. After 210 DIM, the 3-level model gave the narrowest prediction
interval. Note here that the prediction interval for the 3-level model consists of two components:
one for the fixed-effects equation and one for the prediction of the random effects. The standard
error of the mean related to the fixed part of the prediction equation is low because this is based on
the entire datafile. However, because the number of cows in herd no. 36 was low (17 cows), the
standard error of the mean related to the random prediction is large. In herd number no. 36, the ratio
between standard error of the mean for the fixed part and standard error of the mean for the random
part in the prediction is 1:6 whereas in a herd with more cows, the ratio is around 1:3.

Age at first calving

The 3-level model with inclusion of age at first calving was reduced to model 4 from the modified
model 2 with age at first calving included. The interaction between age at first calving and
DIMun60 could be removed (P>0.2) together with all the herd-level covariances between the
random component related to age and the random components related to the shape of the lactation

curve, 0.,,0.,,0., (P>0.2). The interaction between age at first calving and persistency was highly
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significant (P<0.001), as were the quadratic age term and random components related to age
(P<0.001).

Table 5. Key parameter estimates for first-parity cows derived from model 5. DIMun60 is the change in energy-
corrected milk yield (ECM) from 10 to 60 DIM, Intercept is the point estimate of ECM at 60 DIM, and DIMG60 is the
change in milk yield from 60 to 305 DIM. Standard errors of the mean (SEM) are given after the estimates in
parentheses.

Fixed estimate Random estimate herd-level = Random estimate cow-level
DIMun60 2.16 (0.14) 2.81 (0.36) 22.04 (0.46)
Intercept 30.05 (0.19) 5.67 (0.64) 15.80 (0.21)
DIM60 -3.84 (0.11) 1.70 (0.22) 13.46 (0.32)
Age 0.34 (0.02) 0.02 (0.00)
Age’ -0.015 (0.00)
Age*Dim60 -0.13 (0.02)

Empty cells indicate that the variable is not included as random in the model.

Parameter estimates from model (4) are provided in Table 5. The additional milk produced
between 10 and 305 DIM if an average cow calves one month later than the overall average (26.5
mo) can be calculated from the function 0.323 kg/d x 50 d + 245 d x (0.323 kg/d-0.127 kg/d) + V2 x
(245 d x 0.127 kg/d) = 79.7 kg/295 d of lactation, which also includes the interaction between age
at first calving and persistency. If no interaction was present, the additional milk yield would simply
have been 295 d x (0.34 kg/d—0.015 kg/d) = 98.5 kg/295 d lactation, based on parameter estimates
from a model without the interaction term (not shown). For an average cow, the parameter estimates
in Table 5 can be used to extrapolate to any changes in age at calving. However, including herd
information gives estimates for the same change in age (26.5 mo + 1 mo) at first calving in milk
production from 24 kg ECM as the lowest in one herd to a maximum at 126 kg ECM in another.
Figure 3 shows predicted ECM at 60 DIM as a function of age at first calving. Lines describe the
variation in age at calving. That is, herds clearly have different shapes.
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Figure 3. Predicted milk yield at 60 DIM at different ages at first calving. Lines represent 70 randomly selected
herds.
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Time to reach convergence for the most complex (3-level) model was achieved with three
iterations and a runtime of less than a minute with an ordinary Pentium 4 3.00 GHz PC with 2 MB
RAM. This time frame indicates a very robust model specification. Model control concerning the
random component of age at first calving did not cause any concerns about the normality
assumption (results not shown).

Discussion

Organizational framework for herd analysis and choice of statistical model

The organizational framework for a production or health management consultant’s datafiles will
typically be hierarchical with groups of herds, animals within herds, and some measurements within
individual animals. Benchmarking and other decision support are relevant at all levels. The
multilevel random coefficient model presented in this study provides a formal framework that
allows benchmarking and both within-herd and between-herd analyses of effects of relevant
determinants. More complex organizational frameworks may occur. For example, several
veterinarians may provide service to the same herds, and one farmer may own several herds. In such
cases, the structure is no longer strictly hierarchical. However, such cross-classification of levels
can be handled with modifications of model 2 (Fielding and Goldstein, 2006). Addition of one or
more levels is also straightforward, although computer power may be a constraint with an
increasing number of levels and complexity of cross-classification.

In cattle breeding programs, very advanced statistical models have been developed (‘random
coefficient test day animal models’). Obviously, the primary objective is to provide efficient indices
for selection of the best sires and dams. In recent years, attempts have been made to supplement
these animal models with specifications that provide estimates of relevance for herd management,
such as estimates of herd-level persistency of lactation curves (Caccamo et al., 2008). However, the
estimates from this type of analysis may be complicated for consultants to use and interpret (e.g.,
Legendre polynomials). Because the breeding models obviously must include the entire population,
they may also be too rigid to serve the diverse needs of the consultants. For instance, a local
network of veterinarians may have implemented a new system for clinical examinations. The
resulting records should be included in a statistical model including the participating herds. Meeting
this diversity of needs for specification of effects will probably not be possible in a national
breeding program. For management purposes, examination of numerous interactions (effect
modification) are also of major interest (cf. the interactions including age at calving demonstrated in
this study). Herd-level estimates from breeding models are problematic for herd-specific use
because several potentially important determinants of milk yield (e.g., age at calving) are adjusted
for. That is, cow-effects are standardized (Koivula et al., 2007). However, the model we suggest in
this study probably often will provide more precise estimates if we include genetic information.
Data Envelopment Analysis (DEA) is well developed for benchmarking (e.g., Fgrsund and
Sarafoglou, 2002). An advantage of DEA is that it combines numerous KPIs in a joint analysis.
However, the uncertainty associated with the ranking based on the aggregation of measurements
into a KPI is not accounted for. In the model we suggest, uncertainty at all levels is explicitly
estimated. The components of variance per se are also of interest for management. DEA or factor
analysis (e.g., as demonstrated by Enevoldsen et al., 1996) might be useful tools to combine the

75



estimates from a model like ours in this paper, including the variance components, with estimates
from similar statistical analyses of other KPIs.

Model validity

In this study, we focused on a test-day model of lactation curves that is similar to the well-known
and commonly applied Wilmink function (Wilmink, 1987). There are two reasons why we did not
use the Wilmink function directly. First, an estimate of the acceleration part as a straight line is
easier to interpret than the corresponding exponential function in the Wilmink function; especially,
interpretation of the variance is easier. Second, the Wilmink function probably has been developed
to analyse milk, fat, and protein separately. Lactation curves of milk, fat, and protein likely are
poorly described by straight lines compared to lactation curves based on ECM, which directly
reflect the energy output from the cow. The use of ECM is also a more biological focus instead of
other measures of milk production that are more related to varying market conditions.

In this study, we have chosen to treat 2" and older parities separately, primarily because most 2™
lactation cows need to grow during 2™ lactations. Also, the disease pattern of 2™ lactation is
different from older parities; for example, the risk of milk fever is much lower.

Standardized residuals, influence diagnostics, and leverage points indicate that the models fitted the
test-date data acceptably well. The parameter estimates derived from our baseline models—models
2 and 3 that describe our lactation curve—meet our expectations of a detectable peak of the
lactation curves for 1% parity, decreasing persistency with increasing parity, increasing residual
variation with increasing parity, and increasing between-cow variation with increasing parity group
(Tables 2 and 3). The variance components and fixed-effect estimates related to the lactation curve
from the two models are very similar (Tables 2, 3, and 4). Inclusion of a new variable in the
model—age at first calving—did not cause marked changes in the parameter estimates of the
lactation curve. Parameter estimates that did not change in different analyses and fast convergence
of the models indicate that the models are properly specified and robust.

Interpretation of model output

The actual value of a KPI must be compared to predetermined limits for “good” or “acceptable”
KPI values. Ideally, such objectives (or goals, targets, or reference values) should reflect the
individual herd’s combination of resources. That is, the manager needs to know what is possible to
achieve within the production system. However, predicting the future performance because of the
complexity of the system may be a difficult task.

Benchmarking is one obvious way to select targets. The principle of benchmarking is to identify
other herds with a similar combination of resources and compare the actual KPI with the range of
results in these reference herds. Historical results from the actual herd can also provide very useful
target values. The selected target KPI can also be considered a prognosis for the future.

A major advantage of random coefficient models is that estimation of the components of the
lactation curve at cow level is not entirely based only on the individual cow’s performance but also
on other cows’ performance within that herd. In plain language, each level in the model ‘borrows’
information from the other levels. This sharing of information from other levels could be seen as a
‘filtering’ or ‘smoothing’ technique. The apparent shrinkage shown in Figure 1 demonstrates this
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phenomenon. The modelling approach allows prediction of lactation curve components at cow level
for cows with incomplete lactations. Our model allows a relative ranking of herds or cows based on
a KPI that is adjusted for various determinants of the KPI. This ranking can be done most
effectively using a multilevel model. In addition, the random coefficient model provides parameter
estimates concerning the variation in lactation curve components within herds, which could be of
interest (Kristensen et al., 2008). However, these issues have apparently not been addressed in detail
in the scientific literature and are related to the inherent problem with interpretation of rankings of
variables estimated with uncertainty. Goldstein and Spiegelhalter (1996) pointed out the need for
care with such rankings given that they may often be over-interpreted because they frequently have
too much imprecision (very wide confidence intervals) for fine comparisons. In our case, the
uncertainty associated with the herd-level estimates may permit only distinction of herds separated
by one quartile. Caterpillar diagrams with confidence intervals may be a useful tool for identifying
proper ranking intervals.

A key task in rational management is to predict future performance. The models presented here do
allow prediction of the milk yield for the rest of the lactation for each cow. Consequently, short-
term outlying milk yield records (e.g., caused by acute disease) can be identified for the individual
cow. A framework is also provided for objective identification of individual cows with marked
deviations in shapes of lactation curves (e.g., caused by chronic disease). At the herd level,
knowledge about variability of the input parameters in the chosen prediction model (e.g., Kristensen
et al., 2008) is essential. In this study, we have provided readily interpretable and unbiased
estimates about the shape of the lactation curve at both cow and herd levels. The correlations
between the shape parameters are estimated and accounted for. To our knowledge, information
about the simultaneous variation in shape of the lactation curve within and between herds has not
been studied in detail before.

