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Abstract 

Toxoplasma (T.) gondii is classified as an intra-cellular coccidian parasite. 

Approximately a third of the global human population will at some point in their lives 

be infected by the protozoan. Toxoplasmosis is one of the UK costliest food-borne 

diseases even though only a small proportion of infected individuals show clinical 

illness. Cats (owned and feral) play a key role in distributing T. gondii, because they 

are the final host in which a sexual life cycle takes place and can shed millions of the 

environmentally resistant oocysts during the infective stage. Despite the fact that dogs, 

like humans, are intermediate host only, they have the second highest prevalence rates 

of T. gondii specific antibodies in their bloodserum, making them a potential sentinel 

for human infections. However, specific studies on the occurrence of the disease in 

companion animals are limited. Previous research in Great Britain (GB) is based on 

the surveillance of governmental veterinary laboratories, which mainly analyse 

samples from farm animals. Using data from the Small Animal Veterinary 

Surveillance Network (SAVSNET) might help to close this gap in knowledge of T. 

gondii occurrence by gathering records of several private laboratories across GB. 

Therefore, the overall purpose of this thesis is to investigate the spatial and temporal 

distribution of T. gondii infections in cats and dogs in GB by examining SAVSNET 

laboratory data, recorded from January 2012 to October 2016. To this end, the 

application of the SAVSNET laboratory dataset was first validated, to formally justify 

the usage and to reveal potential biases for the interpretation of the results obtained. 

Next, the data recorded by SAVSNET on toxoplasmosis was descriptively analysed to 

gain a general overview, in addition to a first spatial and temporal analysis, trying to 

identify temporal as well as spatial patterns in seasonality and in trend. Lastly, as the 

main part of the thesis, three methods were explored to identify spatial and space-time 

clusters of T. gondii infections in cats and dogs across GB. The Bernoulli model 

detected high and low-rate clusters of T. gondii cases at testing level, pointing to 

potentially more severe manifestations of the disease. The Poisson and space-time 

permutation scan identified areas with a significantly higher occurrence of the disease 

over space and time, pointing to a potentially greater contamination of the 

environment. The research presented is an initial step towards a better understanding 

of T. gondii occurrence in GB. Further research will be necessary to complete the 

findings of this thesis and ultimately, to raise awareness of potential high-risk areas 

and their causation in order to prevent the disease from spreading. 
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Chapter I: Introduction 

The introductory chapter provides a general overview of the parasite Toxoplasma (T.) 

gondii, which is necessary to understand the importance of this study. It starts by 

giving a short historical recapitulation of early research and important discoveries. 

Next, the life cycles in the definitive hosts (cats) and intermediate hosts (all warm-

blooded animals) are explained, alongside with the transmission routes and at-risk 

groups. Subsequently, humoral responses of infected individuals including the 

diagnostic tests for humans as well as animals are described, leading to the clinical 

manifestation and current treatment options. The overview concludes by pointing out 

the public health implications and the recent burden of the disease, also highlighting 

current surveillance and the recent situation alongside preventive programmes. After 

summarising facts about the parasite, veterinary surveillance systems in small animals 

and their application in research are discussed - also introducing the Small Animal 

Veterinary Surveillance Network (SAVSNET), which is used as the primary source of 

data throughout the thesis. Next, the importance of the study and its relevance for 

future research is emphasised, leading to the four main aims of the thesis. The chapter 

ends by outlining the structure of the thesis and pointing out the corresponding 

research questions of each succeeding chapter.  
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1.1  Toxoplasma gondii 

1.1.1. General introduction to the parasite and risk groups 

T. gondii is classified as an intra-cellular coccidian parasite and causes toxoplasmosis 

worldwide. Discovered by Nicolle and Manceaux in the early 20th century, knowledge 

of its complex sexual life cycle and its environmentally resistant (infectious) stage, the 

sporulated oocyst, was limited up until the 1970s. Nowadays T. gondii is considered 

to be one of the most studied zoonotic parasites due to its medical, public health and 

veterinary importance, which is facilitated by the fact that mice can be naturally 

infected with toxoplasmosis and therefore act as model organism [1, 2].   

T. gondii gained public awareness through the acquired immune deficiency syndrome 

(AIDS) pandemic in the early 1980s, which led to an increase in toxoplasmic 

encephalitis cases, and thereby stimulated research on diagnostic methods for 

toxoplasmosis in humans. Contemporaneous to improving the diagnostics, researchers 

also identified that the genus Toxoplasma only contains felids as the sole definitive 

(final) hosts and that any warm-blooded animal, including humans, can be its 

intermediate hosts [3].  

Approximately a third of the global human population will at some point in their lives 

be infected by the protozoan [4]. Seroprevalence thereby varies between countries 

ranging from 10 up to 80 percent, with highest prevalence rates reported in Brazil and 

Central Africa. Similar results are available for companion animals, having 

seroprevalence estimates of up to over 60 percent of studied populations [1, 4].  

Although Felidae are found to play the most significant role in contaminating the 

environment (through shedding oocysts in their faeces), environmental factors and 

cultural habits (e.g. feeding dogs and cats with  raw or undercooked meat) are 

considered key contributing factors to the spread of the disease as well [5].  

Risk groups 

For humans, risk groups for clinical disease are immunocompromised individuals and 

pregnant women. Unlike immunocompetent people whose immune systems keep the 

parasite in check, immunocompromised individuals may, additionally to the general 

routes of infection, experience a reactivation of the latent form of the disease [4]. 

Evidence also shows that during pregnancy and lactation, women have a lower 
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resistance to intestinal protozoal infections, like toxoplasmosis, making them more 

vulnerable to the parasite [1].  

For small animals, research has shown that next to immunocompromised animals, 

kittens and puppies (< 6 months) are more likely to acquire infection than adult animals 

(> 12 months) [1, 6]. 

1.1.2. Life cycle and oocyst production 

The full life cycle of T. gondii occurs between the Felidae family and intermediate 

hosts (see Figure 2). Gametogony and ultimate oocyst production can only take place 

in felids as final hosts.  

Sexual cycle 

Throughout the whole sexual life cycle, the parasite forms three infectious stages: The 

sporozoites contained within two sporocysts in developed oocysts, the rapidly 

multiplying tachyzoites in tissues and the bradyzoites, also known as cystozoites, 

which are slow multiplying and contained within tissue cysts (see Figure 1) [5]. The 

entero-epithelial life cycle is very complex; briefly, the cycle is found only in Felidae 

and cats usually become infected when (rodent/bird) tissue cysts are ingested 

following predation. After ingestion, the tissue cyst wall is dissolved which releases 

bradyzoites in the small intestine of the hosting animal. Once released, bradyzoites 

then penetrate the hosts epithelial cells, initiating the development of several 

generations of T. gondii before gametogony begins. The origins of gamonts is not yet 

fully understood, but they were found throughout the small intestine, most commonly 

in the ileum. Zygotes are formed through microgametes (the male gametes) which 

penetrate and fertilise macrogametes. Subsequently, an oocyst wall is shaped around 

the fertilised zygote. When the wall is fully formed the so-called oocysts are released 

into the intestinal lumen after the epithelial cells rupture. During this acute phase of 

the disease, felids shed these non-sporulated oocysts in their faeces; oocysts become 

infective after a sporulation-phase which takes up to five days (minimum of one day), 

depending on factors such as humidity and aeration [1, 7].  
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Figure 1 The infectious stages of T. gondii during its life cycle. a. Unsporulated oocysts of T. gondii 

from cat faeces. b. Sporulated oocysts of T. gondii from cat faeces containing two sporocysts each with 

four sporozoites. c. PAS-stained section of the ileum of a cat with a gametocyte (arrow) stained red. d. 

Giemsa-stained tachyzoites. e. T. gondii bradyzoite cyst in a mouse brain. 

Source: John Mcgarry (University of Liverpool) 

The duration of the whole entero-epithelial cycle (until oocysts are shed) is determined 

by the form of the acquired parasite, varying from three to more than 19 days. Ingesting 

bradyzoites has the shortest prepatent period compared to oocysts (sporozoites) and 

tachyzoites. Notably, not all hosting felids were found to shed oocysts after infection 

[1]. 

Although little is known about the sporulation and survival rate of oocysts because of 

the technical difficulties in measurement, the review of studies by Dubey (2010) 

demonstrated that oocysts can survive outside a suitable host for 46 to 334 days, 

depending on their exposure to sun and/or air [1]. In water, they have been found to 



 

6 

 

persist up to 1,620 days at a temperature of 4°C [8]. Further studies also revealed that 

sporulated oocysts seem to be less susceptible to warm temperatures than unsporulated 

ones, which were killed after 24-hour exposure to 37°C [1, 5, 9].  

 

Figure 2 Simplified life cycle of Toxoplasma gondii infections and routes of transmission. 

Source: Wyrosdick H., Schaefer J. (2015) [10] 

Asexual cycle 

The asexual life cycle, which occurs in both intermediate hosts and in Felidae starts 

when meat infected with cysts is ingested or from oocysts from the environment. In 

the latter case, once sporulated oocysts are in the digestive system, freely moving 

sporozoites rapidly permeate the intestinal wall and continue their invasive route 

through haematogenous dissemination. This proliferative destructive stage is referred 

to as the tachyzoite where the organism multiplies asexually by repeated endodyogeny. 

After accumulating eight to sixteen tachyzoites, the mother cell ruptures, and other 

cells get infected (acute phase of the disease). If the host survives, antibodies are 
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formed, partially inhibiting tachyzoites from entering new cells and inducing the 

formation of slowly growing bradyzoites. The exact humoral and cell-mediated 

components of the immune response and their importance, however, remain to be 

ascertained [1]. These bradyzoites are latent tissue cysts, which comprise hundreds of 

organisms, and are kept in check by the hosts immune system but cannot be fully 

eliminated. If, for example, the host’s immune system gets suppressed the cysts may 

become reactivated. Chronically persisting bradyzoites, have been found in muscle, 

liver and lung tissue as well as the central nervous and reproductive system [1, 5, 10].  

Similar to the oocyst-induced cycle, bradyzoites can be found in enterocytes shortly 

(approximately one hour) after ingesting tissue cysts (e.g. from contaminated raw 

meat) and infect the intestinal epithelium. Subsequently (after epithelial replication), 

tachyzoites are formed after about two days before inducing the formation of tissue 

cysts which then persist chronically in numerous organs [1]. 

 

1.1.3. Transmission and risk groups in humans and small 

animals 

Transmission 

Transmission of T. gondii can occur mainly via three routes: (1) Through ingesting 

tissue cysts (e.g. by ingesting contaminated food), (2) faecal-oral via sporulated 

oocysts and (3) congenitally/transplacentally via tachyzoites (i.e. mother to child). A 

fourth but less common source of infection is through transplanting organs 

containing bradyzoites or transfusing tachyzoite-containing blood. In Figure 2, most 

common routes of infection are illustrated, including the infectious stage of the 

parasite and the potential recipients. A study by Flegr et al. (2014) further proposed 

sexual transmission as potential route of infection due to the presence of T. gondii in 

semen. However, this has not been scientifically proven so far [10–12]. 

Experimentally infected hens also had tachyzoites in their urine, sputum, tears, 

semen, saliva and eggs. However, if ingested, the hosts gastric digestion usually 

destroys the tachyzoites, and no infection occurs [9]. 

The most likely route of infection for intermediate hosts is through tissue cysts in raw 

or undercooked meat (bradyzoites) and through ingesting cats’ sporulated oocysts on 

vegetables or contaminated soil [13, 14]. Dogs, especially, are found to be infected 
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through contaminated meat. They are particularly at risk since so-called raw meat-

based diets (RMBD) or bones and raw feeding (BARF) have increased, which were 

found to contain zoonotic bacteria and parasites such as T. gondii [15, 16]. A 

systematic literature review identified that human toxoplasmosis outbreaks are 

likewise mostly attributed to food sources but also to contaminated water [17]. 

Moreover, a report of the European Centre for Disease Control and Prevention 

(ECDC) from 2014 also pointed to waterborne transmission as an important route of 

infection (food-waterborne) [18].  

Domestic cats usually become infected by ingesting tachyzoites and bradyzoites from 

feeding on infected rodents or birds. Cats may also become infected through ingestion 

of raw or undercooked meat contaminated by cysts. Unlike the high likelihood of 

infection through ingesting tissues of infected intermediate host, some cats have been 

found to remain uninfected after experimentally being fed a dose of 100 oocysts [19]. 

However, the ingestion of 50 bradyzoites (e.g. from mouse tissue) may lead to 

shedding of millions of oocysts [20]. Nonetheless, shedding of oocysts is possible after 

ingesting any of the three infectious stages differentiating only in prepatent infection 

periods and frequency of shedding [1, 2]. 

Further differences between the likelihood of acquiring an infection based on the 

transmission type and host have recently been studied: Researchers have discovered 

that intermediate hosts, such as pigs and mice, are very likely to be infected by 

ingesting oocysts. Even one oocyst can be sufficient to infect non-felines faecal-orally. 

Additionally, it is suspected that the oocyst-associated infection in intermediate hosts 

is more pathogenic, as indicated by several outbreaks reported in humans [1]. Notably, 

there are currently no tests available distinguishing the source of infection [9] 
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1.1.4. Humoral response and diagnostics in humans and small 

animals  

Humoral response 

As already mentioned in section 1.1.2, antibodies are activated as a response to the 

invasive tachyzoites. Therefore, levels of T. gondii specific immunoglobulins (Ig) IgA, 

IgM, IgE and IgG increase in a specific kinetic order.  

For humans, it can be summarised as the following: During the first week of infection 

IgA and IgM appear, peaking after one month before decreasing usually within one to 

six months, although they may take up to several years to fall to undetectable levels. 

This constitutes a challenge for interpreting a true seropositive result, because it could 

indicate an acute, recent or past infection. IgM titres might also be undetectable during 

reactivation in immunocompromised patients, congenital cases in babies and patients 

with unusual seroconversion [4]. IgE levels on the contrary appear last (approximately 

one month after the appearance of IgM) and usually peak after three months before 

they decrease rapidly. IgG, which is considered to be measurable for the host’s 

lifetime, appears about two weeks after IgM’s initial appearance and reaches its 

plateau after about two to three months, decreasing afterwards to a permanent residual 

titre. IgM and IgG are most commonly used for epidemiological studies, with IgM 

applied to detect recent as well as ongoing infections and IgG used to subsequently 

confirm the diagnosis [1, 21]. 

For small animals, scientific papers on the humoral response and the kinetic order of 

T. gondii specific Igs are scarce [1]. Nevertheless, similar patterns in IgM and IgG 

appearance as previously described in humans are suspected for animals [22]. After 

the first infection, cats are presumed to be immune. Having said that, researchers 

confirmed unusually high levels of IgM in cats older than six years compared to IgM 

levels in younger cats, which may indicate a re-exposure. This, however, may also be 

attributed to the fact that older cats were found to produce more IgM when first 

infected than kittens [23].  
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Diagnostics 

Diagnosis is possible either by direct (bio-molecular approaches, mouse inoculation 

and microscopic examination) or indirect (serological tools) detection of the parasite. 

In humans, the method of choice largely depends on the host’s immune status and the 

clinical setting. In animals, the preferences of the veterinarian and willingness of the 

owner to pay for the test also influences the selection. The most commonly used 

(serological) methods for detecting T. gondii are as follows [24]:  

(1) The Sabin-Feldman dye test (DT) uses a suspension of live tachyzoites in a test 

serum to test for IgG, IgM or IgA titres. DT measures T. gondii specific antibodies, 

which lyse the parasite’s membrane - if present - meaning that positive results 

appear colourless (unstained parasite), leaving a negative serum in the colour 

which is added in the beginning of the test (usually methylene blue). DT can be 

applied for the diagnosis of both chronic and acute infections because of the ability 

to detect low levels of IgG and IgM, respectively. It has a relatively high sensitivity 

(~ 90 percent) as well as specificity (~ 86 percent) which is why DT is considered 

the “gold standard” in humans. However, due to its high costs and the required 

technical expertise it is not typically used in animals [24, 25]. 

(2) The immunofluorescence antibody test (IFAT) is the simplest method and most 

commonly used for detecting IgG and IgM titres in animals but can also be applied 

to detect the parasite in humans. Its sensitivity (95-97 percent) and specificity (76-

84 percent) for cats are considered relatively high [26]. Whole tachyzoites are 

incubated and fluorescent antispecies serum, which is available for a large range 

of animals, is added and observed under a fluorescence microscope. A 

disadvantage of this method is that the results are based on visual estimations 

which requires analytic skills and experience to obtain reliable results [24]. Also, 

the risk of cross-reactivity (e.g. with anti-nuclear antibodies) was reported [25]. 

(3) The enzyme-linked immunosorbent assay (ELISA) is the second most commonly 

used method next to the DT for human antibody-testing. The assay can, once 

prepared, test a large number of samples [25]. However, it has limited veterinary 

utility due to the requirement of species-specific conjugate [10]. The sensitivity of 

the test (96-97 percent) is considered high, but its specificity strongly depends on 

the antigens used and may require confirmatory testing [24, 26]. 
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(4) The modified agglutination test (MAT) can be applied to detect T. gondii IgG 

antibodies in several body fluids (e.g. blood or serum) [27]. It is an adjusted version 

of the direct agglutination test, using formalin-fixed tachyzoites. Through the 

grading of agglutination, positivity can be determined relatively simple. The usage 

of the formalinised tachyzoites hereby constitutes the main advantage over, for 

example, ELISA, which uses species specific conjugates as mentioned above. 

Notably, it was reported that the test may produce false negative results in initial 

stages of T. gondii infections, specifically in dogs [24, 25]. MAT sensitivity and 

specificity in cats are estimated at ~98 and ~100 percent, respectively. However, 

MAT was found to produce high false negative results for dogs [28]. 

(5) Polymerase Chain Reaction (PCR)is a direct way of diagnosing toxoplasmosis and 

can be used in addition to serological tests. However, due to the high costs and the 

absence of the circulating parasite or T. gondii DNA in numerous hosts, PCR has 

not been used extensively. Nonetheless, it is used to detect the parasite in the 

environment, in potential congenital cases (using amniotic fluid), and to determine 

if the parasite has already crossed the placenta of pregnant women. Additionally, 

it is utilised to identify the strain type of T. gondii [24].  

When comparing test results of several diagnostic techniques it is important to note 

that data obtained by different tests is not standardised and may not produce the same 

results due to different specificity and sensitivity [4]. 

 

1.1.5. Clinical manifestation and treatment in humans and small 

animals 

Infections in healthy humans and small animals are often subclinical, since the immune 

system of the host limits the spread of the tachyzoites [10]. In the UK, for example, 

80-90 percent of the cases in humans are assumed asymptomatic [29]. Nonetheless, 

flu-like symptoms, (e.g. fever or lymphadenopathy) may occur in the acute phase of 

the infection. In contrast, immunosuppressed people suffering from human 

immunodeficiency virus (HIV) or other diseases are particularly vulnerable and can 

experience disease (re-)activation leading to severe morbidity, especially dysfunctions 

of the nervous system or even death [1, 5]. Eye lesions (e.g. retinochoroiditis) from 

congenital transmission of T. gondii are developed in more than 20 percent during 
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adulthood, which could ultimately lead to permanent vision loss [30]. Persons infected 

after birth rarely develop eye lesions [31].  

In the case of small animals, cats are more likely to be seen with clinical symptoms 

than dogs. They usually present thoracic or abdominal signs such as pneumonia or 

enteritis, but rarely obvious neurologic signs. Moreover, symptoms are mostly 

discovered in kittens [1]. 

Although symptoms of toxoplasmosis are less commonly seen in dogs, especially 

young dogs (aged less than one year) with developing immune systems or dogs having 

an impaired immunity are affected. The infection is characterised by fever, tonsillitis, 

dyspnoea, diarrhoea and vomiting. It sometimes also mimics the signs of other 

infections like distemper or rabies [32]. 

Congenital infection of the offspring can occur in all female hosts (humans and small 

animals), if acute, and primary infection is acquired during the pregnancy, which may 

not show clinical signs. The impairment of the foetus depends on the stage of the 

pregnancy: During the 1st trimester most infections lead to an abortion or miscarriage, 

whereas infections during the 2nd trimester do not cause immediate death but severe 

disease in the new-born including neurologic defects [24]. Whilst acquisition of the 

disease in the last trimester leads to less severe complications, some infants are 

asymptomatic at birth and develop illness later in life [33].  