In addition, in the current work, we compared a single-herd model with a multi-herd model. The
conclusion is that if the primary goal of the analysis is to provide estimates of the shape of the
lactation curve, there is little difference between the two models. However, there were convergence
problems with 8 herd/parity groups out of 510 in the single-herd analyses. In Denmark, farmers can
lower the number of milk yield recordings from 11 times a year to 6 times a year. This change could
lead to increasing convergence problems for the single-herd model. In contrast, the herd sizes keep
increasing (as of late 2011, approx. 150 cows per herd in Denmark), which also increases the
number of study subjects in the single-herd model. For management purposes, we prefer the study
period to be as recent as possible to allow prompt management reactions to changes in input factors.
This approach will favor decreasing sample size, which will increase variability and increase
estimation problems. These problems can be counteracted by some type of exponential smoothing
or filtering of the key-figures (Thysen, 1993). However, the 3-level multi-herd model may be a
better option that does not require a choice of arbitrary smoothing factors. The multi-herd model
could also be expanded with estimates of general and herd-specific time trends like the harmonic
seasonal trends suggested by Koivula et al. (2007). Such expansions probably will be robust
because of the qualities of the mixed model. If the multi-herd model is preferred, the shrinkage
phenomenon should be considered. It is well known that multilevel models experience shrinkage
towards the mean of parameter estimates (Hox, 2002). The amount of shrinkage is large for herds
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that are far from the overall mean and for herds with a low number of study units. That is, shrinkage
is similar to smoothing. Based on the result shown in Figure 2, we would perfer the multi-herd
model if the desired estimate is persistency, due to the narrower prediction interval late in lactation.
We have estimated the effects of age at first calving on the shape of the lactation curve in 1*-parity
cows in this study as an example of an analysis of a determinant of milk production. In common
production reports, we can find KPIs such as average age at first calving and average total milk
production calculated at the herd level. A typically applied target figure for age at first calving is
that it should be around 24 mo. Such recommendations are often based on herd averages like the
ones in the production reports. However, relationships between such herd averages may be prone to
ecological fallacy (Woodward, 2005). Ecological fallacy is the assumption that an observed
relationship in aggregated data at the herd level will hold at cow level. This assumption can easily
be violated when using recommendations or target figures. It is important to know if the target
figure is based on cow-level or aggregated cow-level data. Even if no ecological fallacy exists, there
could often be herd-specific conditions such as reduced feeding space for the cows that make these
target figures inappropriate in some herds. One obvious solution is to base recommendations about
the effects of a cow-level determinant of the output parameter of interest on the individual herd’s
own previous performance. Traditionally, this basis has been aggregated milk yield recordings (e.g.,
milk in early lactation or 305 d) at the cow level. The average milk yield during the first 3 mo will
be a reasonable estimate of peak milk production, but information about the rest of the lactation is
lost, and possibly imprecise conclusions can be expected. If total lactation is chosen as the outcome
in the analyses, the outcome must be based on predicted yield to avoid selection bias due to
incomplete lactations.

The single-herd model we have used in this study will provide reasonable estimates of the entire
lactation and handle the selection bias related to incomplete lactations. Additionally, we have
shown that the effect of age at first calving clearly is herd specific. It is not within the objectives of
this study to derive general recommendations about age at first calving, and because of the strong
herd effects, a general recommendation is of only minor interest. The multi-herd model could, if
applied, improve the robustness of the herd-specific estimates of the effects of age at calving. In
addition, it provides valid estimates about herd-to-herd variation that would be interesting in a
sensitivity analysis about age at first calving (e.g., Kristensen et al., 2008).

A common problem, however, is that even though we have information about the individual herd,
we may want to extrapolate. For example, we might want to predict milk yield if age at first calving
is lowered from 30 mo to 24 mo in a herd without previous calvings at the 24-mo age. In this
situation, the fixed effects from a multi-herd model probably would be the best choice, especially if
the model is based on herds in which the context is homogeneous, i.e., feeding and housing are
similar. If the multi-herd model is applied, the prediction will still be somewhat uncertain and close
to the mean of other herds that have calvings around 24 mo (shrinkage). The biological relationship
between age at first calving and milk production will not be violated as could happen if the single-
herd model is applied. In that case, the quadratic effect might cause unrealistic predictions, and data
would be insufficient to add additional polynomial effects.

In this study, age at first calving was chosen as an example of a factor that modifies the shape of the
herd lactation curve. We have demonstrated how the herd lactation curve parameters (fixed and
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random) can be influenced directly and through interactions. Our test-day model can easily be
expanded to include other (potential) determinants of milk production. Age at first calving is a
determinant that is collected and analysed at cow level. A similar and relevant factor is length of dry
period. Factors sampled at other levels can also be included. In addition, test-day information like
somatic cell count and herd-level information like grazing strategy, milking frequency, or milking
system can be included. Obviously, herd-level factors can be added only in the multi-herd model.
The major advantage is that multiple factors at different levels in the model provide us the ability to
specify interaction and thereby handle correlations between the factors. An example could be
inclusion of age at first calving, score of calving ease, and metritis handled in one model. So far, we
have not experienced technical problems, but it is evident that when model complexity increases,
problems with convergence are more likely to appear and computation time will increase.

For benchmarking purposes, a multi-herd model could be applied to (selected) herds within an
advisory unit like an extension service or a veterinary practice. The benefits of such an
organizational model would be that the consultants within that unit would have first-hand
knowledge about the herd, which would provide the best possible foundation to select herds for
benchmarking. Recording of diseases and applied disease codes are often practiced in a way that is
specific to the practice. A within-practice analysis could, consequently, decrease random and
systematic variation and thereby enhance the power of the analysis and increase validity of
conclusions. Knowledge about the herds included makes it possible to incorporate herd-level
information into the model that is not a part of central databases. Examples could be the drying-off
strategy or milking system. Finally, ranking of herds that are all known to the veterinarian makes
the ranking procedure far more transparent and useful for consultancy.

Conclusion
We suggest a multi-herd modeling framework for integration of benchmarking and within-herd

analysis in dairy herd management. The framework is demonstrated with an analysis of lactation
curves that represents a complex key performance indicator. Information for decision support is
produced within cow, between cows, and at the herd level. Internal validity of the models was
acceptable. Age at first calving was included in the models to assess the potential of the model
framework for analysis of determinants of milk production or other KPIs. The conclusions of the
study were as follows: 1) Both the single-herd and multi-herd models provided similar and valid
estimates of the major lactation curve parameters at the herd and cow levels; 2) the estimates of the
lactation curves derived from the models are unbiased and useful for benchmarking of herds; 3)
inclusion of other determinants of milk production is possible and provides herd-specific estimates
about the relationship between the determinant and the milk production; and 4) important
information about how the determinant influences the lactation curve 1is obtained.
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ABSTRACT

Evaluating the effects of all interventions in a dairy herd, including the effects of various herd
health management programs (HHMP), is highly relevant. A traditional randomized controlled trial
is the gold standard but is likely practically impossible or prohibitively expensive to use for a
general evaluation of a HHMP. Generalizability may also be poor because of the dynamics of the
production contexts. In this study, we demonstrate an approach for evaluating the effects of a
HHMP in the field, specifying an intervention theory for an ongoing HHMP in the context of the
Danish dairy industry. As an example, we suggest one statistical model for studying the possible
effects on milk production of systematic post-partum examinations of vaginal discharge, which is
supposed to improve detection and treatment of metritis or endometritis. This routine is one
component of the HHMP. The data consisted of 121 herds and 76,953 lactations over a 15-year
period. For parity group 1, the negative effects of metritis (with treatment) on 305-d milk
production after a normal calving were reduced by 17.3% after enrollment in the HHMP. For parity
group 2 and parity group >2, enrollment in the HHMP resulted in a 129 kg and an 80 kg energy-
corrected milk yield increase in milk production, respectively. There was some indication that the
effect of the HHMP was mediated through improved metritis detection. This study demonstrates the
importance of a clear-cut intervention theory although even with a theory, the research question can
be too context (herd) specific. In such a case, a within-herd randomized controlled trial study design
seems to be the only way to achieve a valid result for a given herd, and acquiring valid results from
an observational multi-herd study will be very difficult.

Key words: metritis, herd health management, evaluation
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INTRODUCTION

Because of the apparently decreasing profit margin in dairy production, there is an increasing need
to evaluate the effects of services offered to and used by the producer. Evaluations obviously must
include the effects of herd health management programs (HHMP), including very commonly
applied disease treatment regimes. It is straightforward to use a randomized controlled trial (RCT)
approach to assess the effects at the animal level of changing from one drug or feed ration to
another, and RCT is the gold standard method in medicine and animal science. However, a HHMP
is usually composed of multiple procedures, dynamic performance measurements, and feedback
mechanisms, and the herd will usually be the unit of interest. The RCT approach can be practically
impossible or prohibitively expensive to use for a general evaluation of a HHMP, and
generalizability may also be poor because of the dynamics of the production context.

The estimation of effects of a HHMP is analogous to providing evidence of effects of various
programs (interventions) in social systems, which is a large discipline per se. For example, The
American Evaluation Association is an international professional association of evaluators ‘devoted
to the application and exploration of program evaluation to improve their effectiveness’
(www.eval.org). Public education or health programs are typical examples. Krogstrup (2011)
reviewed and discussed the vast literature on the topic from a new public management perspective
and suggested categories of interventions and approaches to evaluate the effects of programs.
According to this categorization, a HHMP would be a ‘wild problem’, which mainly is
characterized by a vague definition, lack of an optimal solution, unclear causal mechanisms, and
interaction between context and mechanisms. Krogstrup uses the term ‘Context Mechanism
Outcome’ (CMO), which means that interventions cause mechanisms, which selectively interact
with the case-specific circumstances (the context) and result in effects that differ in different
contexts. The consequence of CMO is that each intervention must be evaluated separately, and the
applied tools for evaluation are essential. Therefore, the generalizability of the results probably will
be poor. Often the modest ambition of such an evaluation will be to explain why some intervention
did not work. Ideally, we want to identify causal effects in the intervention to permit prediction.
According to Krogstrup (2011), one prerequisite to providing evidence of causal effects is to
specify an intervention theory. Based on this theory, we may be able to deduce which components
and paths within the intervention program can be used to evaluate causal effects of one or more
maybe minor components of the intervention.

The purposes of this study were to demonstrate one approach to specifying an intervention
theory for an ongoing HHMP in the context of the Danish dairy industry and suggest one statistical
model for estimating possible causal effects given this intervention theory and the context.

MATERIALS AND METHODS
Study Context
During the 1990s, several Danish cattle veterinarians were inspired to implement the key
components of an Israeli HHMP described by Nir-Markusfeld (1993). Unless otherwise stated, the
following description of the implementation and applications are based on the authors’ involvement
as teachers, researchers, or users in various stages of this process. One key component of the Danish
adaptation of the Israeli program was the local veterinarian’s systematic clinical examination of
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well-defined groups of cows with an expected high risk of health problems. The clinical
examination was performed by a local veterinarian every 7 or 14 days. Fresh cows between 5 and
21 DIM and cows about 10 weeks prior to expected calving were always examined. The
veterinarians had access to a wide range of tools for digitizing the data, merging the results of the
examinations with standard production and fertility data, and subsequent statistical analyses to
support the advisory services (Enevoldsen, 2006).

The HHMP was a service offered to the dairy producer by the veterinarian on a commercial
basis (no subsidies). Around 2002, the Danish public veterinary authorities wanted to explore the
consequences of lifting the very strict regulation of dairy farmers’ access to antibiotics that until
then required veterinary presence for a prescription. As a pilot study initiated in 2004, farmers who
entered the HHMP described above were permitted to initiate treatment with antibiotics for a
limited number of diagnoses without the presence of a veterinarian. The link to the HHMP was
expected to ensure sufficient health surveillance and prudent use of antibiotics. Within the pilot
project period, requirements were quite strict for delivery of registrations from both farmers and
veterinarians to a central database. Similar to the findings of Bennedsgaard (2003), the pilot project
revealed numerous errors in the veterinarians’ management systems used to collect treatment
records and usage of antibiotics and transfer the records into the project database. In 2006, the link
between more liberal access to antibiotics and the HHMP was formalized in a new law concerning
herd health. In 2009, the legislation was further liberalized so that farmers could treat almost any
disease, including parturient paresis and retained placenta, without veterinary assistance. In
addition, the very restricted requirements for registration of disease treatments and results from
clinical examinations were abandoned. However, participation was still voluntary and unsubsidized.

When the HHMP was implemented in the late 1990s, the farmers’ incentives were purely
personal or professional interests. In the later stages, the link between HHMP and liberal access to
antibiotics and cost reduction probably was an incentive to many farmers. However, the farmers’
backgrounds for joining the program were diverse and often different from what the veterinarians
expected (Kristensen and Enevoldsen, 2008). Quite detailed guides and manuals for the clinical
work in the herds were available, such as guides for scoring body condition or vaginal discharge.
Every cow was examined gynecologically by the veterinarian between day 5 post-partum to day 21
post-partum. The examination was performed to estimate the degree of metritis based on an
evaluation of the vaginal discharge. The results were given on an ordinal scale from 0 (no metritis)
to 9 (severe metritis). However, qualitative studies showed that the use of scores, examination
methods, and treatment protocols differed among veterinarians (Kristensen et al., 2008; Lastein et
al., 2009). Records of diagnoses and medical treatments of disease symptoms were collected in all
herds by means of a limited number of diagnosis codes. The use of these codes was highly herd
specific, as described in detail by Vaarst et al. (2002) in a study related to mastitis treatment, but we
expect that similar mechanisms occurred in the case of other diseases.

The Intervention Theory

Because we can regard the dairy HMMP described above as a wild problem in the CMO
framework, the evaluation of the effects of the program is very complicated. Issues related to the
production system (herd) and the basic production unit (cow) pose particularly difficult problems
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for program evaluation in dairy production. Often, a HHMP will affect all the animals within a herd
or a certain group of animals, leading to the obvious problem that there are no naturally occurring
control groups of animals within the herd. Comparing the results with animals in another herd may
be impossible or at least problematic for the following reasons: First, herd size and production
facilities are rather easy to account for, but differences in management or threshold of detection of
disease are virtually impossible to quantify. Second, because the use of the program was voluntary,
participants likely had different attitudes and skills than non-participants. Third, a rather simplistic
approach of comparing animals before and after intervention within a herd also yields serious
obstacles. General or herd-specific seasonal effects must be accounted for. For example, a general
increasing trend in milk yield over time must be expected because of genetic progress. However,
one of the most important issues to address is the change of recordings because of the initiation of
the HHMP (e.g., number of treated cases of mastitis because of change in intensity of monitoring or
treatment threshold). In essence, it is extremely difficult to find truly comparable herds.

Instead of that approach, an option for evaluating a HHMP may be to study the possible causal
effects of a single component of the HHMP for which we can specify rather simple mechanisms. In
this work, we chose to study the possible effects on milk production of systematic post-partum
examinations of vaginal discharge, which is supposed to improve detection of metritis or
endometritis. Because these diagnoses are indistinguishable in our setting, we have designated
them collectively as ‘metritis’ in this paper. We based the study on the following expectations
concerning metritis diagnosis and treatments (MDT), and we specifically focus on the relationship
between metritis treatment and milk yield because milk yield is a very important performance
indicator that can be defined objectively. The relationship between MDT and subsequent milk
production has been estimated several times; e.g., Fourichon et al. (1999), Bar and Ezra (2005), and
Goshen and Shpigel (2006). In our context, it is not sufficient to make a simple comparison of the
relationship between milk and MDT before and after the start of the intervention program (HHMP)
because the threshold for detections inevitably will change over time. That is, the number of
undetected MDT cases in the non-treated group may be reduced. We must also take into account
that numerous studies have found clear relationships between stillbirth, dystocia, twin calving,
retained placenta, and metritis (Deluyker et al., 1991; Correa et al., 1993; Emanuelson et al., 1993).
Metritis with or without previous calving complications is likely to constitute different entities with
different effects on milk yield and recovery rates from medical treatment (Pugh et al., 1994). We
also assume that the way the risk factors for metritis are recorded did not change when the
examinations began. The prevalences of the risk factors are, however, likely to change with
the beginning of examinations because the dairy producer may take action (hopefully) to
prevent metritis by reducing the occurrence of these major determinants of metritis.

In this study, neither the ordinal scale of the metritis score nor the specific threshold for
treatment were used for the following reasons: First, the results from the examinations for metritis
were not available before the initiation of the HHMP. Second, the examination method changed
from farmer-based perception of disease to the veterinarians’ systematic examinations of all cows.
In diagnostic test terminology, this change will mean that at the time point of initiation of the
HHMP, the sensitivity and specificity of metritis detection changed, most likely towards a higher
sensitivity and lower specificity. How much it changed is impossible to estimate but is expected to
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be dependent on the farmer’s previous conception of metritis (herd specific) and the veterinarian’s
conception of metritis and attitude towards the HHMP (Lastein et al., 2009). Finally, work by
Lastein (2009) suggests that the score values of metritis in some instances will be modified if the
veterinarian believes that the cow deserves treatment for particular reasons (preferential treatment).

Given the study context and intervention theory described above, we could reduce the wild
problem to a statistically tractable problem as formulated with the following specific objective: We
want to demonstrate an approach to evaluating the effect on milk production of early post-partum
gynecological examinations and associated medical treatments given the context of the Danish
HHMP and the mechanisms suggested above. The evaluation is based on a statistical model that
estimates the effects on milk yield of time of program initiation, occurrence of calving
complications, and MDT.

Data Collection

In December 2009, herds were selected from the VPR database (Enevoldsen, 2006) based on the
following criteria: 1) There should be at least 2 yr of registrations of routinely conducted clinical
examinations in the herd. 2) The herd should be enrolled in the milk recording program with the
standard number of annual test dates (at least 11). 3) There should be valid data 2 yr before the
initiation of the herd health program and 2 yr after the initiation of the program. 4) Within this 4-yr
period, a minimum of 75% of the calvings should be Danish Holsteins. Based on these criteria, 121
herds and 76,953 calvings were selected.

Data Preparation
On the 11 annual test dates, the amount of milk (in kg), the fat percentage, and the protein
percentage were recorded. Based on these values, the test-day energy-corrected milk yield (ECM)
was calculated using formula 1.

kg ECM = (kg milk x (383 fat% + 242 x protein% + 780.8))/3140 @))
The ECM on a given test day was subsequently adjusted with a lactation curve model. The lactation
curve model is based on a straight line from calving to 60 DIM and a subsequent straight line
decrease in production throughout lactation. This lactation curve model has been applied by
Bennedsgaard et al. (2003) and Nielsen et al. (2009) and was run separately for each herd and each
parity group. The lactation curve model is given in model 1.

ECM;; = Bo +B1DIMun60;+ B.DIM60;; + € (1)
where Bo = Boo+ Moj Bi =Pio + Wijs B2 = Pro+ Mo
and Hoj ~ N(O, ’on), My ~ N(O, Ty ), Hoj ~ N(O, ’ng) and Eijk ~ N(O, (¢ ij)'
ECM;; was the kg of ECM on the i test-day of the /" cow; DIMun60;;, was the i DIM of the ;"
cow for DIM 1 to 60. For DIM larger than 60, DIM60 takes the value 0; DIM60;jx was the i (DIM-
60)/245 of the jth cow for 60 DIM to 305 DIM. For values less than 60 DIM, DIM60 takes the value
0. Bo can be separated into an overall mean (Bgo) that represents the average milk yield at 60 DIM
for that herd and parity, and a contribution from the individual cows (t¢;). B1 and B, were the fixed
linear regression coefficients of DIM60 and DIMun60; t;; the random linear regression coefficient
of DIMun60;;; 1,; the random linear regression coefficient of DIM60;;; and ¢;; the random residual
component.
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Based on model 1, the predicted milk production at 10, 60 and 305 DIM was estimated for
each cow. These three predictions allowed us to estimate the total 305-d milk production in
lactation (MPL) as the area under the curve. The advantage of this approach is that herd-specific
culling decisions are accounted for because MPL is calculated even though the lactation is
terminated early after calving. Consequently, MPL is not a measurement of the actual milk
production but a prediction of the milk production if the cow remained in the herd throughout
lactation. That is, this approach makes milk production from individual cows comparable.