Although there are treatments available which feature beneficial action (e.g. 

pyrimethamine, spiramycin and clindamycin), they do not prevent or fully cure the 

infection, and are commonly recommended to infected hosts with a compromised 

immune system. Vaccines are licensed for the prevention of T. gondii abortions in 

sheep only and pose a potential risk for the person administering the injection [34].  

Importantly, steroids - which are generically used in therapy for humans and animals 

- may have positive effects on the parasite: A study revealed that cats had a 

reappearance of oocysts shedding or prolonged excretion, after the administration of 

steroids. The reasons for this are not clear, but it may be that the reduced activity of 

the immune system caused by the administration of steroids allows for the parasite to 

reproduce and be shed by the host in their faeces [1]. 

Some countries (e.g. France and Austria) suggest clinical treatment for infected, 

pregnant women to lower the risk of congenital transmission and to decrease the 
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severity of the effects on the foetus [35]. However, evidence of the effectiveness of the 

recommended treatment options is still insufficient [1, 33]. 

1.1.6. Public health implications and burden of T. gondii 

The Food and Agriculture Organization (FAO) of the United Nations ranked 

toxoplasmosis fourth in its paper grading the risk-management of food-borne parasites, 

highlighting the disease burden of congenital toxoplasmosis and in 

immunocompromised individuals who are facing acute lethal infection [15]. Nine 

separately weighted criteria were used for the assessment: Number of illnesses, global 

distribution, acute as well as chronic morbidity, fraction of chronic illness, fatality-

ratio, likelihood of increased burden, relevance in trade and economic impact on low 

and middle-income countries. Whilst the results also showed that there might be 

additional, unaccounted “substantial disease burden”, the lack of data covering this 

area creates many uncertainties. For example, even though the influence of chronic 

illness on a person’s mental health is still unknown, the impact may change the ranking 

of the disease in near future [15]. 

Furthermore, toxoplasmosis has been acknowledged by the Center for Disease Control 

and Prevention (CDC) as one of five neglected parasitic infections causing both severe 

morbidity and mortality and being a leading cause of food-borne illness related death 

in the US (CDC). The CDC report also indicates potential differences in disease 

occurrence depending on the socio-economic status (SES) of a person, due to higher 

numbers of infections found in people having a low SES or a low educational level. In 

addition to the already mentioned effects on pregnant women and 

immunocompromised people, ocular toxoplasmosis can ultimately lead to vision loss 

as pointed out in “Neglected parasitic infections in the United States: toxoplasmosis” 

[33]. 

In 2013, the World Health Organization (WHO) initiated a systematic review on 

congenital toxoplasmosis, stating that the food-borne parasite is most commonly 

spread through contaminated raw meat and vegetable products, and more importantly 

is having an estimated annual global incidence of about 190,000 congenital 

toxoplasmosis cases equalling 1.20 million disability-adjusted life years (DALYs) 

[36]. 
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The risk profile of toxoplasmosis conducted by the UK Advisory Committee on the 

Microbiological Safety of Food (ACMSF) measures, among other parameters, the 

burden of the disease based on information collected from different countries, since 

data for humans and companion animals is scarce in the UK. The report points to the 

conclusion that toxoplasmosis is one of the costliest food-borne diseases even though 

only a small proportion of infected individuals show clinical illness [9]. It is difficult 

to measure the real (net) public health implications because of inconclusive or 

incomplete results when it comes to, for example, seroprevalence testing in livestock. 

Moreover, many gaps in knowledge (i.e. on the disease burden of chronically infected 

people) remain, which need to be filled in order to establish a reliable risk assessment 

of the disease [9]. 

 

1.1.7. Current human and animal surveillance in the EU with a 

special focus on the UK 

In humans 

The European Union (EU) Directive on the monitoring of zoonoses and zoonotic 

agents of 2003 (2003/99/EC) set out that the reporting of food-borne outbreaks of 

human toxoplasmosis is mandatory [37]. In 2008, European legislation on 

toxoplasmosis in humans was changed to a new case definition set out by the European 

Commission, which now only includes congenital toxoplasmosis. Surveillance of T. 

gondii infections is very heterogeneous in the EU and differs from member-state (MS) 

to MS. Due to the aforementioned changes in legislation, the European Centre for 

Disease Prevention and Control (ECDC) collects data on congenital toxoplasmosis 

cases, only. Most countries, except for the UK, have a compulsory surveillance system 

in place, which makes congenital T. gondii infections subject of mandatory 

notification. Three MS (France, Slovakia and Slovenia) additionally have an active 

surveillance of congenital cases in place [34]. One MS (Austria) has a voluntary 

screening system in place, which is linked to a bonus system (e.g. to receive parental 

leave allowance) and therefore covers almost all women during pregnancy [35]. 

However, Austria does not submit data to the ECDC [34]. 

In the UK, human T. gondii infections were notifiable in Scotland [38]. However, since 

2010 all toxoplasmosis cases are only reported to Health Protection Scotland on a 

voluntary basis [29]. Passive surveillance of infections with T. gondii has started in 
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2008 in Wales and England. Since the beginning of this period, Public Health England 

(PHE) in collaboration with Public Health Wales summarises confirmed cases of 

toxoplasmosis infection (reported quarterly) [39].  

In animals 

Up until now, no EU regulation covers the surveillance of T. gondii in animals. Thus, 

the data is determined by each country’s legislations. The samples, which are most 

frequently reported to the European Food Safety Authority (EFSA) in small ruminants 

(goat and sheep), cattle, pigs and small animals (cats and dogs), were taken from 

aborted ruminants or clinically suspected animals [34]. 

Concerning small animals, data was reported to the ECDC from Finland, Germany, 

Ireland, Italy, Latvia, the Netherlands, Poland, Romania and Slovakia. Out of those 

countries, four MS (Germany, Latvia, Poland and the Netherlands) listed the disease 

as notifiable in animals [34].  

In the UK, data on T. gondii in animals is, unlike other pathogens like Salmonella not 

collected on a mandatory basis and is solely based on reports of governmental 

veterinary laboratories which use samples received for diagnostic or monitoring 

reasons, because toxoplasmosis is not notifiable. Cases from private laboratories are 

not reported [29].  

 

1.1.8. Recent situation of toxoplasmosis cases and preventive 

actions in humans and small animals  

Recent situation of toxoplasmosis cases 

ECDC reported in 2012, 144 confirmed cases of congenital toxoplasmosis in 9 out of 

20 reporting MS of the EU [40]. In the following five years (2013-2017), the total 

number of cases were 213, 258, 288, 242 and 40 in chronological order. Notably, 

France, which covers almost 80 percent of the cases per annum, reports its data with a 

two-year delay and therefore is not included in the 2017 report. The highest levels of 

T. gondii cases (2015) are distributed among 9 out of 20 reporting MS of the EU, 

namely Czech Republic (n = 1), France (n = 246), Germany (n = 15), Hungary (n = 1), 

Ireland (n = 1), Lithuania (n = 1), Poland (n = 15), Slovenia (n = 1) and the UK (n = 

7) [34].  



 

16 

 

Although reports of T. gondii infections in Britain are limited, estimates on disease 

prevalence suggest that up to one third of the population will be infected with 

Toxoplasma at some point throughout their lives with an estimated incidence rate of 

350,000 cases per annum [29]. Seropositivity based on blood donors shows 

geographical variations, with the highest levels estimated in Northern Ireland and the 

lowest in England as well as Scotland. In GB alone, the highest levels are in the 

western parts of the country [9].  

For animals in Britain, T. gondii infections are mostly seen in sheep and are considered 

as endemic. The numbers reported to EFSA in 2013 show that toxoplasmosis in sheep 

was the third most common cause of fetopathy [29]. Seroprevalence data for livestock 

in the UK, however, is limited and the true prevalence of T. gondii is unknown. In the 

case of small animals, seroprevalence in 2015 was estimated to be about 16 percent in 

cats and 18 percent in dogs [40].  

 

Preventive actions 

The CDC, as one specific example for preventive action, set out two different sets of 

guidelines, one for immunocompromised and one for immunocompetent people to 

enhance prevention and control of the disease [31]. Typical guidelines to control and 

reduce the risk of infection, which are available e.g. by the National Health Services 

(NHS) [41], include avoidance of contact with old (after one day) cat litter and with 

sheep or lambs during the lambing season for vulnerable groups 

(immunocompromised people and pregnant women). Additional recommendations 

exist on food processing and handling pet animals in general [42]. 

In 2011 the National Institute for Health and Clinical Excellence published a policy 

review on compulsory toxoplasmosis screening in pregnancy, which came to the 

conclusion that it is not recommended to perform systematic antenatal screening, 

stating: “Routine antenatal serological screening for toxoplasmosis should not be 

offered because the risks of screening may outweigh the potential benefits” [43]. In 

2015 the UKs National Screening Committee has reviewed this condition with the 

same result [44]. Therefore, no prenatal screening as preventive action takes place in 

the UK [9]. 
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General information on toxoplasmosis infections and preventive measures for humans 

in general and small animal owners are offered to the public by the NHS, PHE, the 

Department for Environment, Food and Rural Affairs as well as by the Health and 

Safety Executive [42].  

 

1.2  Veterinary surveillance systems in small animals in the UK 

Well-recognised, passive surveillance systems for communicable diseases in small 

animals, with the exception of rabies, are rare [45]. Due to the fact that they play a 

vital role in the transmission of several diseases e.g. cats that distribute T. gondii in the 

environment, it is crucial to have coordinated small animal surveillance systems in 

place. In the UK, different kinds of small animal surveillance systems operate: For 

exotic diseases DEFRA launched the Dog and Cat Travel and Risk information 

(DACTARI) in 2003; no recent activity was observed on the DEFRA website recently 

related to DACTARI, so the scheme probably is defunct [46]. The Veterinary 

Medicines Directorate runs the ‘Suspected Adverse Reaction Surveillance Scheme’ 

(SARSS) to report any adverse reactions to a veterinary medicinal product [47]. Cicada 

survey provides a voluntary system allowing the recording of certain diseases of 

companion animals to raise awareness of the significance of infectious and parasitic 

diseases worldwide. It is run by MSD Animal Health [48]. The Veterinary Companion 

Animal Surveillance System VetCompass (Royal Veterinary College) stores data from 

a sentinel network of veterinary practices to improve companion animal health [49], 

similar to the Small Animal Veterinary Surveillance Network (SAVSNET), which as 

well as practice data, additionally gathers laboratory records [50]. 

For this thesis, laboratory data on T. gondii testing was required to estimate the spatial 

and temporal distribution of toxoplasmosis in small animals in Great Britain. Thus, 

SAVSNET laboratory data, which collects records from laboratories across the UK, 

was used for the following chapters and is described in more detail below. 

 



 

18 

 

1.2.1. Small Animal Veterinary Surveillance Network 

(SAVSNET) 

The Small Animal Veterinary Surveillance Network (SAVSNET) Ltd. was established 

as a charity in 2012 as a joint venture between the British Small Animal Veterinary 

Association (BSAVA) and the University of Liverpool. In 2017, SAVSNET Ltd was 

annulled and SAVSNET now operates as a research project at University of Liverpool, 

under a licence agreement between BSAVA and the University [50]. 

The vision statement comprises the monitoring of current and future diseases of small 

animals, the promotion of animal welfare, the provision of valuable information for 

the public as well as professionals and, lastly, highlighting the importance of veterinary 

practices and diagnostic laboratories as a primary contact point of disease occurrence 

in small animals of the UK.  

Current research priorities of SAVSNET are set on antimicrobial resistance, impact of 

climate change on disease occurrence as well as zoonosis and infectious diseases. 

Their expertise lies in the field of epidemiology and bioinformatics, whereby handling 

big data through text mining is particularly noticeable.  

To realise its vision, SAVSNET incorporates two methods to gather their data: The 

first approach encompasses veterinary diagnostic laboratory data by means of 

scanning surveillance to monitor diseases, which are tested for across the UK 

(SAVSNET-Lab). Thus, SAVSNET recruited laboratories based on convenience, 

preferring those with an assumed large percentage of market coverage and an 

expressed willingness to participate. The second approach (SAVSNET-Vet), aims at a 

near-real-time surveillance based on veterinary practice data.  

Thus, the first small animal disease surveillance report in the UK was published in 

2015 using SAVSNET data [51]. 

Both data collecting methods are running under ethical approval awarded by the 

University of Liverpool. The aims of SAVSNET are additionally supported by the 

Royal College of Veterinary Surgeons. Whilst method one and two of SAVSNET are 

complementary approaches, at the time of writing it is not possible to directly link the 

veterinary records with the laboratory dataset, although this might be possible in the 

future.  
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1.3  Justification, aims and objectives of thesis 

Cats (owned and feral) play a key role in distributing T. gondii, because they are the 

final host in which a sexual life cycle can take place. Furthermore, since tissue cysts, 

for example from rodents or birds, infect cats more easily than oocysts, the incidence 

of T. gondii infections in cats might also provide information on the contamination 

(sporulated oocysts) of the surrounding area [10, 52, 53]. Additionally, Felis catus are 

associated with a higher risk of transmission to humans, because of their proximity to 

people and also for the reason that one percent of domestic cats are considered to be 

shedding oocysts at any time [9, 40]. 

Despite the fact that dogs (like humans) are intermediate hosts only, they also impose 

a potential risk for human health (especially for children) by being exposed to 

sporulated oocysts in cats’ faeces, either by rolling over them and contaminating their 

fur which may subsequently come into contact with people or by ingesting oocysts and 

excreting the still sporulated oocysts in their own faeces [10, 52]. Apart from sheep, 

dogs are found to have the second highest prevalence rates of T. gondii specific 

antibodies in their blood-serum based on an ECDC report, making them a potential 

sentinel for human infections [40]. Another reason for them to be a potential good 

sentinel of the parasite’s burden in an area is that dogs have an increased likelihood 

(compared to humans) to obtain the parasite from the environment (e.g. by ingesting 

contaminated soil or water) [10]. 

Toxoplasmosis is considered endemic in the UK sheep population, which is why, 

previous surveillance on T. gondii in the UK has largely been focused on farm animals 

[29]. Specific studies on the occurrence of the disease in companion animals are 

limited, even though due to the proximity of small animals to humans and due to the 

fact that cats are the main distributor of the parasite, it would be of great importance 

to get estimates of the disease occurrence in cats and dogs too [1, 52].  

When looking at the studies that have already been published on T. gondii in cats and 

dogs worldwide, most of them are aiming at estimating the sero-prevalence of the 

parasite. Sample size calculations or any other form of validation of the sample used 

and its representativeness are hereby rare. Most commonly, convenience samples are 

used, either of surplus blood samples or as part of neutering campaigns. Only a few 

studies have included a spatial and/or temporal aspect of the disease-occurrence [54–
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56]. One study has hereby addressed potential seasonality of shedding sporulated 

oocysts in the environment [54] and another examined the spatial distribution of 

contaminated soil although limited to dairy farms [56]. 

However, identifying patterns of infections is not only relevant to gain knowledge on 

the distribution of the parasite in a certain area but also to reveal potential public health 

threats.  

Therefore, the aim of this thesis is to investigate the spatial and temporal distribution 

of T. gondii infections in cats and dogs in GB through SAVSNET laboratory data 

recorded from January 2012 until October 2016.  

To achieve this aim, the objectives of the thesis are fourfold:  

• First, to evaluate the representativeness of the SAVSNET laboratory dataset to the 

UK-wide laboratory data available on companion animals, to formally 

justify/discard the usage and to reveal potential biases for the interpretation of the 

obtained results.  

• Second, to provide a general overview of the SAVSNET laboratory data on T. 

gondii. 

• Third, to perform a descriptive analysis of the temporal and spatial patterns of T. 

gondii infections in cats and dogs as recorded in SAVSNET laboratories across 

GB. 

• Fourth, to identify significant spatial and space-time clusters of T. gondii infections 

in cats and dogs as recorded in the SAVSNET laboratories across GB. 

 

1.4  Thesis outline 

Chapter II investigates whether SAVSNET laboratory dataset provides a fair 

representation of the UK laboratory data available on small animals. The rational for 

this section is to evaluate the legitimacy of using SAVSNET laboratory records in the 

subsequent chapters as well as in research in general. Therefore, several approaches 

are being explored and proxies are developed in absence of evidence-based methods 

for validating veterinary laboratory data. The proxies are inter-connected and lead to 

each other, starting with an outline of the overall number of laboratories in the UK 

compared to SAVSNET, over to the geographical coverage of the SAVSNET data-

contributing laboratories, up to the analysis of the recorded samples in comparison to 
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the estimated vet-visiting population in each postcode area and sample size 

calculations. Additionally, potential biases in the data, which might influence the 

results of Chapter IV or any further statistical analysis are revealed. 

Chapter III concentrates on the descriptive analysis of the SAVSNET laboratory data 

on T. gondii from January 2012 until October 2016 and additionally provides a first 

assessment of temporal and spatial patterns. First, this section offers a detailed 

descriptive overview of the dataset including a summary of the data cleaning and 

preparation process, an explanation for inclusion and exclusion of variables, as well as 

a case definition of an infection with T. gondii. Second, a temporal description of T. 

gondii infections including graphs of positive samples over time and a times-series 

analysis is shown, highlighting potential trends and seasonality in the dataset. Third, 

the spatial distribution of infections during each season including all years are mapped 

separately for each species to further visualise the occurrence of the parasite. These 

techniques are also applied for highly positive cases (IgM titre > 1:256) under the 

hypothesis that they would reflect any time pattern of new infections with T. gondii 

more accurately, and therefore would display seasonality and trend more clearly.  

Chapter IV then analyses the SAVSNET laboratory data on T. gondii by applying 

spatial and space-time scan statistics. First, methods for detecting disease clusters over 

space and time are reviewed briefly and their application and suitability for the 

SAVSNET data is explained and justified. Second, each methods’ results are evaluated 

separately, taking potential biases revealed in chapter two into account and thereafter 

compared with one another to highlight potential deviations in their interpretation and 

to validate the detection of real clusters of positive cases if obtaining similar results 

through different methods. 

The final chapter summarises the main findings and limitations of each section, 

provides an overall discussion of outstanding issues as well as opportunities for further 

research and highlights the relevance of the thesis. Therefore, every chapter will once 

more be set in context starting with the introduction to the parasite - Chapter I - and 

ending with the cluster detection of toxoplasmosis infections in Chapter IV. Moreover, 

major gaps in current knowledge on T. gondii and its distribution are highlighted.  



 

22 

 

 

 

 

 

Chapter II  



 

23 

 

Chapter II: Evaluation of the representativeness of SAVSNET 

laboratory data 

This chapter investigates whether the SAVSNET laboratory dataset provides a fair 

representation of the UK laboratory data available on small animals. The records have 

already been proven valuable in obtaining insights in small animal health through peer-

reviewed articles. However, approximating the representativeness of veterinary 

laboratory data is complex, as there is only limited information available of the animal 

population and no information on other commercial laboratories. To fulfil this purpose, 

and due to the lack of readily available data, five proxy indicators (PIs) were identified 

and assessed using different analytical approaches. The PIs are inter-connected and 

lead to each other, starting with an outline of the overall number of laboratories in the 

UK compared to SAVSNET, over to the geographical coverage of the SAVSNET 

data-contributing laboratories, up to the analysis of the recorded samples in 

comparison to the estimated veterinary-visiting population in each postcode area and 

sample size calculations. The overall result of all PIs indicates that the SAVSNET data 

can be considered as representative in terms of geographical coverage and resemblance 

of underlying veterinary-visiting population and consequently may be used in the 

following analyses of Chapters III and IV. However, it is important to acknowledge 

that not all areas are represented equally well and consequently inferences might be 

limited. 

 

2.1. Introduction 

Although the application of SAVSNET laboratory data has already been proven 

valuable by several papers published for example in the Veterinary Record of the 

British Medical Journals [51, 57, 58], the question of how representative they are of 

the overall small animal diagnostic data in the UK has not been examined in detail yet. 

Therefore, this chapter will focus on the evaluation of the SAVSNET laboratory 

records and will investigate their representative-status to the UK small animal 

diagnostic data in order to reveal potential biases/limitations and ultimately, to justify 

their usage for the subsequent chapters. 
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2.2. Material and methods 

2.2.1. Defining proxy indicators and data collection 

Besides the inherent biases of veterinary laboratory data as a whole [59], the 

convenience-based recruiting technique of SAVSNET laboratories constitutes the 

main challenge in the determination of their records’ representative-status. To 

overcome this challenge, and in absence of readily available direct statistical measures, 

five indirect proxy indicators (PI) were predetermined on the basis of publicly 

available data on British diagnostic laboratories and small animal population.  Each PI 

and the data obtained for their estimation is described below: 

Proportion of UK laboratories participating in SAVSNET (PI 1): PI 1 was estimated 

to identify the number of SAVSNET laboratories compared with the number of UK 

veterinary laboratories overall. Therefore, a search for an official list of veterinary 

laboratories in the UK was executed on November 16th, 2016. As the search for a 

comprehensive official list of veterinary laboratories in the UK, attempted in 

November 2016, had been unsuccessful, a manual search using the government’s 

webpage (gov.uk) was conducted in addition to using a common search engine 

(google.co.uk). The subsequent results were cross-checked against a list of veterinary 

diagnostic laboratories provided by SAVSNET, based on knowledge of opinion 

leaders, to obtain greater comprehensiveness. The assumption PI 1 is based on is that 

the higher the proportion of UK laboratories recruited in SAVSNET the higher the 

probability of a fair representation of the whole country. 

The geographical coverage of each contributing laboratory (PI 2): The catchment areas 

of each laboratory, their geographical coverage and their total sample count submitted 

to SAVSNET between 2012 and 2016, in addition to the numbers of all participating 

laboratories combined, were used as a second proxy. The geographical coverage was 

assessed at postcode area level. Therefore, a list of UK’s postcode areas was obtained 

online (postcodeaddressfile.co.uk) and merged with the sample locations recorded by 

each SAVSNET laboratory since its accession, in an attempt to estimate its individual 

scale. The underlying assumption was that the greater the catchment area (the more 

postcode areas covered), the higher the probability of a fair representation of the whole 

country. 
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Correlation of SAVSNET laboratory-records and the estimated GB veterinary-visiting 

population (PI 3): The veterinary-visiting cat and dog population, which is assumed to 

be the study population, was estimated at postcode area level based on the dataset 

published by the Animal and Plant Health Agency (APHA) on the predicted numbers 

of cats and dogs living in GB per postcode district. The dataset is publicly available 

on the government’s webpage [60]. No other dataset was deemed appropriate to 

validate the numbers obtained by APHA, because population estimates e.g. of the pet 

food manufacturers’ association (PFMA) are available on a regional level (n = 12) and 

valid for the year 2019 only. Historical pet population, including the year 2015, is 

solely available on country level [61]. Additionally, studies estimating the proportion 

of cats and dogs registered at a veterinary practice were included to transform the 

combined cat and dog population (referred to as animal population) into the veterinary-

visiting population, allowing for a robust comparison to the SAVSNET laboratory 

records. The reason for the application choice of PI 3 was to identify any correlation 

or similarities between the estimated number of veterinary-visiting animals and the 

number of SAVSNET records per postcode area, under the hypothesis of accumulating 

a higher quantity of SAVSNET records in areas with a greater estimated number of 

animals (strong positive correlation). To reduce potential biases, only the records of 

the year 2015 (in accordance with the animal population estimates, which are accurate 

for 2015 [47]) were considered. 

Proportion of postcode areas proportionally well represented by SAVSNET 

laboratory-records as expected per estimated veterinary-visiting population (PI 4): PI 

4 also compared the SAVSNET laboratory-records of 2015 with the veterinary-

visiting population (data collection described above). Here, the aim was to determine 

the number of SAVSNET laboratory records per postcode in 2015 that resemble 

proportionally the expected results of a random sample taken of the estimated 

veterinary-visiting population.  
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Proportion of postcode areas with at least the minimum number of laboratory-records 

that would have been obtained by sample size calculation in a random survey of 

prevalence (PI 5): For PI 5, postcode areas that lie below the constructed intervals 

generated in PI 4 were further evaluated to assess the assumed proportional 

underrepresentation. The assumption for PI 5 was that an underrepresented area is still 

considered reasonably representative and therefore acceptable for further usage, if the 

absolute number of SAVSNET laboratory-records exceeded the sample size needed 

for a random prevalence survey.  

Although each PI is distinct, they are at the same time complementary. Further details 

on each PI, including the sources as well as assumptions and uncertainties are 

presented in Table 1. 



 

27 

 

Table 1 Overview proxy indicators, including assumptions about and uncertainty in the data. 

PI Description Source  Assumption Uncertainty 

PI 1 Proportion of UK laboratories 

in SAVSNET 

SAVSNET database, 

Own list of veterinary diagnostic 

laboratories UK (https://www.gov.uk/, 

https://www.google.co.uk/) 

The search for UK labs presented here was 

comprehensive.   

The higher the proportion of UK laboratories 

recruited in SAVSNET the higher the probability 

of a fair representation of the whole country 

Lacking knowledge of actual 

number of UK veterinary 

laboratories. 

PI 2 Geographical coverage of 

SAVSNET laboratories 

SAVSNET database (2012-2016), 

List of UK postcode areas 

(http://www.postcodeaddressfile.co.uk/) 

The greater the postcode area coverage, the more 

representative of UK. 

Lacking knowledge of size and 

market share of UK veterinary 

laboratories. 

PI 3 Correlation of SAVSNET 

records and the estimated GB 

veterinary-visiting population  

SAVSNET database (2015), 

Dog/Cat population per postcode district 

[60] (https://data.gov.uk/dataset/) 

The frequency of samples submitted is directly 

proportional to the number of vet-visiting 

animals. 

Veterinary-visiting population 

estimated based on modelling. 

Validity unknown. 

Effect of co-morbidities on the 

number of samples submitted 

PI 4 Proportion of postcode areas 

proportionally well 

represented by SAVSNET 

records  

See PI 3 A postcode area is proportionally well 

represented if the number of records falls within 

or above the constructed intervals. 

See PI 3 

PI 5 Proportion of postcode areas 

with at least the minimum 

number of SAVSNET 

records 

See PI 3 Postcode areas are acceptable for further usage if 

the absolute number of records exceeds the 

calculated sample size. 

See PI 3 

https://data.gov.uk/dataset/
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2.2.2. Data processing and analysis 

For evaluating the representativeness of SAVSNET laboratory dataset, a mixed-

method research design was selected. This allowed for the encompassing of general 

descriptive statistics and visualisation of the data, in addition to exploratory 

quantitative approaches. This section provides descriptions of each PI value, their 

weights and how the overall score of representativeness was calculated.   

Proportion of UK laboratories participating in SAVSNET (PI 1): Following the 

SAVSNET opinion leaders’ list of UK laboratories, the numbers zero to three were 

assigned to describe their current contribution-status: The number (3) is used for 

diagnostic laboratories which are already contributing data to SAVSNET, (2) signifies 

laboratories which have signed a contract for supplying information in the future, (1) 

is used for those laboratories which are still in discussions and (0) is for those which 

cannot or do not want to make their data available. A laboratory is thereby considered 

as participating by the assigned number (3). Proportions for PI 1 were then calculated 

by dividing the number of SAVSNET laboratories with the overall number of 

veterinary laboratories that provide diagnostic services for small companion animals 

in the UK. The proportion of participating laboratories was used as the final score of 

PI 1. 

The geographical coverage of each contributing laboratory (PI 2): For each 

participating laboratory, the number of postcode areas it gathered records from were 

summarised per year with coverage expressed as percentages and presented in a table-

format. Moreover, each postcode area was separately listed according to the number 

of laboratories covering it and in order to visualise these results further, a map was 

generated using QGIS (Version 2.18.11). The overall average of postcode areas (as a 

proportion) that are covered over the whole study period was then used as terminal 

score of PI 2. 

Correlation of SAVSNET laboratory-records and the estimated GB veterinary-visiting 

population per postcode area (PI 3): Before adding up the cat and dog population 

estimates in each postcode area, the percentages of veterinary-visiting animals were 

calculated to be 86.4 percent and 77 percent, for cats and dogs respectively [62, 63]. 

The estimated cat and dog populations were merged, covering 120 out of 124 postcode 

areas that exist in total in the UK (since the model published does not include Belfast, 
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Guernsey, Isle of Man and Jersey). The resulting dataset was matched with the 

SAVSNET laboratory-records of 2015.  

The correlation of the veterinary-visiting population and the SAVSNET laboratory 

records per postcode area of 2015 was assessed using the Spearman’s rank order 

correlation coefficient (rs) to identify the strength and type of their relationship. The 

advantage of rs, compared to the commonly used Pearson product-moment correlation 

coefficient lies in being less restrictive (no normal distribution needed) and not limited 

to linear relationships (monotonic only). Moreover, the rank order correlation 

coefficient is less sensitive to outliers [64]. The strength of the coefficient can be 

measured as shown in Table 2. 

 

rs = 

 

 

Table 2 Interpretation of the Spearman’s rank order correlation coefficient (rs) 

Values (rs) Interpretation 

0.00-0.19 Very weak 

0.20-0.39 Weak 

0.40-0.59 Moderate  

0.60-0.79 Strong 

0.81-1.00 Very strong 

 

Proportion of postcode areas proportionally well represented by SAVSNET 

laboratory-records as expected per estimated veterinary-visiting population (PI 4): The 

same dataset created for PI 3 was used for estimating whether the number of 

SAVSNET records per postcode area in 2015 resemble proportionally the expected 

results of a random sample taken of the overall estimated veterinary-visiting 

population using the total amount of SAVSNET records in 2015. The method was 

suggested by Sousa et al. [65] to demonstrate the reasonableness of a convenience 

sample and is originally based on Cochran’s technique of sampling proportions and 

percentages [66].  

Firstly, a point estimator was calculated by dividing the number of the veterinary-

visiting population per postcode area by the total number of veterinary-visiting 

population in GB in order to get the proportion of the population in each postcode area. 

This was subsequently multiplied with the total number of SAVSNET records.  
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Secondly, intervals were constructed around the point estimator using 1.96 times the 

veterinary-visiting populations standard deviation which – under a normal 

approximation – is expected to cover 95 percent of all random sample counts. The 

results were then divided into two categories: postcode areas which were considered 

to be well represented (those within range and those with a higher test-frequency) and 

postcode areas which were, according to this technique, proportionally 

underrepresented. For visualisation purposes, a map showing the representation-status 

of each area as expected per estimated veterinary-visiting population, was depicted 

using QGIS (Version 2.18.11). The specific formulae applied for PI 4 are listed below. 

The ultimate score of PI 4 constitutes the proportion of well represented postcode 

areas. 

V(np) = n*P*Q*((N-n)/(N-1)) 

n = sample size (SAVSNET records of 2015); N = total animal/vet-visiting population number; P 
= actual proportion = number of animals/vet-visiting population per postcode over the total 
animal/vet-visiting population number; Q = 1-P; E(np) = P*n = unbiased estimator 
 

Constructed intervals: E(np) ± 1.96* √V(np) 

Proportion of postcode areas with at least the minimum number of laboratory-records 

that would have been obtained by sample size calculation in a random survey of 

prevalence (PI 5): To further evaluate the assumed proportional underrepresentation, 

a summary of the absolute amount of records per postcode area was displayed and 

each area was compared with the hypothetical sample size, which would have been in 

a random survey. Since the techniques of determining appropriate sample sizes are 

numerous, we decided to use the Epidemiological Data Display Package (epiDisplay) 

for the programming language R for prevalence surveys, using the following settings: 

The proportion p was set to 0.5 since no assumption of the real proportion can be made. 

Delta d - the precision, which should not exceed a fourth of p, was set to 0.1 and the 

population sizes constituted the estimates on the veterinary-visiting population of each 

underrepresented postcode. The proportion of postcode areas that have at least the 

minimum sample size required for a prevalence survey – also checking the well 

represented postcode areas of PI 4 – were used for assessing the final score of PI 5. 
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Overall score of representativeness calculation: The formula used to calculate the 

overall score of representation was an additive model, where each PI (values ranging 

from minus one to one) was assigned the same weight by dividing the sum of all PI 

values by the number of PIs (nPI):  

y = 
𝑃𝐼 1 + 𝑃𝐼 2 + 𝑃𝐼 3 + 𝑃𝐼 4 + 𝑃𝐼 5

𝑛𝑃𝐼
 

The overall score (y) can take all values between zero and one, with one showing a 

very high representation of British small animal laboratory samples approximated by 

the PIs in the SAVSNET records and zero having no representativeness at all. It was 

further converted into six categories to ease its interpretation (see Table 3). 

Table 3 Interpretation of overall representativeness score. 

Values (y) Interpretation 

0.00 No representation 

0.01-0.20 Very low representation 

0.21-0.40 Low representation 

0.41-0.60 Moderate representation 

0.61-0.80 High representation 

0.81-1.00 Very high representation 

2.3. Results 

2.3.1. Proportion of UK laboratories participating in SAVSNET 

(PI 1) 

The search for veterinary laboratories in the UK which was matched with the list 

provided by SAVSNET resulted in a number of 30 laboratories distributed across the 

UK. Additional information on the current contribution status of each laboratory is 

summarised in Table 4 below. A total of 12 out of 30 UK diagnostic laboratories have 

been recruited by the network. Notably, six of those laboratories were contributing 

data at the time of writing (20 percent). Whilst an additional 14 laboratories were still 

in negotiations for their data to be used, four laboratories have already decided not to 

take part in SAVSNET. 
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Table 4 Summary of veterinary diagnostic laboratories. 

No Status Number of laboratories 

3 Participating (data available) 6 

2 Participating (data pending) 6 

1 In discussion 14 

0 Declined 4 

 

2.3.2. The geographical coverage of each contributing laboratory 

(PI 2) 

As previously stated, out of 12 laboratories participating, data is currently available 

from six. However, for commercial sensitivity reasons their names were anonymised 

using the capital letters A-F. As shown in Table 5, except for laboratory F, all 

SAVSNET laboratories covered 70 - 100 percent of UK’s postcode areas. The all-year 

sample count of each laboratory ranged from about 15,000 up to approximately 

930,000 records, with a mean of 190,700 submissions. The mean number of postcode 

areas covered over all laboratories and the whole study period was 97 areas, equalling 

a 78 percent coverage. Laboratory A to C provided data over the whole study period 

whereas D-F provided most of their data in 2015 and 2016. The results obtained by 

listing each postcode area according to the number of labs covering it, are illustrated 

in Table 6 and Figure 3. From this data, it can be seen that about 30 percent of the 

postcode areas fell within the catchment area of all SAVSNET laboratories. An 

additional 29 percent were covered by a minimum of five out of six labs, whereas a 

total number of approximately 86 percent of the UK postcode areas were enclosed by 

at least four participating laboratories. 14 out of 124 postcode areas, equalling 

approximately eleven percent, fell within the catchment area of only three laboratories 

and the remaining four areas HS, IG, SR and WC (~3 percent), were found to be 

covered by two (HS, IG, SR) and one laboratory (WC). 
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Table 5 Postcode area coverage of participating laboratories per year as well as in total. 

Laboratory (Year) Postcode Area Coverage Coverage [%] 

A (2012) 122/124 98 

A (2013) 122/124 98 

A (2014) 123/124 99 

A (2015) 122/124 98 

A (2016) 123/124 99 

A (2012-2016) 124/124 100 

B (2012) 105/124 85 

B (2013) 95/124 77 

B (2014) 102/124 82 

B (2015) 91/124 73 

B (2016) 111/124 90 

B (2012-2016) 119/124 96 

C (2012) 111/124 90 

C (2013) 111/124 90 

C (2014) 109/124 88 

C (2015) 104/124 84 

C (2016) 96/124 77 

C (2012-2016) 116/124 94 

D (2014) 1/124 < 1 

D (2015) 25/124 20 

D (2016) 90/124 73 

D (2014-2016) 95/124 77 

E (2013) 1/124 < 1 

E (2015) 72/124 58 

E (2016) 82/124 66 

E (2013-2016) 83/124 70 

F (2012) 1/124 < 1 

F (2013) 2/124 2 

F (2014) 3/124 2 

F (2015) 31/124 25 

F (2016) 44/124 35 

F (2012-2016) 46/124 37 

Total 124/124 100 

Overall average 97/124 78 
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Table 6 List of postcode areas and the number of data-contributing laboratories covering them using all 

years. 

Number 

of labs  

Number of postcode areas 

& percentages 

Postcode areas 

6 37 [29.8%] AL, B, BA, BH, BN, CB, CM, CO, CV, CW, 

DA, EN, EX, GU, HP, KT, LS, ME, MK, N, 

NE, NN, NR, NW, OX, PE, RH, RM, S, SE, 

SG, SK, SS, TN, W, WA, WD 

5 36 [29.0%] BD, BS, BT, CF, CH, DE, DY, E, EH, FY, G, 

GL, HR, HX, IP, JE, L, LA, LE, LN, LU, NG, 

NP, PO, RG, SA, SL, SO, SP, ST, TA, TF, 

TS, TW, WR, WS 

4 33 [26.7%] AB, BL, BR, CA, CR, CT, DD, DH, DL, DN, 

DT, FK, HA, HD, HU, IV, KW, LD, LL, M, 

ML, PA, PH, PL, SM, SN, SW, SY, TQ, TR, 

UB, WF, YO 

3 14 [11.3%] BB, DG, EC, GY, HG, IM, KA, KY, OL, PR, 

TD, WN, WV, ZE 

2 3 [2.4%] HS, IG, SR 

1 1 [0.8%] WC 

 

 

Figure 3 Number of SAVSNET laboratories covering each postcode area using all years. 
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2.3.3. Correlation of SAVSNET laboratory-records and the 

estimated GB veterinary-visiting population  

A total number of 21,714,627 small animals distributed across 120 postcode areas were 

matched with 203,699 samples recorded in 2015. The Spearman’s rank order 

correlation coefficient resulted in an rs of 0.73, identifying a strong positive, monotonic 

relationship meaning that the more small animals are estimated to live in one area the 

more samples are recorded in the SAVSNET dataset. 

2.3.4. Proportion of postcode areas proportionally well 

represented by SAVSNET laboratory-records as expected per 

estimated veterinary-visiting population  

A total of 61/120 (51 percent) postcode areas were found to be proportionally well 

represented by the SAVSNET sample of 2015. Those postcode areas can further be 

split into 12 postcode areas which are in range and 49 postcode areas where SAVSNET 

laboratories provide more records than expected (above upper limit). Figure 4 shows 

a map of all postcode areas and their representation as expected per estimated 

veterinary-visiting population. A detailed overview of proportionally well represented 

postcode areas, their number of records, the estimated animal population, the point 

estimator and the constructed intervals can be found in Table 7 below. An overview of 

the number of SAVSNET records of the proportionally underrepresented areas can be 

found in Table 8. 
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Figure 4 Postcode areas according to their representation as expected per estimated veterinary-visiting 

population. 
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Table 7 Summary of proportionally well represented postcode areas. Postcode areas marked in bold additionally 

fall within the range of the constructed intervals. 