Table 1. Proportions of calvings with metritis diagnosis and treatment (MDT) before and after enrollment in the herd
health management program split on the dystocia variable (combination of calf condition and calving ease) across the
121 herds

Parity group 1 Parity group 2 Parity group >2
Before After Before After Before After
enrollment enrollment enrollment enrollment enrollment enrollment
(n=14,186) (n=15,264) (n=10,178) (n=11,162) (n=12,541) (n=13,622)
Dead calf 12.7 27.6 14.9 21.9 13.5 26.9
Twins —alive' 10.8 31.2 12.8 34.9 20.3 37.4
Calf —alive 6.4 14.5 4.8 9.6 54 11.0
Calf alive —
difficult 12.5 27.0 14.7 17.9 5.6 17.7
calving'
Calf alive —
veterinary 7.5 28.4 8.7 2.4 10.3 20.3
assisted'
Calf alive - 7.6 14.4 7.1 9.7 73 11.2

missing code'

"These 4 groups together account for 10% of the total numbers of calving and less than 10% of the total MDT cases.

In Denmark, it is mandatory to record the sex of the calf and the condition of the calf/calves
after calving using an 8-point categorical scale. In essence, two values describe a living calf and six
describe variations of a dead calf. Calving ease can be recorded but is not mandatory, using a 5-
point categorical scale in which 1 is an unassisted calving and 5 is a caesarean section. Based on
this information, a new variable was created to describe dystocia: 81.2% of the calvings were
normal with a living calf, and 9.6% of the calvings resulted in calving with a dead calf.

Cows that had a recorded diagnosis code of metritis with medical treatment within the first 21
d post-partum were classified as cows with MDT. The frequency of MDT is given in Table 1 to
verify the assumption that the detection and treatment threshold for metritis will be lower after
enrollment in the HHMP (see intervention theory above). Table 1 also shows the distribution of
MDT within parity groups, and before and after enrollment in the HHMP.

Table 1 shows that calvings with a normal calf before enrollment in the HHMP had a risk of
MDT that was approximately half the risk of MDT at calvings with a dead calf. The risk of MDT
approximately doubled after enrollment in the HHMP for both calving with a dead calf and having a
normal calving, except for calving with a dead calf in parity group 2.
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Statistical Models

A multilevel random regression model was specified for parity groups 1, 2, and >2 separately. The
dependent variable was MPL. The independent variables were year of the calving (YEAR), season
as quarter of the year of the calving (SEASON), a variable to describe whether the calving occurred
when the herd was enrolled in the HHMP, the dystocia variable (DYS), and MDT. All two-way
interactions and the three-way interaction among HHMP, DYS, and MDT were included. The
baseline model is given in model 2.

MPL;; = By +B;SEASON;; + B,YEAR+ psMDT + B,DYS;; + psHHMP;;
+ BeMDTXHHMP;; + B;MDTXDYS;; + BsDYSXHHMP;; + BoMDTXHHMPXDYS ;; + €
2)

where Bo = Boo + Woj and €ijk ~ N(O, (¢} ij)'

MPL;; was the predicted 305-d kg of ECM produced in the lactation of the i"™ cow of the j™
herd; SEASON;; was season of calving for the i"™ cow of the j™ herd (4 categories). YEAR;; was the
year of the calving for the i™ cow of the /™ herd (15 categories). MDT;; was treatment of metritis at
the calving of the i™ cow in the j™ herd (2 categories). DYS;; was dystocia at the calving of the "
cow in the /™ herd (6 categories). HHMP;; was whether the calving of the i"™ cow in the /™ herd was
included in the herd health program (2 -categories). MDTxHHMPxDYS, MDTxHHMP,
HHMPxDYS, and MTxDYS are the three-way and two-way interactions between the main effects.
Bo can be separated into an overall mean (Boo) that represents the average MPL across herds and a
contribution from the individual herds (1¢;). B1 to o were the fixed class coefficients of SEASON,
YEAR, MDT, DYS, HHMP, MDTxHHMP, MDTxDYS, DYSxHHMP, and MDTxHHMPxDYS,
respectively, and g;; the random residual component.

The analyses were performed with the mixed procedure (Little et al., 2006) in SAS using
maximum likelihood estimation. The deviance test was used to test for fixed effects in the model.
The baseline model was reduced with backward elimination. Model assumptions were investigated
by histograms, Q-Q plots, and residuals vs. predicted values. Variance homogeneity across herds
was evaluated by boxplots of the conditional studentized residuals.

RESULTS
Descriptive Statistics
Figure 1 shows the number of calvings included in the analysis for each year. It is obvious that the
years 1995 to 1997 were entirely estimated from calvings that had not been included in the herd
health program and that the years 2007 to 2009 almost entirely were from cows that had been
enrolled in the herd health program. Note that any one herd only will contribute to four calendar
years. Figure 1 shows that a large proportion of new herds were enrolled in the program in 2005.
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Figure 3: Distribution of the 76,953 calvings from 121 herds during the study period

Table 2 gives key characteristics of what happened in these 121 herds when comparing the 2-
yr period before enrollment in the HHMP with the 2-yr follow-up period. In 25% of the herds, the
number of calvings increased with more than 38 calvings every 2 years. Thus, there was an increase
in herd size in a substantial proportion of herds during the study period. Because the average
number of calvings/year before enrollment in the HHMP was around 150, it is unlikely that
improved reproduction alone can account for this increase. Table 2 also shows that the average
difference in days to first insemination hardly changed.

Table 2. Differences in key characteristics at herd level (N = 121) before and after enrollment in the herd health
management program

Lower quartile Median Upper quartile
Difference in number of calvings -1 13 38
Difference in avg. 305-d milk
production (energy-corrected milk), kg -16 214 332
Difference in days to first insemination -2 1 4
Odds of receiving a metritis treatment
after vs. before enrollment in the Herd 1.5 2.6 5.6

Health Management Program

For half of the herds, the milk production increased by more than 200 kg ECM, whereas 25%
of herds had no increase in average milk production in lactation. Although this description is crude
and to some extent may be related to differences in herd demographics as with distribution of parity
groups, it indicates that most herds experienced an increase in MPL over a 4-year period.

As expected, the odds of receiving a MDT after versus before enrollment indicated a
substantially higher risk of receiving a MDT in almost every herd (lower quartile is 1.5). This
finding supports the expectations concerning increased detection intensity.
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Statistical Analyses

In the analyses of all three parity groups, the effects of year, season, and dystocia were highly
significant (P < 0.001). For parity group 1, the three-way interaction of MDTXxHHMPxDYS was
significant (P = 0.0015). Hence, the baseline model could not be reduced. For parity group 2, the
three-way interaction MDTxHHMPxDYS (P = 0.29) and MDTxHHMP (P = 0.43) were removed.
The two-way interactions MDTxDYS and HHMPxDYS were both significant (P = 0.008 and P =
0.045, respectively). The final reduced model for parity group 2 then contained the interactions
MDTxDYS and HHMPxDYS, their main effects, and YEAR and SEASON. For >2 parity group,
the three-way interaction MDTXHHMPxDYS (P = 0.94) and the interactions HHMPxMDT (P =
0.94) and HHMPxDYS (P = 0.85) were removed from the model. The final reduced model for
parity group >2 consisted of the interaction DYSXMDT (P < 0.0001), the main effects of the
interaction, the main effect of HHMP (P = 0.03), and SEASON and YEAR. Model control indicated
variance homogeneity across herds.

Figure 2 illustrates the parity-specific effect of year of calving adjusted for enrollment in the
HHMP, season, and dystocia and indicates a clear increase in milk production from 1998 to 2004.
However, it is important to note that the herds that contributed to year 2000 were not the same as
those that contributed to year 2005.
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Figure 4: Parity-specific effect of year of calving on milk production of 76,953 calvings in 121 herds
adjusted for enrollment in the herd health management program, dystocia, and metritis treatment.

Table 3 shows least squares mean differences for selected effects. Only effects related to the
dystocia categories of ‘Normal Calving’ and ‘Dead Calf’ are shown because these two categories
accounted for more than 90% of the observations.

For parity group 1 with a normal calving, a MDT cow produced 192 kg ECM less than a non-
MDT cow if the latter cow was not enrolled in the HHMP. This difference was reduced to 69 kg
ECM in the HMMP. Non-MDT parity group 1 cows produced the same amount of milk (7 kg ECM
difference) regardless of whether the cows were enrolled in the HHMP or not. MDT cows produced
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116 kg ECM more if the treatment took place after enrollment in the HHMP. All differences were
non-significant (P > 0.11) for parity group 1 cows that calved with a dead calf.

Among cows from parity group 2 that had a normal calving, MDT cows produced 91 kg ECM
less than non-MDT cows. Cows enrolled in the HHMP that had a normal calving produced 127 kg
ECM more than cows not enrolled. For parity group 2 cows that had a dead calf, MDT cows
produced 348 kg ECM less than non-MDT cows. There was no effect of being enrolled in the
HHMP if the calving resulted in a dead calf.

For cows in parity group >2 with a normal calving, MDT cows produced 247 kg ECM less
than non-MDT cows. A calving that resulted in a dead calf in parity group >2 cows with MDT
produced 194 kg ECM less than non-MDT cows. In parity group >2, the effect of being enrolled in
the HHMP was 80 kg ECM.

Table 3. Least squares mean differences in energy-corrected 305-d milk production for selected categories of Herd
Health Management Program (HHMP), dystocia, and metritis treatment’

HMMP Dystocia Metritis Treatment Effect (kg ECM)
Not enrolled Normal calving Treated vs. untreated -192%%*
— Enrolled Normal calving Treated vs. untreated -69***
= Not enrolled vs. enrolled Normal calving Untreated -7, NS>
(52 Not enrolled vs. enrolled Normal calving Treated 116*
> Not enrolled Dead calf Treated vs. untreated 7, NS
'g Enrolled Dead calf Treated vs. untreated -80, NS
A~ Not enrolled vs. enrolled Dead calf Untreated -59, NS
Not enrolled vs. enrolled Dead calf Treated -146, NS
Normal calving Treated vs. untreated -O1%*
«;‘ %" o Not enrolled vs. enrolled Normal calving 127%**
E 5 Dead calf Treated vs. untreated -348%*
Not enrolled vs. enrolled Dead calf -18, NS
> 5 Normal calving Treated vs. untreated 22477 EE
g (5‘3 g Dead calf Treated vs. untreated -192%*
A Not enrolled vs. enrolled 80*

"The estimated differences are for each line highlighted with bold. The other categories are fixed. Empty cells mean that
the category of the variable did not influence the estimated difference.
’NS: Non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.

DISCUSSION
The highly significant three-way interaction among HHMP, dystocia, and MDT in parity group 1
shows that the effect of the HHMP depended not only on the dystocia occurrence but also on
whether the cows had MDT. In parity group 1 with cows having a normal calving, the negative
effect of MDT was 192 kg ECM before enrollment in the HHMP and 69 kg ECM after enrollment.
The negative effect of 192 kg ECM can be considered a baseline milk loss of a case of MDT. This
loss associated with a MDT case was then reduced after enrollment in HHMP. However, as
hypothesized above, it is very likely that MDT cases before and after enrollment do not describe the
same clinical condition. Because of a reduced detection threshold, MDT cases before enrollment in
the HHMP probably were more severe with a larger milk loss than MDT cases after enrollment in
the HHMP. Thus, it is possible that what we found here was merely a dilution effect arising from
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inclusion of cows that had experienced minor or no milk production loss regardless of treatment in
the MDT group.

We know from Table 1 that the average risk of MDT before enrollment in the HHMP was
6.4% and 14.5% after enrollment in parity group 1 having a normal calving. Based on these figures,
the total milk production loss in an average herd can be calculated before and after enrollment in the
HHMP. Such a calculation shows that the total milk production loss related to MDT was reduced by
17.3% after enrollment, indicating that non-MDT cases existed before enrollment and that these
cases benefitted from being diagnosed and treated after enrollment in the HHMP. Looking at the
non-MDT cases before and after enrollment in the HHMP, we find that there was no difference in
milk production (7 kg ECM). A difference was expected because the population of cows before
enrollment included non-MDT cases that could have experienced some milk production loss,
whereas the population after enrollment did not include this group of cows. We expect that the milk
production loss of these additionally diagnosed and treated cows was somewhat less than for cows
treated before enrollment in the HHMP. Because the magnitude of the production loss was smaller,
it is likely that the approximately 8% (14.5% after enrollment vs. 6.4% before enrollment) of cows
additionally diagnosed and treated after enrollment in the HHMP was too small to be detected when
diluted in the >80% normal cows. As for the MDT cases, there was a positive effect of enrollment
in the HHMP (116 kg ECM), which corresponded nicely with the difference between MDT cases
and non-MDT cases before and after enrollment in the HHMP. The possible explanation for this
effect has been discussed above.

If the calving resulted in a dead calf in parity group 1, none of the effects were significant.
The risk of being a MDT case was 12.7% before enrollment in the HHMP among calvings that
resulted in a dead calf. After enrollment, the corresponding risk was 27.6%. Possible reasons for the
lack of effects despite this increased detection intensity could be that farmers were aware of
problems with heifers that experienced a calving with a dead calf. The consequence would be that
the proportion of non-MDT cows that had experienced a milk production loss was small compared
with calvings with a normal calf. In addition, there could be other diseases of the genital tract
(injuries in the vulva or vagina) that caused pain or infections that were treated and recorded. The
treatment of these other infections could have some preventive effect on the risk of subsequent
metritis. Hence, it is possible that a cow had a case of metritis that was never recorded. Routine
examinations of cows will tend to focus on metritis detection, and the probability of having a
diseased cow recorded as metritis will be greater despite the possible co-occurrence of other
diseases.

In parity group 2, the negative effect of MDT was 91 kg ECM if the calving was normal
regardless of enrollment in HHMP. This effect is about half of the corresponding negative effect for
parity group 1 cows. The positive effect of being enrolled in the HHMP was 127 kg ECM
regardless of MDT if calving was normal. This finding can be interpreted as prevention of a
production loss of 127 kg ECM if the parity group 2 cows are enrolled in the HHMP and the
calving was normal. Because the interaction between dystocia and HHMP was significant, the
effect of the HHMP is essentially modified by dystocia, which provides support for our hypothesis
that the effect of the HHMP on 305-d ECM is related to the gynecological examination and metritis
detection.
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If the calving of a parity 2 group cow resulted in a dead calf, the negative effect was 348 kg
ECM regardless of enrollment in the HHMP. This effect is much greater than for parity 1 group
cows, which could indicate that the mechanisms that led to a dead calf in parity group 2 were quite
different from the mechanisms that led to a dead calf in parity group 1. Dystocia caused by
problems with the relative size of the cow and the calf is highly associated with heifers. The risk of
MDT before enrollment in the HHMP was 14.9% and 21.9% after enrollment if the parity group 2
cow had a dead calf. This increase was rather modest compared to the other parity groups (Table 1)
and suggests that the type of cow with MDT before and after enrollment in the HHMP was similar
or that treatments had virtually no effect.

Parity group >2 cows with MDT after a normal calving produced 247 kg ECM less than non-
MDT cows regardless of enrollment in the HHMP. This milk production loss is in the same range
as for parity groups 1 and 2, especially if the milk production loss is seen relative to the entire
production of the parity groups. After a calving that resulted in a dead calf, the milk loss was 192 kg
ECM, which is substantially smaller than for parity group 2. A possible reason could be that other
diseases like parturient paresis were the cause of the dead calf. These diseases may not cause pain
or infections to the same extent as diseases in younger cows. For parity group >2, there was a
positive main effect of enrollment in the HHMP (80 kg ECM), but this could not be related to
MDT.

The milk loss associated with MDT as identified in this study can be compared to the work of
Goshen and Shpigel (2006). In a RCT setting, they found that milk production losses from metritis
could be totally avoided by treatment. Actually, there was an increased milk production in 305-d
lactation for the treated group. They also estimated a 300-500 kg milk (not ECM as in this study)
production loss associated with untreated metritis. That value represents a substantially larger effect
than what we found, but because we did not have animals diagnosed and left untreated in our study,
this ‘true’ milk loss resulting from metritis cannot be estimated here. However, we still identified an
approximately 200 kg ECM production loss related to the diagnosed and treated cases of metritis. A
possible explanation could be differences in treatment protocols. A common metritis treatment in
Denmark is 1/5 the amount of oxytetracycline used in Israel. In addition, some Danish veterinarians
treat mild metritis cases with prostaglandins alone. The effect of this treatment at this stage of
lactation is debatable (e.g., Archbald et al., 1990). The consequence of metritis on milk production
has also been estimated by @stergaard and Grohn (1999). They found no effect of metritis on first-
parity cows and a 239 kg ECM production loss in the first 182 d of lactation in second and older
parities compared to ‘healthy’ cows. In our study, we found a substantial effect of MDT on 305-d
milk production in parity group 1 in contrast to the findings of @stergaard and Grohn (1999),
whereas their estimate of second and older parities is comparable to our findings. One possible
reason could be that their results are based on three research dairy herds that may differ from ours
with respect to environment and management.

Our presentation of the intervention program (the HHMP), its context, our intervention theory,
and the discussion of our results demonstrate that evaluation of a HHMP in dairy herds is complex.
Despite a relatively clear intervention theory about the relationship between dystocia and detection
and treatment of metritis before and after enrollment in the HHMP, the problem of evaluation of
this minor part of the HHMP still remains a wild problem, or at least complicated. In terms of the
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CMO concept described in the introduction, we believe we had a good understanding of the
mechanisms and outcome. However, it is also clear that we did not have sufficient information
about the context (herds) to fully interpret the results. This raises the question of whether or not it is
possible to evaluate a complex HHMP in a multi-herd observational study. The answer will be that
it is possible if the effects of the HHMP are strictly founded in biological or pathological
mechanisms that manifest themselves equally across herds and cows. If the contexts are very
important and there are many management factors that can influence the outcome of the results,
then multi-herd analysis will most likely be of limited relevance. If context is important, a within-
herd RCT study design seems to be the only way to achieve a valid result for a given herd.
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4 Discussion

The overall objective of this thesis is to suggest a coherent concept for management of data for
health performance measurement that is suitable and sufficient for the diverse contexts of
industrialized Danish dairy herds and associated veterinary practices. Such a concept is outlined in
section 3.1 with details in sections 3.2 to 3.6.

In the veterinary literature, the term ‘surveillance’ is widely used and defined as some active use of
information in contrast to ‘monitoring’, which implies a simple collection of data (Stirk and
Salman, 2001). This use of surveillance seems to have the same meaning as the term ‘health
performance measurement’ in this work. In herd management science, monitoring appears to have
the same meaning as surveillance in veterinary science. Because performance measurement seems
to be widely used in social science and business management (Krogstrup, 2011) and the term
intuitively signals some active process including evaluation, I suggest it is preferable to use the term
health performance measurement.

The work in chapter 3 gives examples of health performance indicators that demonstrate the key
principles of health performance measurement. However, I have made no attempt to provide a
comprehensive list of suggestions for a minimum or prioritized list of health performance
indicators. Kristensen et al. (2008) provides a prioritized list of eight key performance indicators
based on financial criteria. Nir-Markusfeld (2003) also suggests reducing the number of
performance measurements to a minimum. At first, it seems completely rational to restrict health
performance measurement to a few indicators. However, my experience from numerous herd
analyses during the years with some of the tools presented in this thesis shows that a large number
of health indicators is needed. For planning or economic analysis, few indicators or major results
indicators may suffice. For the herd veterinarian’s diagnostic approach to exploring exceptional
variations (‘identification of causes of signs of herd health problems’), numerous indicators are
needed. As an example, if ketosis is suspected by clinical manifestations, it is relevant to explore
time series of risk factors like components of lactation curves in previous lactation, body condition
scores at various stages of lactation, dry period length, other metabolic disorders, and metritis. The
exploration may show that some or many factors are irrelevant for problem-solving in that
particular herd at that particular point in time. However, at another time in the same herd, other
indicators may be relevant. Consequently, we need a large number of indicators for diagnostic
work. A continuous screening of numerous process behavior charts with health performance
measurements probably will reveal virtually all emerging health problems and provide a solid
platform for identification of removable causes by means of the tools described in chapter 3. This
process can be considered as an effect-focused practice as defined by Krogstrup (2011).

In this thesis I claim it is a major obligation for the practicing veterinarian to continuously perform
health performance measurement of production and health in the individual herds. The veterinarian
can make two errors: 1) Interpret noise (routine variation) as if it were a signal of exceptional
variation. 2) Fail to detect exceptional variation when it is present. The challenge is to strike the
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best balance between these two mistakes. The criteria for ‘best balance’ depend on the type of
problem that is addressed. In some cases, detecting every problem is essential (e.g., a sign of a
disastrous disease like Foot and Mouth Disease); in other situations, false-positive reactions should
be few because too many reactions on non-cases can be very costly. De Vries and Reneau (2010)
discuss this issue in some detail based on a review of applications of the control charts in animal
production. Their main conclusion is that an actual search for the true causes of exceptional is very
seldom done. Virtually all studies are based on simulations, which may be problematic because
simulations usually are based assumptions about distributions, which we do not know in a real life
setting.