Postcode 

area 

SAVSNET 

records 

Animal 

population 

Point 

estimator 

Upper 

limit 

Lower 

limit 

AL 1067 75202.79 866.88 924.13 809.63 

B 3242 287575.70 3314.96 3426.24 3203.68 

BA 3009 187547.50 2161.91 2252.03 2071.78 

BH 3265 181363.40 2090.62 2179.26 2001.98 

BL 1134 68774.83 792.78 847.54 738.02 

BN 3157 280582.70 3234.35 3344.29 3124.41 

BR 474 39928.42 460.265 502.02 418.50 

BS 5134 300996.60 3469.66 3583.47 3355.86 

CO 2810 128456.90 1480.75 1555.47 1406.04 

CR 974 52533.07 605.56 653.44 557.68 

CW 1978 118200.70 1362.53 1434.22 1290.84 

DA 1401 84667.86 975.98 1036.72 915.25 

DH 1280 68744.56 792.43 847.18 737.68 

DT 1652 126393.20 1456.96 1531.08 1382.85 

E 3081 65161.36 751.13 804.44 697.82 

EC 281 2150.91 24.79 34.49 15.09 

EX 4246 351139.50 4047.68 4170.41 3924.94 

FK 1071 75141.85 866.18 923.40 808.95 

FY 1628 58393.21 673.11 723.58 622.64 

GL 3427 288452.80 3325.07 3436.52 3213.62 

GU 3776 278821.70 3214.05 3323.65 3104.45 

HG 922 59150.01 681.83 732.63 631.03 

HP 1997 144223.80 1662.50 1741.63 1583.37 

HU 2338 147498.70 1700.25 1780.27 1620.24 

IG 1194 31337.24 361.23 398.23 324.22 

KT 2600 108786.20 1254.00 1322.80 1185.21 

L 1642 132706.50 1529.74 1605.67 1453.81 

LE 2377 202342.00 2332.45 2426.02 2238.87 

LN 1088 97830.04 1127.71 1192.97 1062.45 

LS 9496 213733.20 2463.76 2559.89 2367.62 

LU 764 58945.74 679.48 730.19 628.77 

MK 1576 138487.60 1596.38 1673.93 1518.83 

N 1395 87062.66 1003.59 1065.17 942.01 

NP 1908 146699.40 1691.04 1770.84 1611.24 

NW 1064 64946.61 748.65 801.87 695.43 

OL 1095 72999.78 841.48 897.89 785.07 

PE 3414 256660.70 2958.59 3063.81 2853.37 

RG 3220 272332.50 3139.25 3247.58 3030.91 

RH 3691 192946.20 2224.14 2315.54 2132.74 

RM 1348 72352.85 834.03 890.19 777.86 
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Postcode 

area 

SAVSNET 

records 

Animal 

population 

Point 

estimator 

Upper 

limit 

Lower 

limit 

S 3216 255955.00 2950.46 3055.54 2845.38 

SE 1653 68714.47 792.09 846.82 737.35 

SG 2678 152983.60 1763.48 1844.96 1682.00 

SK 2017 178169.40 2053.80 2141.67 1965.94 

SM 896 32885.06 379.07 416.98 341.17 

SN 4102 254261.80 2930.94 3035.68 2826.20 

SO 3121 191854.90 2211.56 2302.70 2120.42 

SP 1434 130112.10 1499.83 1575.02 1424.64 

SR 370 27562.94 317.72 352.43 283.01 

SS 2443 102501.20 1181.55 1248.34 1114.77 

SW 2431 114022.00 1314.36 1384.78 1243.94 

TA 2354 198112.90 2283.70 2376.30 2191.10 

TN 3333 258479.50 2979.56 3085.15 2873.97 

TQ 1934 140069.70 1614.62 1692.61 1536.63 

TS 1552 118610.00 1367.25 1439.06 1295.43 

TW 1721 102839.80 1185.46 1252.36 1118.56 

UB 977 43532.58 501.81 545.41 458.21 

W 799 67254.60 775.26 829.41 721.10 

WA 3016 154132.70 1776.72 1858.50 1694.94 

WD 1127 61867.21 713.16 765.10 661.21 

WR 2061 129378.20 1491.37 1566.35 1416.39 



 

39 

 

2.3.5. Proportion of postcode areas with at least the minimum 

number of laboratory records that would have been obtained by 

sample size calculation in a random survey of prevalence 

A number of four postcode areas (HS, KW, WC and ZE) fell below the sample size 

calculation of a random prevalence survey (Table 8). Therefore, 116/120 (97 percent) 

postcode areas can be considered to have at least the minimum number of laboratory-

records that would have been obtained in a random survey of prevalence. An overview 

of the number of SAVSNET records of the proportionally underrepresented areas, the 

estimated animal population, the point estimator, the constructed intervals as well as 

the estimated sample sizes for prevalence surveys can be found in Table 8 below.  

 

2.3.6. Overall score of representativeness 

The representative-status of the SAVSNET veterinary-records according to our model 

shows: 

y = 
0.20 + 0.78 + 0.73 + 0.51 + 0.97

5
 = 0.64 

indicating a high representativeness based on our interpretation (see section 2.2.2). 
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Table 8 Summary of proportionally underrepresented postcode areas. Postcode areas marked in bold fall below the 

calculated sample sizes. 

Postcode 

area 

SAVSNET 

records 

Animal 

population 

Point 

estimator 

Upper 

limit 

Lower 

limit 

Sample- 

size 

AB 2152 218398.15 2517.53 2614.7 2420.37 95.99 

BB 869 122390.09 1410.82 1483.76 1337.88 95.96 

BD 1089 161344.46 1859.86 1943.52 1776.21 95.98 

CA 500 187282.2 2158.85 2248.91 2068.79 95.99 

CB 1783 194304.22 2239.8 2331.51 2148.08 95.99 

CF 2009 204382.28 2355.97 2450.01 2261.93 95.99 

CH 1897 263078.19 3032.57 3139.08 2926.06 96 

CM 2152 212528.98 2449.88 2545.75 2354.01 95.99 

CT 1324 165603.04 1908.95 1993.69 1824.21 95.98 

CV 713 207454.37 2391.38 2486.12 2296.65 95.99 

DD 595 96602.03 1113.56 1178.41 1048.71 95.94 

DE 1982 266960.72 3077.33 3184.61 2970.05 96 

DG 257 113272.42 1305.72 1375.91 1235.53 95.96 

DL 1367 140208.04 1616.22 1694.25 1538.19 95.97 

DN 1847 176819.34 2038.24 2125.78 1950.71 95.98 

DY 712 97030.17 1118.49 1183.48 1053.5 95.94 

EH 2015 268060.21 3090 3197.5 2982.51 96 

EN 584 90647.58 1044.92 1107.75 982.09 95.93 

G 2493 229081.61 2640.69 2740.17 2541.2 96 

HA 633 60813.38 701.01 752.52 649.51 95.89 

HD 119 57643.62 664.47 714.62 614.32 95.88 

HR 877 87927.12 1013.56 1075.44 951.68 95.93 

HS 6 6720.28 77.47 94.61 60.32 94.68 

HX 360 69751.28 804.04 859.19 748.9 95.9 

IP 1584 243771.91 2810.02 2912.61 2707.44 96 

IV 818 103364.79 1191.51 1258.58 1124.45 95.95 

KA 741 117037.78 1349.13 1420.46 1277.79 95.96 

KW 64 45161.91 520.59 565 476.19 95.83 

KY 1077 121585.23 1401.55 1474.25 1328.84 95.96 

LA 762 147356.27 1698.62 1778.59 1618.64 95.97 

LD 224 37370.6 430.78 471.18 390.38 95.79 

LL 1898 285955.94 3296.29 3407.26 3185.32 96 

M 1320 135844.21 1565.91 1642.73 1489.1 95.97 

ME 1677 154769.23 1784.07 1866.01 1702.12 95.98 

ML 610 105012.68 1210.51 1278.11 1142.91 95.95 

NE 3192 318685.75 3673.58 3790.62 3556.54 96.01 

NG 3027 327237.81 3772.16 3890.73 3653.59 96.01 

NN 1785 181344.86 2090.41 2179.05 2001.77 95.99 

NR 1180 296686.6 3419.99 3532.99 3306.99 96.01 

OX 2730 282473.95 3256.15 3366.46 3145.85 96 
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Postcode 

area 

SAVSNET 

records 

Animal 

population 

Point 

estimator 

Upper 

limit 

Lower 

limit 

Sample- 

size 

PA 786 82989.02 956.64 1016.77 896.51 95.93 

PH 330 66409.75 765.52 819.34 711.71 95.9 

PL 1792 220274.73 2539.17 2636.75 2441.59 95.99 

PO 1873 257570.54 2969.09 3074.49 2863.68 96 

PR 784 149363.96 1721.76 1802.27 1641.24 95.97 

SA 2286 360119.61 4151.2 4275.46 4026.93 96.01 

SL 858 106588.77 1228.68 1296.78 1160.58 95.95 

ST 2153 204496.86 2357.29 2451.35 2263.23 95.99 

SY 1036 228103.15 2629.41 2728.68 2530.13 96 

TD 334 71588.74 825.22 881.09 769.36 95.91 

TF 504 93528.39 1078.13 1141.94 1014.31 95.94 

TR 1346 165480.78 1907.54 1992.25 1822.83 95.98 

WC 0 2500.82 28.83 39.29 18.37 92.48 

WF 401 125520.82 1446.91 1520.77 1373.05 95.96 

WN 441 59777.52 689.07 740.14 638.01 95.88 

WS 889 110577.14 1274.65 1344.01 1205.3 95.95 

WV 620 89325.08 1029.67 1092.05 967.3 95.93 

YO 1787 258794.23 2983.19 3088.84 2877.54 96 

ZE 4 11507.75 132.65 155.09 110.22 95.24 
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2.4. Discussion 

The aim of this section is to evaluate the representative-status of the laboratory data 

recorded by SAVSNET to the UK small animal diagnostic data. To fulfil this purpose, 

and due to the lack of readily available laboratory data on small animals, five PIs were 

identified and assessed using different analytical approaches. The overall result 

showed a high representativeness of the SAVSNET records based on the identified 

PIs. Hence, the overall result of this chapter indicates that the SAVSNET database can 

be considered as representative in terms of geographical coverage and resemblance of 

underlying veterinary-visiting population and therefore may be used in the following 

analysis of Chapters III and IV. However, it is important to acknowledge that not all 

areas were represented equally well and consequently inferences in those areas might 

be limited. 

The first PI was used to give an initial impression of the SAVSNET laboratories 

compared with UK laboratories overall. To this end, a comprehensive search for 

veterinary diagnostic laboratories was executed using the resources at hand, as 

described in the beginning of this chapter. Although it was compared with a list of 

laboratories provided by SAVSNET, a complete record cannot be guaranteed, because 

some smaller laboratories may have been missed out due to the algorithm of the search 

engine. However, it is assumed that the most important ones (with a high number of 

tests) were captured by the two search-approaches used. 

Moreover, the findings of PI 1 showed that whilst 40 percent of the UK-wide 

laboratories are participating in SAVSNET (whereof half contributed data at the time 

of writing), it is very difficult to draw further conclusions from this number, for which 

there are several reasons. Firstly, this is because of the reason concerning the 

completeness of the list of laboratories mentioned above and secondly, because we do 

not know anything about the size of the remaining 60 percent. To further determine 

whether SAVSNET laboratories present a fair representation of UK-wide laboratories 

a number of considerations have been taken into account. Most veterinary diagnostic 

laboratories, however, are private-for-profit organisations. Therefore, information on 

their market share are not publicly available. Even though SAVSNET recruited 

laboratories based on their assumed size (preferring bigger laboratories to smaller 

ones) using suggestions from opinion leaders, additional efforts have been made in PI 
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2 to make estimates on the scale of participating laboratories by analysing their 

geographical coverage in order to approximate more accurately their market share. 

Although a well-informed estimate could be established, it is worth noting that this 

process was still an approximation and the true figure (market share of participating 

laboratories) is not known. Nonetheless, for our purposes it is seen as sufficiently 

reliable to analyse the participating laboratories only without including information on 

the size of those who decided not to take part. 

Another note on PI 2 is concerning the accession year of the data-contributing 

laboratories. Three laboratories provided data from January 2012 until October 2016. 

The remaining three submitted most records in 2015 and 2016. Therefore, if 

SAVSNET laboratory-records are used for statistical analysis over time, it is 

recommended to include only laboratories which are contributing data for the whole 

study period to avoid biased results. 

PI 3 and 4 were used in order to assess the association of SAVSNET records with the 

veterinary-visiting animal population through different approaches. For the 

comparison at postcode area level, the small animal population dataset published by 

APHA was used instead of, for example, human census data (number of inhabitants) 

per postcode area, which has been frequently used in research. The reason for this 

being that the animal dataset was assumed to be the best estimate of the true numbers 

of cats and dogs living in the UK, which is considered an accurate predictor of the 

number of samples being submitted, even though it has to be acknowledged that these 

numbers were based on modelling and may not reflect the real population accurately. 

Other estimations, like the pet population estimates published on the PFMA website, 

are not available on postcode area level. However, when looking at the pet population 

for GB overall, the numbers of APHA exceed the PFMA population estimates by 

approximately 25 percent. Also, regional proportions of cats and dogs do not match 

between APHA and PFMA estimations [61]. Further studies on postcode area or 

district level should be carried out to validate the APHA- estimates. Nevertheless, the 

methodology of Aegert et al. is well-elaborated and therefore their results are still 

regarded as more adequate for this study [60]. 
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The figures concerning the veterinary-visiting population were based on the 

hypothesis that a total of 77 percent of the dogs and 84.6 percent of the cats are 

registered at a vet. These numbers were taken from independent studies, one of Asher 

et al. [17] for dogs and Murray et al. [63, 67] for cats. Additional studies that confirmed 

those numbers would be desirable to authenticate those papers. However, the studies 

are still seen valid enough in themselves to be used for our purposes. 

Acceptable intervals of the SAVSNET records per postcode area based on the 

approach of Sousa et al. [65] were calculated in PI 4 to check whether the records are 

proportionally distributed, similar to the veterinary-visiting population and therefore 

would resemble a random sample. Most of the sufficiently represented areas, however, 

have been found to lie above the upper limit of the calculated ranges. Consequently, 

the number of underrepresented areas increased, due to those areas which are even 

better represented than actually required according to the constructed intervals, leading 

to almost 50 percent of (artificially) underrepresented areas.  

Therefore, these areas were additionally compared to hypothetical sample size 

calculations in a random survey in PI 5 to further evaluate the underrepresented areas 

of PI 4. Statistically speaking, sample size calculations per se should not be performed 

on convenience samples, making their interpretation questionable and open for 

discussion. Despite this limitation, they were still performed, since no other statistical 

method was found adequate to additionally evaluate the proportionally 

underrepresented areas. 

SAVSNET stores their records based on sample identification numbers (IDs). Hence, 

it was possible to differentiate if the same sample got tested for several diseases and 

account for it, by counting the number of unique IDs only. However, it was not 

possible to determine whether more than one sample has been taken from a single 

animal over time, since samples would have been assigned different, unrelated IDs. In 

other words, the SAVSNET records do not represent individual animals, but individual 

samples submitted by a veterinarian. The possibility of more than one sample having 

been taken of a single pet within a given study period might therefore constitute a 

source of error. Due to the period chosen for PI 3-5 being only one year, no adjustment 

was deemed necessary.  
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The original laboratory dataset of SAVSNET has several forms when specifying where 

the sample comes from. Preferably, the postcode district in accordance with the 

resolution of the animal population dataset would have been used for the analysis [60]. 

However, due to the fact that some tests only provide the postcode area, the resolution 

was lowered to keep the sample as encompassing as possible. 

It is also worth noting that the postcode areas specified for each sample represent the 

veterinary practice where the tests were ordered and not the location of the owner of 

the pet. Therefore, postcode areas like WC, which were found underrepresented in our 

study and where no or only a few small animal veterinary surgeons are registered, are 

prone to have a few (if any) records. This, however, is also true in areas with a high 

veterinary practice density, which might also submit samples of small animals living 

in the surrounding areas. This bias should be borne in mind when interpreting the 

results.  

To make a final validation based on the PIs used in this section possible, results of 

each indicator were weighted identically (averages). Due to the scope of this chapter 

and time/personnel restrictions, no elicitation technique was used. Preferably, further 

evaluations would use expert opinions, for example in the form of Delphi analysis [68] 

or other analytical hierarchy processes [69] for assigning individual weights to each 

PI.  

Despite our efforts of validating the SAVSNET data and the existence of several 

studies using laboratory records in general, e.g. on the estimated prevalence of 

infectious diseases [26, 52, 70–74], it has to be acknowledged that the usage of 

laboratory records in research, especially in veterinary science, has not been 

sufficiently evaluated in general and is associated with inherent biases heavily based 

on barriers and drivers for diagnostic testing of suspect cases of a disease: i.e. the 

owners taking their pets to a veterinarian, the veterinary surgeon [75], and the cost-

benefit of the test, which individually and combined may bias the results and thus, 

inhibit generalisation of the findings to the whole animal population. Nevertheless, 

veterinary laboratories are considered as the most readily available source of data for 

disease surveillance [76]. Due to time restrictions and the lack of evidence-based data, 

this analysis did not adjust for any confounding factor. Further research for example 

on the areas’ deprivation index and the veterinarians’ testing-behaviour would be of 

value to further understand the underlying mechanisms for ordering a test. 
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On a final note, it is important to acknowledge that although passive disease 

surveillance inherits numerous biases, it is crucial in the field of epidemiology to give 

at least estimates on disease occurrence and trends. Reasonable approximations based 

on admittedly imperfect data is generally seen as preferable to no estimation at all, 

even though passively collected data is more prone to bias than a controlled 

experiment/trial [77].   
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Chapter III: Data management and description of temporal and 

spatial pattern of T. gondii infections 

Before applying space-time statistics for cluster detection of T. gondii infections in 

Chapter IV, this section of the thesis provides a general overview of the SAVSNET 

laboratory dataset on T. gondii testing in cats and dogs between January 2012 and 

October 2016. To achieve this, descriptive characteristics were summarised, and data 

considered inapplicable for statistical analyses due to incompleteness was eliminated 

(age, gender, neutered and breed). Temporal and spatial patterns of infections with T. 

gondii were evaluated for each species using several approaches (bar charts, seasonal 

decomposition and maps), and were subsequently compared to one another. The 

results of this section showed higher number of cases as well as percentages positive 

in 2014 and 2015 compared to 2012, 2013 and 2016 for both species. No significant 

difference in relative risk of cats being infected with T. gondii compared to dogs was 

found in the data. The seasonal components reflected about 25 percent of the variation 

in the dataset of cats and 18 percent of the variation in dogs, both showing highest 

number of cases in autumn. In the case of dogs, the trend component was additionally 

found to explain 58 percent of the variation in the data series and had its peak at the 

end of 2014. 

 

3.1  Introduction 

Veterinary epidemiology builds on the understanding of disease occurrence over space 

and time and generates hypotheses on risk factors and/or causation of poorly 

understood or unknown diseases. The information on the distribution of disease in time 

and space can further be used to implement efficient surveillance systems and control 

programmes. The following chapter uses epidemiological techniques such as seasonal 

decomposition and case-mapping to identify the temporal and spatial occurrence of T. 

gondii infections in cats and dogs through SAVSNET laboratory-records before 

exploring advanced spatio-temporal statistics for cluster detection in Chapter IV. 

Firstly, this chapter will provide a detailed exposition of the dataset including a 

summary of the variables, their cleaning process and an explanation of their eligibility 

combined with a general definition of positive cases. Secondly, descriptive statistics 

will be conducted in order to further summarise the data.  
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Thirdly, a time-series analysis is performed to highlight potential trends and 

seasonality in the occurrence of T. gondii infections and lastly, cases are mapped to 

visualise seasonal trends in the spatial distribution of infections. Hence, the following 

four research questions will be addressed: 

(1) Does the relative risk of T. gondii infections identified by using SAVSNET 

laboratory records vary between cats and dogs? 

(2) Is there a significant temporal trend in T. gondii infections reported by 

SAVSNET laboratories in cats and dogs?  

(3) Is there a seasonality in T. gondii infections reported by SAVSNET 

laboratories in cats and dogs?  

(4) Is there any seasonal trend in the spatial distribution of T. gondii infections 

reported by SAVSNET laboratories in cats and dogs? 

 

3.2  Material and methods 

3.2.1. Defining variables and harmonising data 

The original dataset acquired for this thesis comprised all specimen tested for T. gondii 

from the 1st of January 2012 to the 15th of November 2016, which were recorded in the 

SAVSNET-Lab database. The variables of each tested sample included the receive 

date which specifies when the specimen arrived at the laboratory, the postcode 

(location) of the veterinary practice submitting the sample and the sample’s reference 

code (sample ID). Also encompassed were the test group/method (serology-IFAT or 

molecular test-PCR), the test result (in numbers), the result text (interpretation of the 

result), as well as species (cats or dogs), age, neuter, breed, gender and the laboratory 

which performed the assessment. Notably, one sample can be tested for more than one 

test. To avoid potential biases, only laboratories contributing data from 2012-2016 

were included in this thesis. The format in which some variables were recorded varied 

considerably between laboratories. Therefore, to merge the records from all the 

laboratories, the variables not having uniform nomenclature were harmonised in the 

same column (location) i.e. by transforming the text in all capitals and using the first 

one or two letters only (depending on the postcode area) or a new column was added 

(result text) i.e. to code if the test was positive based on the cut-off values of the 

diagnostic laboratories before perusing to facilitate further analysis (see Table 9). 