I will argue that the importance of false positive or false negative signals from a PBC depends on
whether we work in the phase 1 or the phase 2 settings described by Woodall (2000). In phase 1, the
purpose of using the charts is to learn about the process, including statistical issues like
distributions. That is, phase 1 is a retrospective evaluation that integrates detecting ‘atypical
patterns’ and searching for explanations of exceptional variation (primarily inductive reasoning).
The derived explanation may support action to remove the cause(s) of the problem. This also
implies that false positives probably will be detected. Maybe the intervention in terms of continuous
searching for causes of exceptional variation will reveal false negatives as well.

In phase 2 the form of the distribution is assumed to be known along with values of the in-control
parameters, and the process closely resembles repeated hypothesis testing based on a planned
prospective and sequential sampling over time to detect changes from an in-control process
(primarily deductive reasoning). Much work, process understanding, and process improvement is
often required in the transition from phase 1 to phase 2 (Woodall, 2000). If conducted appropriately,
a phase 2 process will allow correcting-action to be taken more or less directly based on the derived
signals. In addition, false positive risk and average run length until an out of control situation can be
estimated. Such estimates are essential for estimating the financially optimal decision criteria,
including control limits. The requirements for a phase 2 process may be met by the measurement
systems in advanced AMS but usually the algorithms in such systems are unknown (business
secrets). Sequential randomized controlled trials in a herd could be seen as an ideal phase 2 process.

Continuous exploration of numerous process behaviour charts may seem practically hopeless.
Fortunately, the initial screening of such charts can be automated because the criteria for defining
signals are clear and probably robust. Then, interpretation of signals can be restricted to a limited
number of charts with clear signals. Setting up a hierarchy of indicators defined by relatively few
major problem complexes (e.g., ketosis or poor fertility) may also facilitate the diagnostic process.
Work remains to be done to organize automation of this diagnostic screening. The inherent problem
concerning multiple ‘testing’ (increased risk of false positives) must also be addressed. For the
context described in this thesis, the practice level seems to be a suitable organizational level for
establishment of a framework for these development tasks.
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A continuous screening of numerous process behaviour charts with health performance
measurements probably will reveal virtually all emerging health problems and provide a solid
platform for identification of removable causes by means of the tools described in chapter 3. This
process can be considered as an effect-focused practice as defined by Krogstrup (2011). When the
process is conducted within practice combined with deep insight into the herd’s context, including
the manager’s values and attitudes, possible wild problems may be reduced to tame problems.

Because of the constant development in computer and communication technology, the number of
variables recorded in dairy herds and stored in large databases will continue to increase. This
development in data availability gives opportunities for more advanced statistical modeling. My
own experience from about 10 years of work with development and administration of herd health
programs in the field and experience from plant production management (McCrown et al., 2002)
show that sophisticated and potentially powerful methods are rarely applied. Lack of transparency
could be one reason why proper principles and techniques are not implemented in herd health
programs despite advances in the epidemiological techniques. Multilevel random regressions and
various Bayesian methods are now commonly applied in scientific articles and also applied in some
software for management support. Herd managers and most advisors may not be able to understand
the information derived from these tools. Consequently, they may be reluctant to use the
information. The gap may be too big between those who develop the tools for the herd health
programs and the decision makers in the herds who have to take actions accordingly. Other reasons
for possible failure of herd health programs may be: they are often not used correctly; herd
managers may lose interest in them; what the managers see within their herd does not correspond
with the assumptions of the program (Sgrensen, 1990). Based on the insight gained through this
Ph.D. study, I suggest that more researchers should focus intensively on the intervention theory or
the socio-biological hypotheses that should drive the subsequent data analysis. In-depth
understanding of the nature of the basic recordings and potential biases is a prerequisite. For
instance, an insemination is not just a concrete event; it is based on the farmer’s ability to detect the
heat and the active decision to breed the cow. The decision to breed is affected by more or less
person-specific perceptions of the cow’s condition and the actual situation in the herd. It is a
challenge for the veterinarian to understand processes like these (e.g., Lastein et al. 2009 and Vaarst
et al. 2002), and even with extremely advanced statistical techniques, such complex relationships
are difficult to handle. A practical alternative to seeking a statistical solution to this kind of wild
problem will be to explore the values and constraints in management to identify a simpler solution.

The preceding examples demonstrate that even if theoretically very efficient systems for health
performance measurements based on numerical data are established, the herd veterinarian also
needs to continuously evaluate non-structured (qualitative) information about the herd and its
management. Possible tools are briefly covered in section 3.2. Ordinary but systematic dialogue at
the regular herd visits probably will reveal the major issues. However, in the future, there likely will
be a need for more professional approaches to this aspect as the herds grow and the human
relationships become increasingly important. The recent increase in legal regulation probably will
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further intensify the need for knowing the effects on management decisions of the positive or
negative incentives arising from legal constraints.

The veterinary authorities use legislation to change farmer behavior. Sometimes, the legislation can
lead to side-effects that counteract the purpose of the legislation. In addition, the changes in farmer
behavior can interfere with the nature of (health) recordings. There is a serious risk that the
authorities’ attempt to measure, for instance, welfare based on farm-based recordings can distort the
recordings making them useless or less useful for herd management. For example, farmers can
delay the recording of the calving until day 5-7 post partum. If the calf dies within this time period
it can then be recorded as a stillbirth, despite the fact that the calf was alive at birth. Farmers would
have an incentive to do so because stillbirths are not included in public authorities’ welfare
measurements but early deaths of calves are. If such actions are unknown for the herd veterinarian,
actions related to improvement of the situation will be unsuccessful. A deep understanding of the
context of the herd can prevent the latter. There is a need to make veterinary authorities understand
these mechanisms prior to imposing legal restraints on herd management.

Kristensen & Jakobsen (2010) suggest the term ‘social epidemiology’ as an approach to integrating
techniques from social sciences and traditional ‘number-focused’ epidemiology. Vaarst et al. (2002)
and Ellis-Iversen et al. (2010) also emphasize the importance of knowledge about farmer attitudes
and behavior in health management. Social techniques like the Q-method have been applied to
reveal and classify attitudes and values among dairy farmers and veterinarians (Kristensen &
Enevoldsen, 2008). Additional advantages could be had by subsequently incorporating the results
from the classifications into traditional statistical methods like analysis of variance or regression.
Hopefully, the social science results will explain a significant proportion of variance in production
outcomes at herd level.

The work with and in the context described in section 3.2 has shown that the relationship between a
signal from a tool (such as a statistical model) and an underlying observation (e.g., an individual
cow) must not be lost in the process. Maintenance of this relationship strengthens farmer
compliance and context knowledge, which is important for revealing causes of exceptional variation
and opportunities for their removal. More work is needed to further develop tools linking signals
with individuals in the underlying process. Such investigation and development will require formal
comparison and integration of the available tools for health performance measurement.

I argue above, that context-knowledge probably will eliminate most false positive signals. However,
across-herd analyses may still be relevant to evaluating more general interventions, as described in
section 3.6. With increasing size of practices, standardization of the veterinarians’ clinical routines
may be poorer, or at least, an estimation of the degree of standardization is warranted. In that
situation, the problem entity may best be designated as a wild problem, which also can be addressed
by approaches as described in sections 3.2, 3.3, and 3.6. Thorough across-herd analyses with these
tools can serve to improve the quality of the services provided by the veterinarians in practice.
These tasks require employment of people with statistical expertise. This expertise may also be
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useful for designing randomized controlled trials, which can be the best option for evaluating the
effects of the substantial number of medical interventions available to veterinarians.

RCT is essential in the concept of ‘Evidence-based Medicine’ (EBM), but a study like demonstrated
in section 3.6 is also considered as a contribution to EBM. EBM has recently attracted growing
interest in veterinary practice (Ruegg 2010). However, in real life, the EBM concept is not that easy
to apply. As shown in this thesis, some (most?) situations concerning evaluation of disease
treatment are often highly context-specific. Hence, the generalizability of the published results (peer
reviewed or not) can be questionable. Within-herd trials, including RCT, can be a useful approach
in the future. However, the design, analysis, and interpretation of the results of these trials require
people trained in epidemiology and statistics with an additional thorough understanding of the
production systems.

It is my experience that most dairy herd management systems in Denmark and elsewhere merely
present collections of recordings without convincing attempts to support evaluation of the
performance. Consequently, more consistent use of the methods described in this thesis should
provide options for improving efficiency. However, there are few studies that attempt to evaluate
the added value of improved data recording, data management, statistical analysis, and follow-up.
This thesis demonstrates the inherent problems associated with evaluation studies.

The work initiated with the analysis of the lactation curve shows perspective in terms of
benchmarking. It has been established by simulation that the milk production is the single most
economical important characteristic of the dairy herd (Kristensen et al., 2008). As it can be
considered straight forward to increase the entire milk production level of the herd, much less
emphasis have been given on reducing cow to cow variation in milk production and/or improving
the persistency. The concept presented in section 3.5 will definitely mean an improvement of the
information available for herd health management. However, at least one criticism can be made
about the proposed lactation curve model: Is it reasonable that the peak of the lactation curve is set
at 60 days in milk for all herds and all parities? Because the purpose of the lactation curve model is
to provide estimates for benchmarking, the model must handle each herd the same way. Also, it is a
constraint that there currently is only 8-10 data points to describe more than 300 days of lactation in
which we must allow for a highly variable early stage of lactation (increasing or even decreasing
phase), a ‘peak’, and long decreasing phase of milk production that is less variable than the early
phase. Because within-lactation residual variance is up to 15 (Krogh and Enevoldsen, 2012), the
location of the actual peak is also highly variable. However, by using a systematic examination of
the residuals for the first 3 to 4 months of lactation, a herd-level indicator of peak-location could be
estimated. Such an ‘average days to peak’ variable might be valuable as an additional variable for
benchmarking.

In addition to milk production and ketosis, there are numerous areas of dairy herd health
management where we have multiple diagnostic tests to describe the same (or almost same)
condition. For example, to describe mastitis the following diagnostic tests are commonly applied:
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Milk culture, California Mastitis Test at quarter level, SCC at cow level, PCR of a number of udder
pathogens at cow-level or in bulk milk (Grauber et al., 2007; Studer et al., 2008). In near future,
additional mastitis indicators at cow level will be recorded automatically. In AMS, recordings of
milk production at every milking, various changes in the milk composition, milk temperature, and,
in specialized cases, inflammatory enzymes are already recorded. The multivariate methods
described in section 3.2 and 3.4 are obviously relevant to provide indicators of latent variables like,
for instance, a ‘Staph. aureus’-cow.
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5 Conclusions

I use the term health performance measurement because the combination of the words measurement

and performance directly signals an evaluation of the current state of the system. That is, an
evaluation of how the process of interest is functioning at any time, which does not make sense
without some criteria for distinguishing between acceptable or unacceptable. This is in contrast to
systems that merely present collections of recordings without any attempt to evaluate.

The context for health performance measurement in the dairy herd is characterized with the

following, which is essential for the choice of methods for measurement:

e Numerous indicators are needed for sufficient health performance measurement in a dairy herd
because we need to be able to diagnose numerous unpredictable disease complexes or other
signs of ill-health, including suboptimal productivity.

® Measurements are taken at time intervals from milliseconds to years and measured at levels
from udder quarter to herd or veterinary practice level.

e Most of the measurements and the criteria for evaluation can be very context-dependent, and
contexts may be variable; in particular if measurements are related to legal regulations or other
incentives affecting the farm owner’s or the personnel’s attitudes and management actions.

Consequently, it is necessary for each herd and the associated veterinary practice to have
measurement concepts and a data analysis setup that can adapt to each specific context and
organizational level. Overall, it is very unlikely that one specific type of measurement setup fits all
contexts.

My suggestion for an applicable and adaptive overall strategy is an initial non-parametric
explorative phase 1 and a subsequent parametric phase 2:

Phase 1 — exploration of the context:

o Quantitative time series analysis (numerical data): The process behavior chart (PBC)
described and discussed in detail in section 3.2 is well suited for the initial analysis of the
structured (numerical) data produced in the complex and highly variable context described
above. A context like the one described in this thesis requires a flexible, adaptive and

comprehensive analysis with very few restrictions including a minimum of assumptions
about statistical distributions. Sufficiently sensitive intervention criteria (that define signals)
can be specified although the risk of false positive signals may be considerable.

o Qualitative time series analysis (non-structured data): It is essential that a signal from the
PBC is followed immediately by a qualitative search for and evaluation of possible causes.
Sufficient context-knowledge and the transparency of the PBC probably limit the number of
possible causes and reduce false positive signals to a minimum. The sufficient cause(s) may
be identified. If not, at least an approach for further causal analysis in a phase 2 should be

specified.
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Phase 2 — parametric analysis of data:

o The information derived from phase 1 will provide a solid platform for specification and
validation of one or more of the statistical models described in section 3.2. The approaches
demonstrated in sections 3.3, 3.4, 3.5, and 3.6 are particularly useful for the Danish dairy
herd contexts. An iterative supplementary use of the methods from phase 1 may be needed
for refining model specification and model control in phase 2. Phase 2 requires statistical
expertise with access to context-specific knowledge.

As an operationalization of the above, I suggest to the herd veterinarian in cattle herds the concrete
stepwise approach outlined below. This approach uses the concepts and tools for management of
data for health performance measurement presented in this thesis to develop a systems approach to
herd health management in an industrialized dairy herd. Note that health performance measurement
is a component of herd health management.

Step 1: Develop process behavior charts like that shown in Figure 1 for the available routine

measurements from standard herd management programs. These charts do not require sophisticated
software or hard-to-justify assumptions. Use animal-level data directly whenever possible. Do not
wait until ideal data are available; there will always be data available that are useful for health
performance measurement.

Step 2: Make sure you can answer the following questions concerning the definition of the

measurements: For what purpose were data collected? Who collected the data? How, when, and
where were data collected? What do values represent? If computed, how were they computed from
raw data? Were there changes in formulas over time? Precise knowledge about these topics in the
concrete herd will give a very strong and necessary foundation for interpreting the charts.
Knowledge about the specific context and the dynamics in the context will increase. Meeting these
requirements may be a real challenge for a herd health consultant but also an important learning
process.

Step 3: Interpret the patterns in each chart, search for assignable causes of exceptional variation
(data points outside limits, level shifts or trends), and attempt to remove such causes. This
systematic process will add further to your knowledge about the herd context, including the
manager’s more or less subjective views. The charts and your use of them will document your
reasons for suggesting interventions to the herd manager and, if needed, to the public veterinary
authorities. You will also be able to distinguish clearly between process-related and results-related
measurements and experience the difference between them through the dialogue with the manager.

Step 4: Search for options to reduce the routine variation when the results of the process are
unsatisfactory. Some options will be obvious (e.g., repair technical faults in the milking equipment
or ensure hoof trimming). However, because of the usually large number of animals and long-time
horizon in dairy production, you will profit from some multivariable or multivariate statistical
modeling. A range of traditional statistical models, including state space models, are developed

107



specifically for this purpose (presented and discussed in section 3.2). Model control of these
analyses can also serve as advanced tools to explore causes of exceptional variation. Standard
setups are available, and the younger generation of veterinarians has been trained in using simple
versions. This process will also add substantially to your context knowledge.

Step 5: Set up targets at the tactical or strategic level. The interventions to reduce the routine

variation or simply improve the results by eliminating product out of specifications (e.g., high cell
counts) will often require some investments, which are quite easy to estimate. However, the benefits
in terms of increased production or decreased disease-associated losses are more complicated to
assess. Models to do such analyses are described above. Some are commercially available, and you
can get support for interpretation and use. With the knowledge gained during steps 1 to 4, you will
be well equipped to provide relevant and comprehensive input to these models. The models provide
predictions of the important health performance measures and potential profit due to the
interventions you consider (targets). The discussions of the results with the manager will bring you
deep into the topics described in Figure 3 (section 3.2), which again will provide knowledge about
causes of exceptional variation. The entire process in step 5 will also provide estimates of the
economic value of each health performance measurement.

Step 6: Adjust the measurements and the intervention strategy. Steps 1-5 should initiate an iterative
process. Some measurements will be dropped, others added, the quality of the measurements

assessed, process limits or targets possibly changed, cost—benefit assessed, etc. In essence, you have
established a systems approach to dairy herd (health) management like that outlined in section 3.2.

Step 7: Develop a framework to support the health performance measurement process at the
practice level. This will be particularly useful for establishing a basis for benchmarking because the
context knowledge obtained in steps 1 to 6 will allow identification of the most comparable herds.
In the section 3.3, a tool is presented for identifying rater bias in ratings used for health performance

measurements that must be corrected prior to benchmarking, or across-herd analyses to, for
example, evaluate the effects of various interventions like those discussed above in the case of
metritis diagnosis and treatment. The validity and usefulness of across-herd analyses will be greatly
improved compared to data from larger data collections from multiple veterinary practices. A
homogeneous set of data will also be useful for evaluation of diagnostic tests applied in practice and
development of new health performance measures like those demonstrated in the case of lactation
curves (section 3.4). The activities in step 7 will almost certainly require expert statistical
assistance.
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6 Perspectives

It is my experience that most computer systems for dairy herd management in Denmark and
elsewhere merely produce collections of recordings without convincing attempts to support an
evaluation of the herd’s performance. Consequently, more consistent use of the methods described
in this thesis should provide options for improving efficiency. There are only few studies that
attempt to evaluate the added value of improved data recording, data management, statistical
analysis, and qualitative follow-up. This thesis demonstrates the inherent problems associated with
evaluation studies. Even if we cannot provide convincing evidence of major financial effects of
improved management of data for health performance measurement, the improved knowledge about
the production system gained from an effect-focused practice may make the production system
more robust or adaptive to the future challenges.

In the discussion section, a series of topics for further development were raised. I suggest that the

following are of major interest in the near future:

e More work is needed to further develop tools linking signals from process behavior charts or
similar with individual animals in the underlying process. Such investigation will require formal
comparisons of the transparency of available tools for health performance measurement.

e [Initial screening of process behaviour charts should be automated. Then, interpretation of
signals can be restricted to a limited number of charts with clear signals.

e Hierarchies of indicators defined by relatively few major problem complexes (e.g., ketosis or
poor fertility) should be further developed and evaluated to facilitate the diagnostic process and
reduce the inherent problem concerning multiple ‘testing’ (increased risk of false positives). As
of now, I assume it only is a problem for phase 2 analyses.

¢ The infrastructure for organization of automation of the diagnostic screening (phase 1) needs
development. The practice level will be a suitable organizational level.

e Veterinary practice needs some sort of research and development sector that can assist in day-
to-day practical implementation of research methods and findings. Such an effort also would
involve continuing education of practicing veterinarians because a basic understanding of the
principles behind both the statistical and qualitative analyses is needed to establish efficient
communication about performance measurement between herd manager and veterinarian.

e (Cross-disciplinary research on integrating traditional (herd health) management sciences with
social science methods should be established.
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Appendix: Terminology related to health performance
measurement

Terms like monitoring, surveillance, control, benchmarking, epidemiological or business
intelligence, performance measurement or management, evaluation, evidence, statistical process
control, and quality control are widely used. However, the definitions and distinctions between
them seem to differ among disciplines, the objectives for application are often vague, and the
interpretation can be complicated. This appendix summarizes most of the terms used or discussed in
this thesis. In cases where there is doubt about the translation to Danish, I suggest a Danish
translation marked with ‘Da’ in parenthesis. The list below is organized according to increased
complexity or abstraction level.

Raw data (Da: Radata)

The basic recordings (Da: Registreringer) or variables available to a user. They may be the direct
output from some measuring device (e.g., body weight from a scale). They may also be
aggregations of several measurements (e.g., energy corrected milk without access to the underlying
information, kg milk, fat percentage, and protein percentage), where the quality has not been
evaluated (see about evaluation below). The data can be structured or unstructured:

e Structured data: The values are represented as numbers (interval (continuous or discrete) or
ordinal scales, or counts) or concrete nominal categories (unordered categories, including
dichotomous)

e Unstructured data: Data can for example be text, pictures, or sound recordings.