 

50 

 

Based on the fact, that most records did not include the complete postcode of the 

sample, the overall geographical resolution of the analysis was lowered to postcode 

areas in order to keep as many samples as possible. In addition, all records with missing 

or non-UK based postcodes, which might point to some errors in the documentation, 

were removed. Moreover, incomplete variables (i.e. more than 20 percent of the data 

missing) or variables, which were inconclusive in their interpretation of either the 

result or the methodology, were dropped to avoid any interpretation-error (see Table 

10). The SAVSNET-Lab data does not include any information on the clinical 

presentation. 

For the purpose of this thesis, only serological tests (IFAT) for IgM and IgG antibodies 

were included. The cut-off values used by the diagnostic laboratories to define a case 

were titres of ≥ 1:50 and ≥ 1:20 for IgG and IgM respectively. Furthermore, cases were 

marked either as low positive or highly positive, depending on their result value. 

Hence, IgM titre > 1:256 and IgG titre ≥ 1:400 were considered as highly positive 

cases based on findings of Dubey et al. [1] and the laboratory’s guideline. As already 

noted in section 1.4, knowledge on the humoral response particularly in companion 

animals is limited and might, for example, change based on the age of the pet. Due to 

this uncertainty and in order to identify cases as early as possible, all samples tested 

positive for IgM were considered as T. gondii infections (referred to as cases) 

irrespectively if IgG was positive or not. Therefore, if a sample was tested negative for 

IgM but positive for IgG it was not considered as a case in this thesis. Nonetheless, 

IgG positivity is also highlighted in the descriptive characteristics section. 

Despite the fact that one animal might have more than one sample taken and tested for 

an infection with T. gondii within a study period of five years, we assume for reasons 

of simplicity that each sample ID corresponds to one unique animal. 

Table 9 Variables in SAVSNET laboratory-records, which were harmonised for the analysis. 

Variable Area Positivity 

Data Location Result text 

Values 120 postcode 

areas 

High and low 

(separately for IgM and 

IgG) 
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Table 10 Availability of variables in SAVSNET laboratory-records (percentages), which were excluded 

in the study. 

 Breed Gender Neutered Age PCR 

Reason 

Cats 

Incomplete 

(71%) 

Incomplete 

(72%) 

Incomplete 

(64%) 

Incomplete 

(10%) 

No information 

on sample type 

used. 

Reason 

Dogs 

Incomplete 

(41%) 

Incomplete 

(41%) 

Incomplete 

(29%) 

Incomplete 

(16%) 

No information 

on sample type 

used. 

 

3.2.2. Data analysis 

Once the harmonisation of the data and the exclusion of incomplete or inconclusive 

variables had been finalised, two separate datasets (one for cats and one for dogs) were 

created. As a first step, each dataset’s descriptive characteristics (number of records, 

number of positives, number of postcode areas) were listed and presented in Table 11. 

Additionally, the relative risk of being infected with T. gondii was calculated and then 

compared between cats and dogs measured by using the Pearson's Chi-squared test. 

The null hypothesis was that there is no difference in relative risk of being infected 

between the two species. The statistical significance was set to a p-value < 0.05. To 

avoid any statistical errors, November 2016 was excluded completely because data 

was only available on 15 days. 

In a second step, further datasets for highly positive IgM cases in cats and dogs 

(hereinafter referred to cats II and dogs II) were formed and analysed in the same 

manner as described below under the hypothesis of reflecting time patterns of newly 

acquired infections more accurately. This is because a high positive IgM result 

suggests a recent infection and therefore we can be more certain that any potential 

seasonality effect or trend identified is true [1, 21].  

Subsequently, bar charts highlighting cases, as well as the proportion of animals which 

tested positive, were created for every month per year. This initial evaluation of the 

temporal pattern in T. gondii infections was used to compare temporal trends between 

cats and dogs. As an aid to the comparison between different years of the same species, 

two dotted lines, one representing the overall mean of T. gondii cases (light blue) and 

the other the year’s mean of T. gondii cases (red line), were added to the bar charts.  



 

52 

 

Cases and proportion of cases from 1st January 2012 to 31st October 2016 were 

converted into time-series objects. A smoothing Seasonal Decomposition Of Time 

Series By Loess (STL) algorithm (offered by R in the forecast package) was applied 

retrospectively to such time-series with the objective of identifying an underlying 

seasonal signal or trend. This uses a locally weighted regression technique known as 

loess. The approach is based on several smoothing operations: In a first step detrending 

of the time-series data is performed, followed by a smoothing of cycle-subseries, 

which are filtered by moving averages. Next, the seasonal component is subtracted to 

obtain the remainder reflecting the residuals (stochastic fluctuations) of the data after 

removing seasonality and trend. A detailed explanation of the methodology can be 

found in Cleveland et al 1990 [78]. The values used for the STL will be chosen 

depending on the results of the descriptive analysis. If no temporal pattern is found, 

the seasonal sub-series is smoothed by the mean (s.window=”periodic”) and the 

default version of the loess window for trend extraction 

(t.window=nextodd(ceiling((1.5*period) / (1-(1.5/s.window))))) is taken. The results 

of the decomposition are then plotted and presented in charts for cats and dogs 

separately. Since STL decomposition only smooths the data to break it into its 

components but does not formally test if seasonality or trend is present, the variances 

of each component (trend, seasonality and remainder) were additionally compared to 

each other, with respect to the original variance of the data as a tool to evaluate what 

proportion of the original data is reflected in each component. 

Moreover, maps were used to visualise the geographical distribution of T. gondii 

infections in cats and dogs in GB. Spatial distribution of infections during each season 

including all years were mapped separately for each species per 10,000 records 

submitted to enable a comparison between locations and species. A season is defined 

as either winter (December to February), spring (March to May), summer (June to 

August) or autumn (September to November). The lower limit of samples for each 

postcode to be included to the map was set moderately to 20 samples recorded by 

SAVSNET, since each areas representativeness has already been evaluated in Chapter 

II. All maps were generated using QGIS (Version 2.18.11).  
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3.3  Results 

3.3.1. Descriptive characteristics and relative risk of T. 

gondii infections 

The main characteristics of the feline and canine datasets on toxoplasmosis testing 

recorded by SAVSNET laboratories between the 1st of January 2012 and 31st of 

October 2016 are listed in Table 11 below. The datasets contain records of three 

laboratories resulting in a total number of 21,341 samples for T. gondii infections in 

118 postcode areas across Great Britain. Only the West Central district of London 

(WC) and Outer Hebrides (HS) were found to have no records, neither for cats nor 

dogs. Moreover, no dogs were tested in Sunderland (SR) in any of the participating 

laboratories. Approximately 45 percent (n = 9,645) of the total number of samples 

were taken from cats and the remaining 55 percent (n = 11,696) of dogs.  

About eleven percent (n = 1,026) of the cats were considered positive based on the 

case definition, out of which 90 percent had low titres of T. gondii specific IgM 

(between 1:20 and 1:256) and 10 percent high levels of IgM antibodies (titre > 1:256) 

in their blood serum (Table 10). Additionally, IgG positivity was found in 601 out of 

1,026 (59 percent) cases, 420 (70 percent) having high IgG levels (titre ≥ 1:400) and 

the remaining 30 percent (n = 181) low titres (between 1:50 and 1:400). 

With regards to dogs, a total number of 1,232 samples (eleven percent of all dogs) out 

of 11,696 samples were positive for T. gondii infection (Table 11). In contrast to cats, 

dogs showed high IgM levels in less than one percent of the cases (n = 7). Out of all 

cases, 401 samples (33 percent) were also found to be IgG positive, whereas six 

percent (n = 23) of those were classified as highly IgG-positive and 94 percent (n = 

378) as low positive. 
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Table 11 Summary of descriptive characteristics of the study population between the January 2012 and 

October 2016. 

 Cats Dogs Total 

Samples 9,645 11,696 21,341 

Postcode areas 118/120 117/120 118/120 

Number of cases 1,026 1,232 2,258 

IgM positive High: 103 

Low: 923 

High: 7 

Low: 1,225 

High: 110 

Low: 2,148 

IgG positive High: 420 

Low: 181 

High: 23 

Low: 378 

High: 443 

Low: 559 

When analysing cases in cats that were also IgG positive in more detail, out of all 

highly positive IgG cases (n = 420), 92 (22 percent) showed high IgM levels as well. 

Conversely, in the case of low positive IgG samples, four (2 percent) cats were found 

to have highly positive IgM titre. 

Similar results were found in dogs, having four (17 percent) highly positive IgM titre 

in the group of highly positive IgG levels and two (< 1 percent) high IgM cases in the 

group with low IgG levels. 

There was no significant difference in relative risk of cats being infected with T. gondii 

compared to dogs (χ2 = 0.06057, p-value = 0.9702) based on the SAVSNET laboratory-

records and our case definition. 

 

3.3.2. Temporal pattern of T. gondii infections 

The left panel of Figures 5-7 contain time-series plots presenting absolute numbers of 

cases between 2012 and 2016. Due to the possibility of detecting more cases in a 

particular year as a result of a higher frequency of testing for T. gondii, the right panel 

was added to show percentages of submitted samples that were tested positive for each 

month of the year. Figure 5 displays the cases (at least IgM titre ≥ 1:20, see case 

definition) in cats from 2012 to 2016 and Figure 6 shows the highly positive IgM cases 

(cats II). Dogs are only presented in Figure 7, due to the fact that there was an 

insufficient amount of highly positive IgM cases (dogs II: n = 5).  
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In general, the overall number of samples recorded by SAVSNET for cats did not vary 

significantly over the study period, ranging from 1738 samples (2016; missing two 

months’ worth data) to 2062 samples (2014). Despite the anticipation of detecting any 

temporal trend by charting the results, no clear pattern is visible to the naked eye. 

However, when taking a closer look at the blue and red dotted lines, which represent 

the overall mean and the mean of each year respectively, it can be observed that in 

2014 and 2015 the number of cases in cats (absolute values as well as percentages) 

were higher than the years before as well as thereafter. This result is confirmed by the 

total number of positive cases in cats of the year 2014 and 2015 in Table 11, totalling 

245 (out of 2,062 samples) and 236 (out of 1,970) respectively. Additionally, there is 

a noticeable peak, again in absolute values as well as percentages, in July 2013 and 

February 2016, which is shown in the highest upper limits of all years in 2016 (n = 40) 

followed by 2013 (n = 34).  

Figure 5 (bar charts of highly positive IgM cases), which was hypothesised to present 

potential trends more clearly than Figure 4, also suggests no apparent pattern over 

time, which is also confirmed by similar ranges for the number of cases per month 

each year (~0-5). Nevertheless, Table 12 also showed an increased frequency of cases 

in absolute terms (total14 = 23, total15 = 27) in the years 2014 as well as 2015 and again, 

having a visible peak in 2013 this time, however, in August instead of July. 

In the case of T. gondii infections in dogs between 2012 and 2016, the overall number 

of samples submitted for dogs also seem to be relatively stable, ranging between 2068 

(2016) and 2524 (2014), even though numbers of 2016 do not include November and 

December. Similar to the findings in cats, no further temporal pattern can be elaborated 

further based on the results of this section. Figure 7 and Table 12 reveal a higher 

number of cases particularly in the year 2014, but also in 2015. These findings are not 

only reflected in the absolute numbers of cases (total14 = 476, total15 = 357) but also in 

highest monthly percentages positive, resulting in 8.9 percent (June) and 33.3 percent 

(October) in 2014 and 2.9 percent (December) to 26.7 percent (September) in 2015. 

On another note, infections seem to be peaking regularly in September in absolute 

cases which range between 4 cases (2016) and 75 cases (2014), equalling 5.4 and 31.8 

percentage, respectively.  
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Table 12 Summary of T. gondii cases in cats and dogs including monthly ranges of all cases per year as 

well as the total yearly amount of cases (Totaly) recorded from 2012-2016. *Records for 2016 do not 

include values for November and December. **Cases cats II referres to highly positive IgM cases (titre 

>1:256). 
 

2012 Total12 2013 Total13 2014 Total14 2015 Total15 2016* Total16* 

Cases 

cats  

5-21 186 7-34 191 11-29 245 12-32 236 8-40 168 

Cases 

cats 

II** 

0-3 13 0-5 20 0-4 23 0-5 27 0-4 20 

Cases 

dogs 

2-19 111 14-36 239 19-75 476 2-65 357 1-9 49 
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Figure 5 Bar charts of the number of samples tested positive (left column in absolute numbers; right column in percentages) based on the case definition (IgM titre ≥ 1:20) for T. gondii  

in cats between 2012 and 2016. The dotted lines in light blue represent the overall mean of T. gondii cases; the red dotted lines the year’s mean of T. gondii cases.  
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Figure 6 Bar charts of the number of samples tested highly positive (left column in absolute numbers; right column in percentages) based on the case definition (IgM titre > 1:256) for T. 

gondii in cats between 2012 and 2016. The dotted lines in light blue represent the overall mean of T. gondii cases; the red dotted lines the year’s mean of T. gondii cases. 
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Figure 7 Bar charts of the number of samples tested positive (left column in absolute numbers; right column in percentages) based on the case definition (IgM titre ≥ 1:20) for T. gondii in 

dogs between 2012 and 2016. The dotted lines in light blue represent the overall mean of T. gondii cases; the red dotted lines the year’s mean of T. gondii cases. 
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3.3.3. Time-series analysis of T. gondii infections 

STL decompositions of cases and proportion of T. gondii cases (IgM titre ≥ 1:20) in 

cats and highly positive cases (IgM titre > 1:256) referred to as cats II from January 

2012 until October 2016 are shown in Figures 8-9 and 10-11, respectively. For dogs, 

STL decompositions of cases and proportion of T. gondii cases (IgM titre ≥ 1:20) can 

be seen in Figures 12-13. The settings chosen for the analysis of both species were 

generic (default version of the loess window for trend, as explained in more detail in 

section 3.3.2.), because no applicable pattern was identified in the descriptive analysis 

of the data. 

According to Figures 8 and 9, the variation in the seasonal and trend components 

represent a small, yet noticeable fraction of the variation in the data series of cases and 

proportion of cases in cats compared with the stochastic fluctuations (remainder). This 

is reflected by the grey bars on right-hand side of each of the four components. The 

bar of the upper panel (data) can be considered as the unit of variation in the dataset. 

Therefore, it can be assumed that the bars representing seasonality and trend, which 

are much larger than the data bar, represent less of the variation in the dataset of T. 

gondii cases in cats compared with the remainder which has a similar size to the data 

bar. These findings are confirmed when looking at the proportion of the variances with 

respect to the original data series in Table 13. The variation in the seasonal components 

reflect 24 and 25 percent of the variation in the data in absolute numbers and proportion 

of cases in cats, respectively. The occurrence of the seasonal component is highest in 

absolute numbers in September, February and August each year, with an estimated 

number of 4.30, 3.93 and 3.85 additional cases, respectively. The lowest levels of cases 

in the seasonal component were in June (-4.88 cases), April (-4.38 cases), May (-3.96 

cases) and December (-3.33 cases). When looking at the proportion of cases in cats, 

highest proportions in the seasonal component can be found in September (2.8 

percent), November (2.1 percent) and August (1.8 percent) whereas lowest proportions 

– similar to the findings in absolute numbers – occurred in May (-3.3 percent), June (-

2.7 percent) and April (-2.2 percent) of each year.  
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The trend component explains 13 percent of the variance in the data of absolute 

numbers and 12 percent of the variance in the data of the proportion of cases in cats. 

Apart from two peaks in the trend component in 2014 and 2015 and lowest levels in 

2012, no further temporal trend was detected in the decomposition of cases as well as 

proportion of cases.  

A similar set of results, though with less representation of the variance in the data by 

the seasonal and trend components (Table 13), can be seen in Figures 10 and 11, which 

comprise highly positive IgM cases in cats II. The variation in the seasonal 

components reflect 17 and 20 percent of the variation in the data in absolute numbers 

and proportion of cases in cats II, respectively. The peak of cases in the seasonal 

component was in October (1.02 cases), August (0.82 cases) and January (0.50 cases) 

and the lowest of number of cases in December (-0.84 cases), March (-0.73 cases) and 

April (-0.55 cases) each year. When looking at the proportion of cases in cats II, 

highest proportions in the seasonal component can be found in October (0.78 percent), 

August (0.44 percent) and November (0.38 percent) whereas lowest proportions 

occurred in March (-0.51 percent), December (-0.48 percent), February (-0.33 percent) 

and April (-0.31 percent) each year. 

The trend component of cats II explains 8 percent of the variance in the data of cases 

and 7 percent of the variance in the data of proportion of cases. The trend component 

(number of cases and proportion of cases) peaked in 2015 and 2016 and had is lowest 

levels in 2012.  

Stochastic fluctuations represented most of the variation in the data of cases as well as 

proportion of cases for cats (63 percent) and cats II (~73.5 percent). 

When analysing the data relating dogs, Figures 12 and 13 present a different picture. 

Here, it can be noted that the trend component dominates the series peaking in 

2014/2015 and reflecting 59 percent of the original variance in absolute numbers and 

57 percent of the variance in proportion of cases (Table 13). The seasonal component 

explains 17 to 19 percent of the original variation in the data in absolute numbers and 

proportion of cases, respectively. 

  



 

62 

 

Additionally, the higher frequency of cases in September of each year, which was 

already hypothesised based on the findings of the previous section, was confirmed in 

absolute numbers as well as proportion of cases by a 20.3 cases peak or 8 percent of 

the seasonal component in September, only followed by 6.0 cases or 6.1 percent in 

October of each year. The lowest levels of cases in the seasonal component of dogs 

can be found in December (-5.2 cases), January (-4.6 cases) and November (-4.6 cases) 

or when looking at the data of proportion of cases in January (-3.7 percent), June (-3.2 

percent), February (-2.6 percent) and December (-2.5 percent).  

In the case of dogs, the remainder represented 22 percent of the variation in the data 

of cases as well as proportion of cases. 
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Figure 8 Seasonal Decomposition Of Time Series By Loess (IgM titre ≥ 1:20) in cats between 

January 2012 and October 2016. 
Figure 9 Seasonal Decomposition Of Time Series By Loess of proportions positive in cats 

between January 2012 and October 2016. 
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Figure 10 Seasonal Decomposition Of Time Series By Loess of highly positive cases (IgM titre 

> 1:256) in cats between January 2012 and October 2016. 
Figure 11 Seasonal Decomposition Of Time Series By Loess of proportions of highly positive 

cases in cats between January 2012 and October 2016. 
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Figure 12 Seasonal Decomposition Of Time Series By Loess (IgM titre ≥1:20) in dogs between 

January 2012 and October 2016. 
Figure 13 Seasonal Decomposition Of Time Series By Loess of proportions positive in dogs 

between January 2012 and October 2016. 
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Table 13 Proportions of each STL components’ variance with respect to the variance of the original 

data. NB: Proportions might not add up to 100 due to rounding errors. 

 Seasonal Trend Remainder 

Absolute cases (cats) 0.24 0.13 0.63 

Proportion of cases (cats) 0.25 0.12 0.63 

Absolute cases (cats II) 0.17 0.08 0.75 

Proportion of cases (cats II) 0.20 0.07 0.72 

Absolute cases (dogs) 0.17 0.59 0.22 

Proportion of cases (dogs) 0.19 0.57 0.22 

 

3.3.4. Spatial distribution of T. gondii infections 

In the case of cats, 98 postcode areas had more than 20 samples submitted for T. gondii 

testing in the SAVSNET laboratories, which are distributed over all four seasons 

(Figure 14). In total, 1,010 cases of T. gondii infections in cats were mapped, having 

223 cases in spring, 260 cases in summer, 271 cases in autumn and 256 cases in winter. 

The top three postcode areas with the highest number of cases per 10,000 samples for 

cats were Milton Keynes (MK), Salisbury (SP) and York (YO) in spring; London West 

(W), Liverpool (L) and London South Western (SW) in summer; Stevenage (SG), 

Manchester (M) and Cambridge (CB) in autumn and Nottingham (NG), Bristol (BL) 

and Blackburn (BB) in winter. No postcode area was detected in the highest three 

postcode areas over all seasons. Areas with the lowest numbers in every season (no 

cases) were Darlington (DL), Harrogate (HG), Romford (RM) and Wolverhampton 

(WV). 

No map was generated for highly positive IgM cases (cats II) because no postcode 

area (53 in total) exceeded the lower limit of 20 cases.  

In the case of dogs, 1,179 cases of T. gondii infections were mapped between January 

2012 and October 2016 and are distributed over 65 postcode areas, which lie above 

the lower limit of 20 samples. Figure 15 shows that most cases occurred in autumn (n 

= 387), followed by spring (n = 293), summer (n = 261) and winter (n = 238). The top 

three postcode areas with the highest number of cases per 10,000 samples for dogs 

were Salisbury (SP), Taunton (TA) and Lancaster (LA) in spring; Glasgow (G), 

Kingston Thames (KT) and Aberdeen (AB) in summer; Preston (PR), London North 

(N) and Brighton (BN) in autumn and Manchester (M), Newcastle (NE) and Derby 
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(DE) in winter. Areas with the lowest numbers in every season (no cases) were Hemel 

Hempstead (HP) and Reading (RG).  

The season having a higher number of postcode areas with more than 1,875 cases per 

10,000 records (highest interval) was autumn for both species. One postcode area 

being in the top three in terms of number of cases (SP) was found in both species in 

spring (considering time and space). Manchester was also found in the top three of 

number of cases in both species peaking, however, in the case of cats in autumn and 

in the case of dogs in winter.  
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Spring Summer Autumn Winter
 

Figure 14 Spatial distribution of T. gondii cases in cats per 10,000 samples, aggregated by veterinary practices’ postcode area for each season between January 2012 and October 

2016. No data represents all postcode areas with less than 20 samples recorded. 
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Spring Summer Autumn Winter
 

Figure 15 Spatial distribution of T. gondii cases in dogs per 10,000 samples, aggregated by veterinary practices’ postcode area for each season between January 2012 and October 

2016. No data represents all postcode areas with less than 20 samples recorded.  
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3.4  Discussion 

The aim of this chapter was to give an initial overview of the SAVSNET laboratory 

dataset of toxoplasmosis testing in cats and dogs between January 2012 and October 

2016 and to identify temporal and spatial patterns of T gondii infections, before 

applying spatio-temporal statistics for cluster detection in Chapter IV. The results of 

this section showed higher proportions of infections in 2014 and 2015 in both species 

compared to 2012, 2013 and 2016. No significant difference in relative risk of cats 

being infected with T. gondii compared to dogs was found in the data. The seasonal 

components reflected about 25 percent of the variation in T. gondii infections in cats 

and 18 percent of the variation in dogs, both showing highest number of cases in 

autumn. In the case of cats, the trend component was not as strong (about 13 percent) 

as for dogs which showed a trendline peaking at the end of 2014 that explained 58 

percent of the variation in the data series. The spatial distribution of cases revealed that 

autumn is the season with highest number of postcode areas that have more than 1,875 

cases per 10,000 records for both species. Additionally, one postcode area being in the 

top three in terms of number of cases (SP) was found in both species in spring as well 

as Manchester, which was also found in the top three of number of cases in both species 

having its peak in autumn in the case of cats and in winter in the case of dogs.  

For the temporal analysis, the data series was aggregated monthly in an attempt to 

adjust for the effect of weekdays, because it was assumed that veterinarians only 

submit samples on workdays. Despite the fact that dummy variables could have been 

used to additionally account for e.g. public holidays, no adjustment was performed 

since it would have been beyond the scope of this section. 

The case definition used for this thesis was deliberately chosen widely enough to 

ensure that recent cases are also included in the study. One drawback emerging from 

the inclusion of all IgM-positives without necessarily confirming with IgG is a 

reduction in specificity although it allows to detect early cases even when IgG has not 

started to increase to detectable levels.  Despite the fact that in humans (especially for 

risk groups like pregnant women) it is suggested to test for T. gondii infection again 

after two weeks to confirm the first result [24], no second testing for small animals 

was assumed to be present because the costs might exceed the benefits of an 

confirmatory test. Therefore, it was consented for this thesis, that including all positive 
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IgM cases is necessary to also include recent cases acknowledging potential 

drawbacks. 

The infections in dogs showed that through both plotting the data in bar charts as well 

as though the STL decomposition (trend), a high number of T. gondii infections were 

identified in the year 2014 and 2015. Unfortunately, our dataset did not provide 

complete sets of potential risk factors like age, gender, breed. Therefore, solely based 

on our findings, no possible explanation or conclusion of the results can be drawn. 

However, space-time analyses in the succeeding chapter might give more insights on 

the specific region and the exact timeframe of the increased number of infections.   

Birds and rodents are the most common route of infection with T. gondii for cats 

because up to 70 percent, depending on the season and area, can be infected at a time 

[4]. Consequently, the extent/frequency of cases in domestic cats was suspected to 

depend partly on the availability of small mammals and birds. Thus, a strong seasonal 

trend of infections in cats would be expected to occur. However, apart from higher 

numbers of infection in Autumn, the seasonal component does not show a consistent 

pattern when comparing absolute numbers and percentages of cases. Also, the results 

of highly positive IgM cases (cats II), which were anticipated to show any potential 

seasonality effect more truly, did show similar results to the overall analysis. There are 

three possible reasons for that result. Firstly, rodents or birds are not the primary source 

of infection. Secondly, there is no accurate data available of recent infections in cats 

due to difficulties in the diagnosis. Thirdly, factors like breeding periods of birds may 

influence the number of cases with a time lag and would require other statistical 

methods than used in this section. Nevertheless, the seasonal component of cats still 

explains about 25 percent of the variation in the dataset. 

The findings in dogs show highest numbers of cases in September of each year 

consistently. To be more specific, the bar charts, the seasonal components using STL 

as well as the maps displaying each season point to highest levels of T. gondii 

infections for dogs in autumn. Interestingly, cats were frequently found to have high 

number of cases only one month earlier (August). Knowing that cats play a key role in 

distributing T. gondii [1], a direct relation between the consecutively occurring peaks 

of infection could be hypothesised. However, further research into the causation, 

preferably also considering comorbidities of the animals and their effects on the T. 

gondii infection need to be done in order to proof this hypothesis. 
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Salisbury (spring) and Manchester (autumn/winter) were found to be the areas with 

the highest estimated number of seasonal cases per 10,000 records for both, cats and 

dogs. Interestingly, Salisbury is located in a local authority district that lies in the 30 

percent least deprived areas in England (Wiltshire).[79, 80]. Unlike Manchester, which 

ranks 5th out of 326 local authorities (1 being most deprived) [80, 81]. This may oppose 

the hypothesis that the deprivation of the area has an influence on the number of cases. 

Importantly, veterinarians for both Manchester and Salisbury only submitted about 30 

samples per species over the study period (average samples submitted per region in 

the SAVSNET-Lab database for T. gondii being 83 and 101 for cats and dogs, 

respectively) which could bias the extrapolation. However, when looking at the overall 

number of SAVSNET-Lab records, Salisbury was found to be proportionally well 

represented and Manchester fell marginally below the well-representation mark by 11 

percent only (compare section 2.3).  

For the decomposition of the time-series in its three components (trend, seasonality, 

and remainder), the STL function of the R forecast package was used. This method is 

commonly applied because of its robustness and straight forward design. The settings 

chosen for this thesis were very generic, because no clear temporal pattern was 

established by plotting the data. An opensource textbook on forecasting, however, 

suggests experimenting with the settings when using STL [82]. Therefore, the settings 

were varied based on trial and error, before deciding on taking the generic option, but 

no other setting provided a more insightful result of the time-series analysis. 

When interpreting the STL results, grey bars at the end of each component are 

displayed as an aid for the user to estimate the relative importance of each component. 

However, there was no other approach (e.g. regression) found in the literature to test 

if the component is significant. Therefore, to further analyse the components of the 

decomposition (trend, seasonality and remainder), the variances with respect to the 

original dataset were checked against each other in an attempt to interpret how much 

of the data is represented through each part.  
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Chapter IV: Clusters of T. gondii infections over space and time 

Having obtained a basic, descriptive overview of the SAVSNET data on T. gondii 

infections including preliminary investigations into potential temporal and 

geographical patterns, this chapter focusses on the application of scan statistics to 

discover potential clusters of T. gondii infections in the SAVSNET dataset over space 

and time. A Bernoulli model and a Poisson model were applied to detect spatial as well 

as space-time clusters of infection. Additionally, a space-time permutation scan was 

used to complement the findings of the Poisson model. Using purely spatial scan 

statistics on Bernoulli data showed two spatial low-rate clusters for cats and one low-

rate cluster for dogs. Applying the Bernoulli space-time scan resulted in a small low-

rate cluster for cats and one large high-rate cluster for each species. Spatial clusters 

identified using the Poisson model, resulted in six hotspots (high-rate clusters) for cats 

and five for dogs. Adding time of testing to the Poisson scan statistics identified five 

hotspots for each species. A sensitivity analysis of the results was done by adjusting 

the space-time model for temporal trend, which yield similar results. To further 

validate the results of the Poisson model, the space-time permutation model was 

applied by year. Regarding cats, except for Bristol, Edinburgh and Fylde/Blackpool, 

all areas detected by the Poisson model are confirmed through the permutation scan, 

showing coinciding time frames in Watford. For dogs, no areas were confirmed by the 

space-time permutation scan. Due to the specifics of the Bernoulli scan statistics, a 

comparison of its results to the other methods was considered invalid.  
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4.1  Introduction 

The identification of disease clusters - also referred to as hotspots - is crucial to the 

construction of hypotheses on potential causations of outbreaks, especially for diseases 

with risk factors that are not fully understood, such as toxoplasmosis.  

The “One Health” approach further promotes the integration of animal health, the 

environment and human health to underline the significance of transboundary effects 

and ultimately, to achieve better health outcomes for animals and humans [83]. 

However, knowledge of the spatial and temporal distribution of the parasite T. gondii, 

particularly in companion animals is very limited (see Chapter I:) [56, 84–86].  

In order to help identify high risk areas for T. gondii infections in humans in the future, 

information on the distribution of the parasite in cats and dogs can be of importance 

(see section 1.3). Therefore, this chapter provides a comprehensive assessment of 

hotspots (in space and time) of infections with T. gondii in GB using SAVSNET 

laboratory records. 

The objectives of the following section are threefold:  

(1) to investigate spatial clusters of T. gondii infections per species using distinct 

methods,  

(2) to investigate spatio-temporal clusters of cases per species using distinct 

methods, and 

(3) to compare the results obtained by each method to validate the outcomes and 

to reveal potential biases or highlight differences in the interpretation of the 

results. 

 

4.2  Material and methods 

4.2.1 Defining variables of source data 

The data in this section was prepared in the same manner as outlined in Chapter III 

(using R for data cleaning and preparation purposes) and has identical case definitions 

(see section 3.23.2.1). Thus, the datasets indicate all samples tested positive (cases) 

and negative for T. gondii infection in cats and dogs aggregated monthly between 

January 2012 and October 2016 on a postcode area level. Due to the reasons explained 
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in section 3.2.1, no additional risk factors (breed, age, gender and castration status) are 

included. 

Subsequently, in order to geo-locate each postcode area, polygon-coordinates of 120 

postcode areas were obtained (not including Belfast, Guernsey, Isle of Man and 

Jersey), and centroids of each polygon were calculated. Based on the findings in the 

validation chapter (Chapter II), four areas (WC, HS, KW and ZE) were excluded from 

the dataset, leaving 116 postcode areas for the analysis.  

Furthermore, the estimated cat and dog population by APHA [60] was aggregated to 

116 postcode areas and used as the underlying population in the analyses (see Table 

14 below). 

 

Table 14 Summary of data sets used for the analysis. 

Dataset Variables Source 

Cat cases Postcode area, date of testing, case (1/0) SAVSNET records 

Cat population Postcode area, estimated cat population Data.gov 

(https://data.gov.uk/dataset/)  

Dog cases Postcode area, date of testing, case (1/0) SAVSNET records 

Dog 

population 

Postcode area, estimated dog population Data.gov 

(https://data.gov.uk/dataset/) 

GB 

coordinates 

Postcode area, longitude / latitude of 

centroids 

Office for National Statistics 

 

4.2.2 Data analysis 

All scan statistics are performed using SaTScan (Version 9.6). SaTScan is a free 

statistical software for spatial, temporal and space-time analyses developed by Martin 

Kulldorff together with Information Management Services Inc. The scan statistic 

methodology has been fully explained elsewhere [87].  

Briefly, all space-time scan statistics have a cylindric window with a circular or elliptic 

spatial base (spatial dimension) and a height (temporal dimension), which represents 

any possible time interval of half the total study period as a maximum. The radius of 

the base continuously varies in size and is located around one of numerous possible 

centroids within the study area, each representing a potential outbreak. The moving 

window passes over every possible geographic area and time interval. This results in 

an infinite number of overlapping clusters which vary in size and shape, but which 

https://data.gov.uk/dataset/
https://data.gov.uk/dataset/
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jointly cover the whole study area. Since epidemiological data such as SAVSNET 

laboratory records have a finite number of individuals, many cylinders contain the 

same animals for which the likelihood can be calculated [88].  

The bases of the purely spatial scan statistics are identical to the space-time scan 

statistics, without the temporal dimension (height) [87].  

When applying spatial and space-time cluster detection, the element of interest 

(samples tested positive for T. gondii in cats and dogs) can be assumed to be either 

Bernoulli or Poisson distributed. Each underlying probability model, however, has a 

distinct objective and therefore, yields different results (see following subsections) 

[87, 89]. 

Based on the specifics of the data at hand, the following three discrete scan statistics 

are employed and, if permitted, compared to each other: 

(1) the discrete Poisson model, 

(2) the Bernoulli model and 

(3) the space-time permutation model. 

For each scan statistic the spatial unit represents postcode areas and, if applicable, the 

temporal unit represents months. 

 

SaTScan settings 

All scan statistics are done retrospectively using the SAVSNET laboratory data on T. 

gondii records for cats and dogs (separately) between January 2012 and October 2016 

(see section 4.2.1). The time precision as well as the time aggregation units in the 

analysis are set to months with a minimum length of one month.  

In spatial scan statistics, the maximum size of a spatial cluster of the at-risk population 

is 50 percent, and the window is circular-shaped. For the space-time scan, both the 

maximum size of spatial cluster and the maximum temporal cluster size are set to 50 

percent of the at-risk population and study period, respectively with a cylindric 

window on a circular-shaped base. 

For the Poisson space-time model, the time trend was additionally adjusted for in 

percentages (II) using the log-linear adjustment to see if the results would vary. No 

additional modifications are made for the Bernoulli and the space-time permutation 

models.  
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Every analysis includes 999 Monte Carlo replications to obtain the likelihood ratios 

and the corresponding p-values. Statistical significance was set to a p-value of p < 

0.05. No adjustments were made for missing data, besides removing four postcode 

areas from the datasets, due to the findings of Chapter II.  

 

Bernoulli model 

Besides the purely spatial scan statistic, the Bernoulli model was also applied to space-

time scans to investigate most likely clusters of T. gondii cases at testing level over 

space and time. The model uses case-control data, where every unit (one sample) can 

take on either the value 1 or 0 - 1 corresponding in our study to ‘infected’ and 0 to ‘not 

infected’. 

The dataset per species needed for the analysis comprises positive and negative 

samples, their date of testing as well as the postcode area of the veterinarian submitting 

the sample and the respective coordinates (centroids). 

The binary Bernoulli model is used for detecting proportionally higher and lower rates 

of expected positive T. gondii tests under the assumption that the SAVSNET sample 

is representative of infected and not infected animals in the total cat and dog population 

of GB. High-rate clusters are hypothesized to point to more severe clinical 

manifestation, which leads to a higher accuracy of testing. Low-rate clusters are 

considered under the hypothesis that observing lower rates of positive samples than 

expected, may point to the emergence of new illnesses, which show similar indications 

for testing.  

 

Poisson model 

Identical to the Bernoulli model, the Poisson model was applied to purely spatial as 

well as space-time scan statistics. The dataset per species needed for the analysis 

comprises positive samples, their date of testing as well as the postcode area of the 

veterinarian submitting the sample and the respective coordinates (centroids). 

Additionally, information on the underlying animal population of each postcode area 

is required. 
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The Poisson model is applied in order to identify high-rate clusters of cases in the 

population at risk (general cat and dog population), assuming that the samples testing 

positive for T. gondii in SAVSNET laboratories are a proxy for all toxoplasmosis 

infections in GB, which have occurred in the study population. These clusters are 

further hypothesized to predict a potentially greater contamination of the environment. 

Under the null hypothesis of the Poisson model, the number of cases in each area is 

Poisson distributed, meaning that (if there are no covariates) the expected number of 

cases in a zone is proportional to the population size [87].  

 

Space-time permutation model 

The space-time permutation model does not include population at risk data, but cases 

are also assumed to be Poisson distributed. Therefore, it was used to validate the results 

of the Poisson space-time scan, assuming that the results are without the inherit biases 

of the estimated cat and dog population datasets. The null hypothesis was that the risk 

of being infected is constant, whereas under the alternative hypothesis there is a 

different risk inside compared to outside of at least one cylinder [87]. Based on the 

fact that the space-time permutation model does not include population at risk data, it 

is used to validate the results of the Poisson space-time scan, assuming that the results 

are without the inherit biases of the estimated cat and dog population datasets.  

Every year is scanned separately, as recommended in the user guide [87], based on 

potential biases in the results, if the population in one area has increased faster over 

the years than in another, since the underlying population is considered constant in the 

model. The space-time permutation automatically adjusts for purely spatial/temporal 

clusters. 

The dataset per species needed for this analysis comprises positive samples, the date 

of testing as well as the postcode area of the veterinarian submitting the sample and 

the respective coordinates (centroids). No additional information is required. 

 

Map generation 

All maps in the result section of the analyses were generated with QGIS (Version 

2.18.11). All clusters of high rates are marked using yellow circles with red borders, 

whereas blue circles represent clusters of low rates.  

 



 

80 

 

4.3  Results 

4.3.1. Bernoulli model 

The following section summarises the results of the Bernoulli scan statistics (spatial 

and space-time analysis) for cats and dogs consecutively between 01/2012 and 

10/2016. In addition to significant clusters, each map also shows the overall number 

of tests for each species. 

 

Purely spatial analysis 

The purely spatial analysis for high and low-rate clusters of T. gondii cases at testing 

level resulted in two clusters of low rates for cats (Figure 16) and one low-rate cluster 

for dogs (Figure 17) in different geographical regions. None of the postcode areas 

covered by the clusters identified for cats and dogs overlap, and they are situated either 

in the northern (cats only) or in the southern part (cats and dogs) of the country. 

For cats, a total number of 9,639 tests distributed over 116 postcode areas were 

examined with an overall number of 1,026 positive cases. The most likely cluster 

(MLC) in the Bernoulli model is of low rates and includes 23 postcode areas in the 

Greater London area and the South East with a radius of 51.5 kilometres (see Figure 

16). The relative risk of being infected with T. gondii when tested within the cluster is 

approximately 0.7, with 130 observed compared to 183.5 expected cases (see Table 

15). Its log likelihood ratio resulted in 11.5 with a p-value of p = 0.003. When looking 

at the map, both areas with a relatively high number of overall T. gondii tests as well 

as low frequency in testing are within the cluster. Secondary cluster one (SC-1) is 

larger in size than cluster one and is located in Scotland, covering five postcode areas 

with a radius of 73.9 kilometres. Although 18 cases were expected to happen given the 

number of samples submitted, only four cases were recorded, equalling a relative risk 

of 0.2.  
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For dogs, a total number of 11,694 samples also distributed over all 116 postcode areas 

included were analysed with an overall number of 1,232 positive tests. By applying 

the Bernoulli model, the MLC in T. gondii testing was a low-rate cluster, with a p-

value of 0.002 and a likelihood ratio of 13.5. Although 12.8 cases would have been 

expected in the cluster area, which comprises five postcode areas in the South East 

with a radius of 53.8 kilometres, no case was observed during the entire study period 

(see Figure 17 and Table 15). In this cluster, apart from Reading (RG), all areas had a 

relatively low overall number of tests recorded by SAVSNET. 
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Figure 16 Purely spatial analysis of high- and low-rate clusters in T. gondii testing in 

cats using a Bernoulli model. Violet circles represent clusters of low rates. MLC 

indicates the most likely cluster; numbers refer to secondary clusters. NB: “No data” 

also includes areas that are not assumed to be well represented in the SAVSNET 

dataset. 

Figure 17 Purely spatial analysis of high- and low-rate clusters in T. gondii testing in dogs 

using a Bernoulli model. Violet circles represent clusters of low rates. MLC indicates the 

most likely cluster; numbers refer to secondary clusters. NB: “No data” also includes areas 

that are not assumed to be well represented in the SAVSNET dataset. 
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Table 15 Summary of purely spatial Bernoulli scan statistics for cats and dogs. MLC indicates the most 

likely cluster of the analysis. SC refers to secondary clusters. *Results are rounded. 