To completely and fully describe the data, the user needs to know: Who collected the data? How,
when, and where were data collected? What do values represent? If computed, how were they
computed from raw data? Were there changes in formulas over time? I will add that sometimes it is
crucial to know for what purpose the data are collected to understand why data can be misleading.

Indicator (Da: Indikator)

An indicator can be a variable that measures (Da: Maler) the state of a trait (condition) of interest
(e.g., mastitis or milk production capacity); similar to a diagnostic test. The diagnostic value of the
test is evaluated (see below).

Measurement or measurements (Da: Maling eller malinger)
Measurements can be either raw data or indicators; not to be confused with ‘a measure to handle
something’ like ‘a mastitis control measure’ (Da: Foranstaltning).

The Process Behavior Chart (Da: Procesovervagning)

Wheeler (2000) uses the term ‘method of continual improvement’ to describe the graphical Process
Behavior Charts (PBC) and its intended uses. A PBC is a non-parametric (no assumptions of
normality or independence over time need to be made) time series graph showing the measurements
of interest. So-called Natural Process Limits (NPL) are added to separate the routine variation of the
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process (the natural process) from the exceptional variation. With all points inside the limits, the
process will also be predictable (within limits). The NPL are estimated from moving ranges (mR),
which directly measure the cow-to-cow variation. The use of PBC is integrated with a more or less
qualitative follow-up to reveal causes and remove effects of exceptional variation. In case there are
no signs of exceptional variation or trends, intervention based on single (‘extreme’) data points is
not warranted. In fact, such intervention may distort the process.

Statistical Process Control (Da: Statistisk proceskontrol)

The concept is similar to PBC except for Statistical Process Control (SPC) being based on
assumptions about various statistical distributions (parametric). Some SPC also account for
autocorrelation and incorporate filtering or smoothing to better reveal patterns in the data. The
filtering is achieved by calculating one of several types of moving averages. The typical
terminology of SPC differs from PBC. NPL are called ‘control limits’. Routine variation is called
‘in control’. SPC has been a core tool for quality control in various manufacturing industries.
Quality control (Da: Kvalitetskontrol) probably aims most at maintaining the products within
specifications, which are more or less arbitrary criteria for quality of the outcome (e.g. sales).

Phase 1 — numerical exploration of context (Da: Fase 1 numerisk undersggelse af kontekst)

The PBC is well suited for the initial analysis of the structured (numerical) data produced in the
complex and highly variable dairy herd context. For that context, we require a flexible, adaptive and
comprehensive analysis with very few restrictions including a minimum of assumptions about
statistical distributions. Sufficiently sensitive intervention criteria (that define signals) can be
specified although the risk of false positive signals may be considerable.

Phase 1 — qualitative exploration of context (Da: Fase I kvalitativ undersggelse af kontekst)

It is essential that a signal from the PBC is followed immediately by and integrated with a
qualitative search for and an evaluation of possible causes. Sufficient context-knowledge and the
transparency of the PBC probably limit the number of possible causes and reduce false positive
signals to a minimum. The sufficient cause(s) may be identified. If not, at least an approach for
further causal analysis in a phase 2 should be specified.

Phase 2 - statistical herd-context modeling (Da: Fase 2 statistisk modellering af
bescetningskontekst)

An initial purely explorative time series analysis (phase 1) may provide justifications for assuming
homogeneous processes or certain distributions (e.g., normal or binomial) that permit application of
a series of parametric analytical techniques that may be used for prediction and quantification
(phase 2).

State Space Models (Da: Multiproces modeller)

Statistical analyses that provide predictions of a series of possible future developments of various
states (e.g. bulk milk somatic cell counts). A Bayesian approach is often applied, which means that
a priori knowledge can be combined with new information in a systematic fashion. A state space
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model is in principle any model that includes an observation process and a state process. Kalman-
filter models are a subset of the state space models.

Multivariate Statistical Process Control (Da: Multivariate SPC)

By ‘multivariate analysis’, we mean that several variables are analyzed jointly by creating a new Y-
variable (response variable) that is defined by the correlations between the original variables. The
new indicator may represent an unobservable (latent) condition that has an interpretation or simply
a hidden data structure. The calculations are usually based on so-called principal components.
Unstructured data (text etc.) can also be classified by means of similar techniques (called text
mining).

Diagnostic Test Evaluation (Da: Evaluering af diagnostiske test)

Diagnostic tests (including performance measurements) will be used for decision support.
Consequently, it is necessary to evaluate the quality of the tests in terms of sensitivity and
specificity. Virtually all diagnostic tests are imperfect. A method called latent class analysis (LCA)
is suitable for evaluating imperfect tests.

Performance measurement (Da: Prestationsmaling)
Measuring (business) performance by means of indicators; using ‘Key performance indicators’ (Da:
Nogletal) to evaluate performance is a widely used component of business management.
Monitoring, surveillance, benchmarking, epidemiological or business intelligence, and control are
used with the same meaning in various disciplines (definitions below). Inspired by Krogstrup
(2011), I chose to subdivide performance measurement into process measurement and results
measurement:

® Process measurement (Da: Procesmaling): Related to the quality of activities in the system

(what goes on in terms of, e.g., types of management routines (actions) like heat detection).
The activities (intervention) will be based on some more or less explicit formulation of
needs and objectives. The measurements are primarily focused on the means (the capacity;
Da: Midler), not the final results (products). The quality of human activities can also be
called competencies or qualifications. The process measurements provide knowledge about
the output of the intervention/the processes (in terms of what was actually done in the
process-routines; e.g., minutes of heat detection every day).

e Results measurement (Da: Resultatmaling): Related to the end results of the transformations
in the system. That is, what is of interest to the end-user (the costumer, the recipient), which
is called the outcome of the performance of the process (e.g., pregnancy rate or the quality
of milk deliveries). Because the outcome may be affected by interaction between

intervention and context, it is useful to estimate the subset of the outcome that is directly
related to (caused by) the intervention: Intervention effect (Da: Kausalvirkning). Estimation
of effects (causal and other) requires evaluation.

114



Appendix: Terminology related to health performance measurement

Monitoring (Da: Monitorering eller monitering)

In some areas of veterinary medicine, monitoring may be defined as merely some more or less
systematic collection of raw data without specific objectives. In public management monitoring is
characterized as a continuous and systematic function that by means of indicators provides
knowledge about the development in the organization (e.g. progression, meeting goals, and
responsibility in the use of resources); this process is also defined as auditing (Krogstrup, 2011).

Surveillance (Da: Overvagning)

In veterinary public health, surveillance is defined as some active objective-oriented activity based
on indicators in contrast to monitoring, which is seen merely as some more or less systematic
collection of raw data. Due to the diverse uses in different disciplines, it is important to specify the
objectives and the methods exactly in case of collaboration across disciplines.

Control (Da: Kontrol)

Control is an evaluation of the importance of a deviation between an obtained result and a target. In
broader terms, ‘to control’ means to keep performance within certain limits. In veterinary public
health actions of what should occur if limits are crossed are predetermined which is in contrast to
surveillance.

Intervention (Da: Korrigerende handling)

An intervention is the actions initiated to achieve a specific outcome. For an intervention to be
practically applicable, we need to know how and when it works. This is known as an intervention
theory (Da: Interventionsteori) and is at least a socio-biological hypothesis of why the intervention
should be working.

Performance management (Da: Preestationsledelse)

Herd health management (Da: Sundhedsstyring) is a specific aspect of (business) performance
management. Performance measurement is one of several tools for management. Other examples of
tools for dairy herd management are optimization of feeding and formulation of operating
procedures. The term ‘business intelligence’ can be seen as similar to performance management.

Benchmark (Da: Sammenligningsgrundlag) Benchmarking (Da: Foretage sammenligning)
Comparison of indicators’ values in comparative herds is one obvious way to select targets. It will
indicate performance level at best practice. The selected target performance measures can also be
considered a prognosis for the future or a budget. If the scale of a measurement differs,
benchmarking becomes invalid. ‘Clinical recordings’ obviously must be standardized to be useful
for benchmarking. Clinical criteria that are constant within herd (e.g., specific for a single manager
or veterinarian) may suffice if performance measurement is restricted to historical data within the
herd. A simple approach to setting herd-specific targets is to take historical results and adjust them
for expected results of the planned changes in the next planning period.
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Evaluation (Da: Evaluering)

Krogstrup (2011) gives a broad definition of evaluation for public management: “A systematic
retrospective assessment of output (process), outcome (results), administration, and organization of
(public) business, which is expected to play a role for practical actions”. In this definition, it is
essential to note that evaluation includes some judgment that separates important aspects from
unimportant aspects. It is also essential that practical use is intended.

Effect evaluation (Da: Effektevaluering; kausal virkning)

Summarized from Krogstrup (2011), a broad definition for public management is: To provide
knowledge about causal effects of interventions and the mechanisms of the intervention-effect
relations.

Evidence (Da: Evidens)

The outcome of an effect evaluation. In a hierarchy of evidence suggested by Krogstrup (2011), the
randomized controlled trial ranks at the top, action research around the middle, and user-
assessments at the bottom.

A tame problem (Da: Simpelt problem)
A tame problem is a simple problem concerning a well-understood context with concrete solutions.

A wild problem (Da: Komplekst problem)

A tame problem is in contrast to identification or quantification of causal effects (evaluation) in a
context like Figure 3 (section 3.2). Krogstrup (2011) calls a problem similar to that in Figure 3 a
wild problem, which mainly is characterized by a vague definition, lack of an optimal solution,
unclear causal mechanisms, and interaction between context and mechanisms

An effect-focused practice (Da: Effect-fokuseret praksis).
A systematic use of the simple PBC in a herd (which includes more or less qualitative follow-up to
remove effects of exceptional variation) could be seen as an example of an effect-focused practice.

Herd Health (Da: Bescetningssundhed)

Herd health can be defined as (section 3.2), “Animal, environment, and manager together viewed as
a dynamic and complex ecosystem. In this context, an ecologically informed or process-view of
herd health implies the self-regulation through feedback and maintenance of all relevant support
systems promoting ongoing physical, mental/emotional, and social well-being. This latter definition
gives us a sharper understanding of what poor herd health is. That is, the loss of the ability to self-
regulate and the disintegration of support systems leading to the necessity for intervention. In a
process-view, intervention is directed towards restoration of all relevant support systems in order
for health again to be self-generated and self-regulated”.
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