Species Cluster Area(s) Radius 

[km] 

Observed 

cases 

Expected 

cases* 

RR* p-

value 

Cats MLC DA, BR, RM, SE, E, 

IG, CR, EC, ME, SS, 

SW, SM, N, W, NW, 

EN, TN, CM, KT, 

HA, TW, UB, RH 

51.52 130 184 0.7 0.003 

 SC-1 FK, G, KY, PH, ML 73.88 4 18 0.2 0.032 

Dogs MLC OX, HP, RG, MK, LU 53.77 0 13 0 0.002 

 

Space-time analysis 

One high-rate cluster for each species over a period of 29 and 27 months for cats and 

dogs, respectively and one secondary low-rate cluster for cats, which lasted for eleven 

months was identified. Notably, after adding time of testing to the analysis, cluster 

locations changed as well. 

In the case of cats (see Figure 18 and Table 16), the MLC was a space-time high-rate 

cluster, which covered 46 south-western areas (radius of 194.74 kilometres) in the 

period from July 2013 to November 2015. The log-likelihood ratio of the high-rate 

cluster resulted in 22.5. One secondary low-rate cluster was identified in the analysis 

between November 2014 and September 2015 in 27 postcode areas located in the 

South East and Greater London. The relative risk for cats in the areas was 0.3 with 14 

observed cases instead of 44. The SC-1 also coincided with the finding of the purely 

spatial scan in 21 out of 27 (space-time scan) and 23 (purely spatial scan) postcode 

areas.  

In the case of dogs, the MLC had a radius of 251.5 kilometres extending over 44 

postcode areas situated in the Northern regions (including Scotland) and parts of the 

Midlands (see Figure 19 and Table 16). The observed number of cases resulted in 503 

compared to 303.8, which would have been expected, and a relative risk of 2.11. 

Unlike cats, no area detected in the space-time model coincided with the results of the 

purely spatial model, since the MLC of the purely spatial analysis detected only low 

rates of cases. 
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Table 16 Summary of space-time Bernoulli scan statistics for cats and dogs. MLC indicates the most 

likely cluster of the analysis. SC refers to secondary clusters. *Results are rounded.  

Species Cluster Area(s) Radius 

[km] 

Time 

frame 

Obs. Exp.* RR* p-

value 

Cats MLC SY, LD, TF, LL, WV, 

HR, DY, CH, CW, WR, 

ST, WS, NP, WA, B, L, 

SA, CF, WN, GL, SK, 

M, DE, CV, BL, PR, 

BS, OL, FY, HD, S, BB, 

LE, HX, SN, OX, NN, 

BA, NG, TA, WF, BD, 

LS, LA, MK, SP 

194.74 07/13 

to 

11/15 

353 262 1.5 0.001 

 SC-1 BN, RH, TN, CR, SM, 

KT, GU, BR, SW, DA, 

SE, TW, PO, ME, W, 

EC, E, NW, UB, RM, 

N, SL, IG, HA, SO, 

WD, EN 

92.33 11/14 

to 

09/15 

14 44 0.3 0.01 

Dogs MLC NE, DH, SR, TD, CA, 

DL, TS, EH, LA, ML, 

HG, DG, BD, KY, YO, 

BB, LS,  HX, FY, PR, 

KA, WF, G, OL, DD, 

HD, BL, FK, WN, M, 

HU, L, DN, S, WA, SK, 

CH, CW, PH, AB, LN, 

PA, DE, ST 

251.53 09/13 

to 

11/15 

503 304 2.1 0.001 

When directly comparing the results of the space-time analysis of both species, 21 

overlapping areas in the North West and East in addition to the East and West Midlands 

over a period of 27 months can be identified (see Table 17).  

Table 17 Postcode areas where the clusters of the Bernoulli space-time scan statistics overlap in cats 

and dogs. 

Comparison  Overlapping areas Number areas (cluster) 

Cats to dogs BB, BD, BL, CH, CW, DE, FY, 

HD, HX, L, LA, LS, M, OL, PR, S, 

SK, ST, WA, WF, WN 

21 

(MLC) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 18 Space-time analysis of high- and low-rate clusters in T. gondii testing in 

cats between 01/2012 and 10/2016 using a Bernoulli model. All clusters of high rates 

are marked using yellow circles with red borders, whereas violet circles represent 

clusters of low rates. MLC indicates the most likely cluster; numbers refer to 

secondary clusters. NB: “No data” also includes areas that are not assumed to be well 

represented in the SAVSNET dataset. 

Figure 19 Space-time analysis of high- and low-rate clusters in T. gondii testing in 

dogs between 01/2012 and 10/2016 using a Bernoulli model. All clusters of high rates 

are marked using yellow circles with red borders, whereas blue circles represent 

clusters of low rates. MLC indicates the most likely cluster; numbers refer to 

secondary clusters. NB: “No data” also includes areas that are not assumed to be well 

represented in the SAVSNET dataset. 
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4.3.2. Poisson model 

The following section summarises the results of the Poisson scan statistics (spatial and 

space-time analysis) for cats and dogs between 01/2012 and 10/2016. In addition to 

significant hotspots, each map also indicates the estimated animal population for each 

species. To facilitate the comparability of cats and dogs, and due to the fact that the 

intervals (quantiles) of each species’ population did not vary extensively, identical 

intervals of the cat and dog population were used to represent the data when generating 

the maps. 

 

Purely spatial analysis 

The purely spatial analysis of hotspots of T. gondii infections resulted in six and five 

significant high-rate clusters for cats and dogs respectively, which overlap in three 

regions, St Albans (AL), Bristol (BS) and Leeds (LS) spread across GB (see Figure 

20, Figure 21 and Table 18). 

For cats, the MLC was identified in the North West, namely Fylde/Blackpool (FY) 

showing 100 observed cases instead of 3.4 expected (see Figure 20 and Table 18). The 

relative risk resulted in 32.45 with a p-value of 0.001. SC-1 was detected in the South 

West (BS) with 116 cases recorded as opposed to 18 expected. This led to a relative 

risk of 7.33 (p = 0.0001). SC2 covering AL (South East) and Watford-WD (Greater 

London) with a radius of 14.5 kilometres, included 36 cases of which only 8 would 

have been expected. The corresponding relative risk was 4.63, p-value again equalling 

to 0.001. SC-3 was the largest cluster found in cats in terms of size with a radius of 

16.9 kilometres covering eight areas, all within Greater London. A total number of 63 

cases were observed where only 24 would have been expected, which results in 

approximately the same relative risk as in SC-4 (~2.8). SC-4 is situated in Scotland 

(Edinburgh-EH) and contains 42 cases instead of 16 expected ones. Finally, SC-5 is 

based in the North West (LS) with a p-value of 0.003 and a comparable relative risk 

of being infected with toxoplasmosis as in SC-3 and SC-4 (2.7), which arises from 33 

observed compared to 12 estimates cases.  
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For dogs, LS was found as the MLC with ten times (330) as many cases as found in 

cats and a relative risk of 29.77. SC-1 occurred in the South West (BS), having again 

almost twice as many observed cases (202) as identified in cats, which results in a 

relative risk of 11.27. SC-2 was detected in the South East (Redhill-RH) with 82 cases 

instead of 14 as expected, leading to a relative risk of 6.43. Likewise, SC-3 also 

occurred in the South East (AL) with 27 observed cases and a relative risk of 

approximately 5. SC-4 was detected in the East Midlands (Cambridge-CB), which, 

due to its 43 observed cases instead of 13.6 predicted ones, showed a relative risk of 

3.24. All spatial clusters in dogs have identical p-values of 0.001 (see Table 18). 
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Figure 20 Purely spatial analysis of hotspots (high-rate cluster) in T. gondii testing in 

cats using a discrete Poisson model. MLC indicates the most likely cluster; numbers 

refer to secondary clusters. NB: “No data” also includes areas that are not assumed to 

be well represented in the SAVSNET dataset. 

Figure 21 Purely spatial analysis of hotspots (high-rate cluster) in T. gondii testing in 

dogs using a discrete Poisson model. MLC indicates the most likely cluster; numbers 

refer to secondary clusters. NB: “No data” also includes areas that are not assumed to 

be well represented in the SAVSNET dataset. 
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Table 18 Summary of purely spatial Poisson scan statistics for cats and dogs. MLC indicates the most 

likely cluster of the analysis. SC refers to secondary clusters. Zero kilometres refers to the minimum 

spatial resolution and means the cluster is found in one centroid. **Results are rounded.  

Species Cluster Area(s) Radius 

[km]* 

Observed 

cases 

Expected 

cases** 

RR** p-

value 

Cats MLC FY 0 100 3 32.5 0.001 

 SC-1 BS 0 116 18 7.3 0.001 

 SC-2 AL, WD 14.52 36 8 4.6 0.001 

 SC-3 SE, EC, BR, E, 

SW, CR, SM, IG 

16.93 63 24 2.8 0.001 

 SC-4 EH 0 42 16 2.8 0.001 

 SC-5 LS 0 33 12 2.7 0.003 

Dogs MLC LS 0 330 15 29.8 0.001 

 SC-1 BS 0 202 21 11.3 0.001 

 SC-2 RH 0 82 14 6.4 0.001 

 SC-3 AL 0 27 5 5.2 0.001 

 SC-4 CB 0 43 14 3.2 0.001 

 

Space-time analysis 

A total of five hotspots of infections with T. gondii were identified for each species 

with a p-value of 0.001. The overall time frame of detected hotspots in cats started in 

July 2013 and ended at the same time as the study period (October 2016). The length 

of a cluster ranged from 13 to 29 months. Unlike the purely spatial scan, the space-

time scan resulted in only one overlapping postcode area (BS) between species during 

a period of 23 months. 

In the case of cats, purely spatial SC-5 (LS) was removed completely when adding the 

dimension of time to the analysis. Additionally, purely spatial SC-3 decreased in size 

to approximately 8.6 kilometres and changed rank to SC-4 with an increase in relative 

risk to 8.26 over a period of 19 months. The secondary cluster in Scotland (EH) 

occurred between February 2014 and June 2015, also having a higher relative risk 

compared to the purely spatial cluster. SC-2 is now limited exclusively to Greater 

London (WD), with a relative risk of 22.59 over the period of 13 months from October 

2015 to October 2016. The MLC and SC-1, both covering a time period of over two 

years, show a relative risk of 49.54 and 9.03, respectively (see Table 19 and Figure 

22). 
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In the case of dogs, areas of the spatial analysis were detected identically in the space-

time scan (compare Table 18 and Table 19; Figure 21 and Figure 23). Solely CB and 

AL switched ranks to SC-3 and SC-4, respectively. Relative risk ratios, however, 

changed considerably (except SC-3) ranging from 5.95 up to 50.85. 

Time frames ranged from September 2012 to September 2015 varying in length 

between 20 to 29 months, having four clusters (MLC, SC-1, SC-3 and SC-4) ending 

simultaneously in September 2015 whereof three (MLC, SC-1 and SC-3) started in 

2013. 

Table 19 Summary of space-time Poisson scan statistics for cats and dogs. MLC indicates the most 

likely cluster of the analysis. SC refers to secondary clusters. *Zero kilometres refers to the minimum 

spatial resolution and means the cluster is found in one centroid. **Results are rounded.  

Species Cluster Area(s) Radius 

[km]* 

Time 

frame 

Observed 

cases 

Expected 

cases** 

RR** p-

value 

Cats MLC FY 0 07/13 to 

09/15 

73 2 49.5 0.001 

 SC-1 BS 0 11/13 to 

03/16 

74 9 9.0 0.001 

 SC-2 WD 0 10/15 to 

10/16 

18 1 22.6 0.001 

 SC-3 EH 0 02/14 to 

06/15 

29 5 6.5 0.001 

 SC-4 EC, E, 

SE 

8.62 08/13 to 

02/15 

21 3 8.3 0.001 

Dogs MLC LS 0 08/13 to 

09/15 

268 7 50.9 0.001 

 SC-1 BS 0 05/13 to 

09/15 

164 11 17.8 0.001 

 SC-2 RH 0 09/12 to 

11/14 

71 6 11.9 0.001 

 SC-3 CB 0 09/13 to 

09/15 

34 6 6.0 0.001 

 SC-4 AL 0 02/14 to 

09/15 

18 2 10.0 0.001 
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Additionally, the time-trend in the Poisson space-time model was adjusted for in 

percentage (II) using the log-linear adjustment (see Table 20). In cats (II), an annual 

increase of 4.12 percent was adjusted for, leading to hotspots in the same area over 

identical time frames as without adjustment. The relative risk decreased slightly due 

to a small increase in the number of expected cases (0.01 up to 0.21 additional cases).  

In dogs (II), an annual increase of 5.06 percent was adjusted for, leading also to 

identical hotspots over the same time period, with one exception: SC-2 (RH) ended in 

October instead of November which reduces the observed cases by one sample. This 

modification led to an increase in relative risk to 12.65. All other clusters show small 

decreases in their relative risk, based on a slight increase in the expected number of 

cases after adjusting for the time trend. 

 

Table 20 Summary of the space-time Poisson scan statistics for cats and dogs after adjusting for 

temporal trend (II). MLC indicates the most likely cluster of the analysis. SC refers to secondary 

clusters. 

Species Cluster Observed 

cases  

Expected 

cases I 

Expected 

cases II 

RR I RR 

II 

Cats MLC 73 1.58 1.60 49.54 49.19 

 SC-1 74 8.76 8.97 9.03 8.81 

 SC-2 18 0.81 0.87 22.59 20.97 

 SC-3 29 4.56 4.62 6.52 6.43 

 SC-4 21 2.59 2.58 8.26 8.28 

Dogs MLC 268 6.70 6.77 50.85 50.32 

 SC-1 164 10.53 10.58 17.81 17.73 

 SC-2 71/70 6.28 5.84 11.94 12.65 

 SC-3 34 5.85 5.92 5.95 5.87 

 SC-4 18 1.81 1.85 10.08 9.86 
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Figure 22 Space-time analysis of hotspots (high-rate cluster) in T. gondii testing in 

cats between 1/2012 and 10/2016 using a discrete Poisson model. MLC indicates the 

most likely cluster; numbers refer to secondary clusters. NB: “No data” also includes 

areas that are not assumed to be well represented in the SAVSNET dataset. 

Figure 23 Space-time analysis of hotspots (high-rate cluster) in T. gondii testing in 

dogs between 1/2012 and 10/2016 using a discrete Poisson model. MLC indicates the 

most likely cluster; numbers refer to secondary clusters. NB: “No data” also includes 

areas that are not assumed to be well represented in the SAVSNET dataset. 
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4.3.3. Space-time permutation scan 

The following section summarises the results of the space-time permutation scan 

statistics for cats and dogs between 01/2012 and 12/2015 per year. Besides significant 

hotspots, each map also indicates the number of positive cases for each species. The 

analysis detected one hotspot per species in the year 2015, no clusters were detected 

for the years 2012-2014. 

In more detail, the space-time permutations scan in cats led to one significant cluster 

(p = 0.024) during a period of two months in 2015, covering an area of approximately 

216 kilometres with 15 cases more than predicted in Greater London, the South East 

and West as well as the East and West Midlands (see Figure 24 and Table 21).  

In dogs, the space-time permutation scan produced identical results to cats in one 

significant cluster in 2015 over a two months’ timeframe (see Figure 25 and Table 21). 

The hotspot spans over 26 postcode areas in Wales, West and East Midlands as well 

as the North and South West with a radius of 136 kilometres. 
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Table 21 Summary of the space-time permutation scan for cats and dogs. MLC indicates the most likely 

cluster of the analysis. *Results are rounded.  

Species Cluster Area(s) Time 

frame 

Radius 

[km] 

Observed 

cases 

Expected 

cases* 

p-

value 

Cats 

‘15 

MLC CM, SS, RM, IG, CO, 

EN, E, DA, N, SG, EC, 

SE, BR, NW, AL, ME, 

CB, W, SW, HA, WD, 

CR, SM, UB, IP, LU, 

TW, KT, TN, CT, SL, 

HP, MK, RH, PE, BN, 

NN, GU, NR, RG, OX, 

LE, CV, PO, SO, NG, 

SN, B, LN, SP, GL, 

WR, WS, DE, DY, BH, 

WV, BA, DN, ST 

11/15 

to 

12/15 

215.93 28 13 0.024 

Dogs 

‘15 

MLC SY, LD, TF, LL, WV, 

HR, DY, CH, CW, 

WR, ST, WS, NP, WA, 

B, L, SA, CF, WN, GL, 

SK, M, DE, CV, BL, 

PR 

10/15 

to 

11/15 

136.06 16 5 0.006 

When directly comparing the results of the space-time analysis of both species (see 

Table 22), the results show nine overlapping areas, also overlapping in time during 

November (2015).  

Table 22 Overlapping clusters of the space-time permutation scan statistics of cats and dogs. 

Comparison  Overlapping areas Number of areas 

Cats ‘15 to dogs ‘15 B, CV, DE, DY, GL, ST, 

WR, WS, WV 

9 

 

The comparison of the space-time permutation scan and the Poisson model show that 

in the case of cats, three clusters – MLC in the North West (FY), SC-1 in the South 

West (BS) and SC-3 in Scotland (EH) – are not confirmed. Only SC-2 and SC-4 

locations are reconfirmed in the space-time permutation model for the year 2015 (E, 

EC, SE and WD). Furthermore, time frames are found to be overlapping in two months 

of SC-2 (WD).  

For dogs, no postcode area identified with the Poisson model was reconfirmed through 

the space-time permutation scan. 
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Figure 24 Space-time analysis of hotspots (high-rate cluster) in T. gondii testing in 

cats during 2015 using a space-time permutation scan. MLC indicates the most likely 

cluster; numbers refer to secondary clusters. NB: “No data” also includes areas that 

are not assumed to be well represented in the SAVSNET dataset. 

Figure 25 Space-time analysis of hotspots (high-rate cluster) in T. gondii testing in 

dogs during 2015 using a space-time permutation scan. MLC indicates the most likely 

cluster; numbers refer to secondary clusters. NB: “No data” also includes areas that 

are not assumed to be well represented in the SAVSNET dataset. 
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4.4  Discussion 

The aim of this chapter was to give a comprehensive overview of spatial and space-

time scan statistics to detect clusters in T. gondii infections/testing using the 

SAVSNET laboratory records. In order to do so, the Bernoulli model was used to 

detect high and low-rate clusters of T. gondii cases at testing level with the result of 

two spatial low-rate clusters for cats and one low-rate cluster for dogs. Applying the 

Bernoulli space-time scan resulted in a small low-rate cluster for cats (coinciding 

partially with the finding of the purely spatial scan) and one large high-rate cluster for 

each species. Spatial clusters in the population at risk were identified using the Poisson 

model, resulting in six clusters for cats and five for dogs. Adding time of testing to the 

scan statistics resulted in five hotspots for each species. Moreover, a sensitivity 

analysis of the results was done by adjusting the space-time model for temporal trend, 

which yield similar results. To further validate the results of the Poisson model, the 

space-time permutation scan was applied by year. In cats, areas detected by the Poisson 

model apart from Bristol, Edinburgh and Fylde/Blackpool are confirmed through the 

permutation scan, showing coinciding time frames in Watford. For dogs, no areas were 

confirmed by the space-time permutation scan. Due to the specifics of the Bernoulli 

scan statistics (hypothesis and underlying probability model), a direct comparison of 

its results to the other methods is invalid but serve as supplement. 

Bernoulli scan statistics were applied to detect low and high-rate clusters of T. gondii 

cases at testing level under the hypothesis of detecting high-rate clusters based on more 

severe clinical manifestation of the disease, which leads to a higher accuracy of testing 

and low-rate clusters based on the emergence of new diseases, which mimic 

indications that also lead to toxoplasmosis-testing. Thus, the low-rate MLC of the 

spatial scan for cats and dogs, which do not overlap but occur both in the southern 

parts of GB may point to such new illnesses. Moreover, most areas of the spatial MLC 

were identically shown in the space-time analysis for cats. Low-rate cluster, however, 

might also be subject to differences in testing behaviour of veterinarians (e.g. based on 

the experience of the veterinarian) and potential differences in the willingness of the 

owner to pay for the test in a region. To assess which hypothesis is more likely to be 

accurate, further analysis of the veterinarians’ testing customs, factors influencing the 
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willingness of owners to pay for a test and/or see a veterinarian and more detailed 

information on the animals’ clinical presentation would be needed. 

The space-time scan of the Bernoulli model resulted in two large high-rate clusters 

(one for each species). Our hypothesis would suggest that these areas are detected due 

to more severe clinical manifestation of the disease. Interpreting these findings, 

however, is (like interpreting the low-rate clusters) not straightforward. High-rate 

clusters might also be subject to differences in testing customs. One approach to reduce 

this bias would be to regulate indications of testing for T. gondii for cats and dogs 

across GB, making the testing behaviour rely more on evidence-based medicine and 

less dependent on experience. 

The Poisson model was used to detect high-rate clusters of T. gondii cases from the 

general small animal population (population at risk). These clusters are hypothesized 

to predict a potentially greater contamination of the environment, especially those that 

occur simultaneously (time and/or region wise) in both species. Hence, the results of 

this section might be used to further investigate the disease occurrence and help control 

infections if potential risk factors are detected in the high-rate areas.  

The Poisson model was supplemented with a sensitivity analysis. The results for cats 

and dogs did not show much variance in hotspot detection, having only one area for 

dogs with a reduced time frame of one month. Thus, we believe the findings are robust 

and not largely influenced by temporal trends. 

There are two important aspects, however, which need to be considered when 

interpreting the results of the Poisson models. First, the population at risk needs to be 

accurate, since the probability model assumes that cases occur proportional to it. In 

our case, the underlying animal population was based on a study by Aegerter et al. and 

is considered true for 2015 [60]. The population was assumed constant over the study 

period because no further data was available. Other publicly available estimates on the 

pet population, such as those of PFMA, could not have been used, because they are 

not available on postcode area level [61]. Having at least two points in time where the 

population in-between can be interpolated, or additional estimates of the animal 

population of each area would have provided more accurate results for years other than 

2015.  

Second, cases of infections need to be a reasonable proxy for all infections in the 

population. To this end, Chapter II was used to estimate if SAVSNET data is 
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reasonably representative of the animal population. The findings indicated that, apart 

from four region, all postcode areas can be assumed valid for statistical analysis. 

Nevertheless, the results of Chapter II also show that some postcode areas are better 

represented than others, which in turn might influence the assumption of the cases 

being reliable proxies for the cases in the population and ultimately, might lead to 

biased results. 

The space-time permutation scan was primarily used to validate the results of the 

Poisson model because the animal population, which was used as denominator for the 

Poisson scan was only based on estimates that might be subject to bias. Although two 

secondary clusters of the Poisson model were reconfirmed in cats, three clusters 

remained uncertain. For dogs, no cluster was reconfirmed by the space-time 

permutation scan. A potential explanation might lie in the temporal unit (restriction to 

yearly time frames) of the space-time permutation scan, since the cluster detected in 

the Poisson model occur over time frames of 13-29 months in cats and 20 to 29 months 

in dogs. Nevertheless, also errors in the population datasets cannot be excluded as 

underlying reason for the differences in the results. 

Although methods for detecting high-rate clusters in a population would allow for 

adjustment of covariates, we were unable to use any potential risk factor from our 

dataset based on incompleteness of the variables (age, gender, castration-status and 

breed). Research suggest [52], however, that information on e.g. gender and castration-

status might not be considered as clear risk factor for T. gondii infections in cats. 

Additional knowledge on, for instance, outdoor access, hunting behaviour or age of 

the pets in the data would be more favourable to include as covariate in future analyses 

[52]. 

One approach to test the hypothesis that the willingness of an owner to visit a 

veterinarian and/or pay for a test constitutes a confounding factor, could have been 

through including the deprivation of an area in the analysis. If a reasonable relationship 

between the willingness to pay and the deprivation index could be established, the 

index of multiple deprivation (IMD), which is publicly available, may have been used. 

However, due to remaining uncertainties about the relationship and the fact that the 

IMD is only true for small areas, namely Lower Layer Super Output Areas (LSOA), it 

was not considered as covariate in the analyses [80]. 
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The SaTScan settings were used following general guidelines (see section 4.2.2), 

having a window size limited to expand until it covers half of the expected cases and 

half the total time period [88]. The underlying reason for not restricting spatial and 

temporal windows, was the lack of knowledge regarding the occurrence of T. gondii. 

There is, for example, no precise information about the duration of an acute infection 

(see Chapter I).  

One limitation of the study was the level of geographical resolution in the analysis. 

Postcode areas were used in order to include most of the tests recorded in the 

SAVSNET database. However, the analysis on postcode district-level might have 

identified different clusters due to the changes in resolution, but potentially located in 

similar areas. For future analyses, it might be advisable to interact with the 

participating laboratories to make sure the data is recorded in a consistent manner 

between the laboratories. One advantage of using postcode areas in the analysis, 

however, is that they are relatively large and may therefore also cover the residency of 

the owner of the tested animal and not just the location of the veterinarian recorded in 

the dataset. 

Another limitation for the accuracy of the analysis was the aggregation of samples by 

day to samples by month. By doing so, significance levels might alter which could 

lead to changes in cluster detection. However, the exact date of testing was considered 

to be imprecise due to a lot of potential biases, e.g. veterinarians might submit samples 

at given intervals. Additionally, there is the remaining imprecisions in the 

interpretation of IgM levels, which is why monthly aggregation was seen as the most 

sensible option. 

The findings of chapter III show that about 90 percent of the samples testing positive 

for T. gondii in cats and 99 percent in dogs had low IgM titre. Even after considering 

IgG levels, it is impossible to distinguish clearly between low IgM levels, which 

represent recent infections (rising levels) and residual IgM titres (decreasing levels), 

which indicate an earlier infection. Nevertheless, we are confident that this limitation 

does not bias our results heavily because of the general cluster length (13-29 months). 

Specifically for cats, even earlier infections may point to higher contamination of the 

environment since oocysts may survive over up to 334 days (see Chapter I). 
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The last limitation is ascribed to the origin of the data. Records submitted by three 

veterinary laboratories in GB were considered as valid and were therefore included in 

the study. Although an attempt was undertaken to justify their usage (see Chapter II), 

the real representativeness of the data cannot be fully determined. Additionally, the 

inherent biases of veterinary records due to e.g. the costs of testing and the 

veterinarians’ testing habits cannot be ruled out. 

  



 

101 

 

 

 

 

 

Chapter V  



 

102 

 

Chapter V: Conclusion  

5.1  Introduction  

The aim of the thesis was to investigate the spatial and temporal distribution of T. 

gondii in cats and dogs in GB by examining SAVSNET laboratory data, recorded from 

January 2012 until October 2016. To this end, the SAVSNET-Lab dataset was first 

validated, to formally justify the usage and to reveal potential biases for the 

interpretation of the results obtained. Next, the data recorded by SAVSNET-Lab on 

toxoplasmosis was descriptively analysed to gain a general overview, in addition to a 

first temporal and spatial analysis, trying to identify potential patterns in seasonality 

and in trend. Lastly, as the main part of the thesis, three methods were explored to 

identify spatial and space-time clusters of infection with T. gondii in cats and dogs 

across GB. The following sections will provide a summary of the main results per 

chapter and their limitations. In addition, outstanding issues and opportunities for 

further research are discussed. The conclusion chapter ends with highlighting the 

relevance of the research at hand and gives some final remarks. 

 

5.2  Summary of findings 

5.2.1. Chapter I 

Besides outlining the thesis and its goals, the first chapter also introduces the parasite 

T. gondii. An important aspect of the general overview is that the sexual reproduction 

(gamogenesis) of the parasite (and the formation of oocysts) can only occur in cats. 

Oocysts can survive outside a suitable host for 46 to 334 days, depending on their 

exposure to sun and/or air and up to 1,620 days in water. All other warm-blooded 

animals, including humans serve as intermediate hosts only.  

Moreover, the most important transmission routes for domestic cats are through 

ingesting tissue cysts from feeding on infected rodents and infected birds, or from 

consuming contaminated raw meat, since the ingestion of bradyzoites is more 

infectious for cats than ingesting oocysts. Intermediate hosts, such as dogs, were found 

to be more vulnerable to oocyst infection from the environment, but can also be 
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infected through contaminated raw meat. Kittens and puppies (< 6 months) are more 

likely to acquire infection than adult animals (> 12 months). 

IgM and IgG levels are most commonly used in epidemiology to determine if an 

infection has occurred, whereby IgM is applied to detect recent as well as ongoing 

infections and IgG subsequently to confirm the diagnosis.  

Infections are often subclinical, since the immune system of the host limits the spread 

of the tachyzoites. Cats, which are more likely to be seen with clinical signs than dogs, 

may have thoracic or abdominal signs in the acute phase of the infection. 

Well-established surveillance systems for communicable diseases in small animals, 

with the exception of rabies, are rare. For this thesis, laboratory records on T. gondii 

testing of the whole country were required to estimate the spatial and temporal 

distribution of toxoplasmosis in small animals in Great Britain. Thus, SAVSNET-Lab 

data, which stores records from laboratories across the UK, is used for the following 

chapters. 

 

5.2.2. Chapter II  

Chapter II addresses the representativeness of the data recorded by SAVSNET-Lab, to 

validate its application for the succeeding chapters. For this purpose, five proxy 

indicators (PIs) were defined due to the lack of readily available data for 

representativeness-testing.  

The proportion of SAVSNET laboratories out of total number of UK laboratories - PI 

1 - resulted in 0.2 (6 out of 30 veterinary laboratories) equalling 20 percent of all 

diagnostic laboratories.  

The assessment of the geographical coverage of SAVSNET laboratories - PI 2 - 

showed that except for one laboratory, all others cover 70 - 100 percent of UK’s 

postcode areas. The mean number of postcode areas covered over all laboratories and 

the whole study period was 97 areas, equalling a 78 percent coverage.  

The correlation between the veterinary-visiting population at postcode area level and 

the number of samples recorded in each postcode area (PI 3) resulted in an rs of 0.73, 

meaning that the more small animals are estimated to live in one area the more samples 

are recorded by SAVSNET laboratories.   



 

104 

 

To demonstrate the reasonableness of the SAVSNET convenience sample, acceptable 

intervals for the number of recorded samples for each postcode area were constructed. 

61/120 (51 percent) postcode areas were found to be proportionally well represented 

by the SAVSNET sample of 2015.  

To further evaluate the assumed proportional underrepresentation, each area was 

compared with hypothetical sample size calculations in a random survey (PI 5). These 

sample size calculations led to the reduction of potentially underrepresented areas to 

four areas (WC, HS, KW and ZE). Therefore, 116/120 (97 percent) postcode areas can 

be considered to have at least the minimum number of laboratory-records that would 

have been obtained in a random survey of prevalence. 

The overall representative-status of the SAVSNET-Lab records according to our 

model results in 0.64 (on a scale from 0-1) indicating a high representativeness based 

on our interpretation and therefore may be used in the following analysis of Chapters 

III and IV. 

 

5.2.3. Chapter III 

Chapter III provides a general overview of the SAVSNET dataset on T. gondii testing 

of cats and dogs, recorded between January 2012 and October 2016. Each dataset 

contains samples submitted to three laboratories, resulting in a total number of 21,341 

records in 118 out of 120 postcode areas across Great Britain (missing WC and HS). 

Approximately 45 percent of the total number of samples were taken from cats and the 

remaining 55 percent from dogs.  

1,026 samples taken from cats were considered positive based on the case definition; 

out of which 90 percent had low titres of T. gondii specific IgM and ten percent had 

high levels of IgM antibodies in their blood serum. With regards to dogs, positivity 

was marked in a total number of 1,232 tests, equalling 11 percent of all dogs tested for 

T. gondii infection. In contrast to cats, dogs showed high IgM levels in less than one 

percent of the cases.  
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Bar charts of monthly cases revealed that in 2014 and 2015 the number of cases in cats 

were higher than in the years before as well as after. Additionally, there is a noticeable 

peak in July 2013 and February 2016. No additional temporal pattern was discernible, 

not even when plotting high IgM cases only. In the case of positive tests in dogs, bar 

charts again revealed a higher number of cases particularly in the year 2014 and 2015 

in addition to a regularly peaking number of cases in September.  

The decomposition of temporal patterns for cats showed that variation of seasonality 

and trend represented 24 and 13 percent of the variation (absolute numbers) in the data 

series, respectively. Apart from two peaks in the trend component in 2014 and 2015 

and lowest levels in 2012, no further temporal trend was detected in the decomposition 

of cases as well as proportion of cases. A similar set of results was found in the analysis 

of highly positive IgM cases. 

The data relating to dogs showed a dominating trend in the series, peaking in 

2014/2015 and reflecting 59 percent of the original variance (absolute numbers). The 

higher frequency of cases in September of each year was confirmed in the seasonal 

component. The original variation in the data is explained by 17 to 19 percent through 

the seasonal component in absolute numbers and proportion of cases, respectively. 

The spatial distribution showed that the season having most postcode areas was 

autumn for both species. One postcode area with high number of cases (SP) per 

estimated 10,000 records was found in cats and dogs in spring (considering time and 

space). Manchester was also found with high levels of cases in both species peaking, 

however, in the case of cats in autumn and in the case of dogs in winter.  

 

5.2.4. Chapter IV 

Chapter IV focussed on the application of scan statistics to discover clusters of 

infections/testing for T. gondii in cats and dogs over space and time by applying purely 

spatial and space-time methods.  

The purely spatial Bernoulli scan resulted in two clusters of low rates for cats – the 

most likely cluster (MLC) in the area of Greater London/South East, the secondary 

cluster (SC) in Scotland – and one low-rate cluster in the South East for dogs, which 

may indicated the emergence of new illnesses in those areas due to the higher testing 
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accuracy. However, none of the postcode areas covered by the clusters identified for 

cats and dogs overlap. 

When time of testing was added to the analysis, one high-rate cluster for each species 

– one in the western parts of GB from July 2013 to November 2015 and one in the 

northern regions from September 2013 to November 2015 – were detected for cats and 

dogs, respectively. Additionally, a secondary low-rate cluster for cats, which lasted 

from November 2014 and September 2015 was identified, partially coinciding in 

location (21 postcode areas) with the MLC of the purely spatial scan. 

The direct comparison of the Bernoulli space-time analysis for cats and dogs indicates 

21 overlapping areas in the North West and East in addition to the East and West 

Midlands over a period of 27 months, which is hypothesised to indicate a more severe 

clinical manifestation. 

The Poisson scan statistics – purely spatial and space-time analyses – were used to 

identify clusters of high rates of infections with T. gondii in the general cat and dog 

population, predicting a potentially greater contamination of the environment. The 

purely spatial scan resulted in six clusters for cats distributed over five regions (the 

North & South West, South East, Greater London and Scotland), and five clusters for 

dogs distributed over three regions (South West & East and East Midlands), which 

overlap in three postcode areas - AL, BS and LS.  

The space-time analysis detected five hotspots for each species, which coincided with 

the purely spatial scan in every cluster at least partially, except for cluster six (LS) of 

cats. However, only one postcode area (BS) overlapped from November 2013 to 

September 2015 between species. Time frames varied in length between 13 and 29 

months which started in September 2012 and ended in October 2016. Moreover, 

sensitivity analyses through adjusting for time trend did not show significant variations 

in the results.  

The space-time permutation scan was used in an attempt to validate the outcomes of 

the Poisson model. In cats, areas detected by the Poisson model apart from Bristol, 

Edinburgh and Fylde/Blackpool are confirmed through the permutation scan, showing 

also coinciding time frames in Watford. For dogs, no postcode area identified with the 

Poisson model was reconfirmed through the space-time permutation scan. 

  



 

107 

 

5.3  Limitations 

Despite all efforts of validating the SAVSNET-Lab dataset, it must be acknowledged 

that the usage of laboratory records in research - especially in veterinary science - has 

not been sufficiently evaluated in general and is associated with inherent biases heavily 

based on three factors: the owners taking their pets to a veterinarian, the veterinary 

surgeon [75], and the cost-benefit of the test. The influence of all three factors on 

testing for T. gondii have not been established in the literature yet, which makes it 

impossible to adjust for them in the analyses for the time being.  

Another limitation based on the origin of the data concerns the three veterinary 

laboratories, which were considered as valid for statistical analysis in Chapter II and 

were therefore included in the study. Although extensive approaches were undertaken 

to justify their usage, the real representativeness of their data cannot be fully 

determined. The effect of proportionally over-/underrepresented areas, for example, 

on the frequency of T. gondii tests (and the proportion of cases), which could have 

influenced the results of chapter III and IV, cannot be formally tested. However, the 

data is still seen as the best current estimate possible for companion animals since most 

postcode areas are reasonably represented. 

The records stored by SAVSNET are based on sample IDs. This makes it possible to 

differentiate if the same sample got tested for several immunoglobulins and account 

for it, by aggregating the data to unique sample IDs. However, it is impossible to 

determine whether more than one sample has been taken from a single animal over 

time, since samples would have been assigned different, unrelated IDs. Therefore, the 

records do not represent individual animals, but individual samples submitted by a 

veterinarian. Hence, the possibility of more than one sample having been taken of a 

single pet might constitute a source of error, because it would count as two distinct 

animals – if tested twice – in the analysis. Nonetheless, because submitting a veterinary 

sample to a diagnostic laboratory is associated with out-of-pocket payments for the 

owner, the number of small animals that are tested periodically for toxoplasmosis is 

considered low over the study period of five years. 
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Moreover, the dataset was found to have several forms when specifying where the 

sample came from. Desirably, the postcode district would have been used for the 

analysis because it is the highest geographical resolution to link the SAVSNET data 

to the estimated cat and dog population in GB [60]. However, due to the fact that some 

samples only provide the postcode area, the resolution was lowered to keep the data as 

encompassing as possible. This might have led to an imprecision in the analysis. One 

advantage of using postcode areas in the analysis, however, is that they are relatively 

large and may therefore also cover the residency of the owner of the tested animal and 

not just the location of the veterinarian who submitted the sample and therefore is 

recorded in the SAVSNET-Lab dataset. 

Factors that are associated with the infection of small animals with T. gondii from the 

literature include, among others, the age of the animal [52, 90]. Despite the fact that 

SAVSNET laboratories would record information on age in principle, only 10 percent 

of tests from cats and 16 percent of tests from dogs provided information on age. Thus, 

no adjustment for age as confounding factor, which could have influenced our results 

to an unknown extent, was possible in our analysis. Identifying the underlying reason 

for the missing values would be important to avoid data limitations in future analyses. 

The case definition of being infected with T. gondii for this thesis – having IgM levels 

of at least 1:20 - was deliberately chosen to be wide enough to ensure that recent cases 

are also included in the study. One drawback emerging from the inclusion of all IgM 

positives relates to the possibility of also catching false positives or chronically ill 

animals. Despite the fact that for humans (especially for risk groups like pregnant 

women) it is suggested to test again after two weeks to confirm the result [24], no 

further testing for small animals was assumed to be present because the costs most 

likely would exceed the benefits of an additional test. Therefore, it was consented for 

this thesis, that including all positive IgM cases would result in the detection of more 

recent cases, which are important for cluster detection and surveillance purpose. 

Nonetheless, it has to be acknowledged that it was impossible to distinguish clearly 

between low IgM levels, which represent recent infections (i.e. rising levels) and 

residual IgM titres (decreasing / persisting levels), which indicate an earlier infection. 

Additionally, areas with a higher frequency of T. gondii testing might also detect more 

chronic cases (residual IgM titres) with no active occurrence of the parasite in the area 

compared to areas with less testing. This limitation is particularly important to consider 
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when interpreting the Poisson and the space-time permutation scan results, since they 

assume that the input number of positive IgM cases is the true count of recently 

infected animals in the population at-risk. To overcome this limitation in the future, 

research on humoral response and the exact kinetic order of T. gondii specific 

immunoglobulins of small animals would be needed in order to narrow the case 

definition and thus, reduce potential biases in the results.  

The diagnostic test, which was applied in all SAVSNET-Labs (IFAT), is most 

commonly used for detecting IgG and IgM titres in small animals. Despite the fact that 

the IFAT has a high sensitivity, its specificity was found to vary between 76-84 percent 

for cats [26]. Therefore, some cases might have been false positive results, which again 

influences areas with a higher frequency of tests potentially more than those with a 

low number of tests. Further information on the health-status of the animal to confirm 

the result or confirmatory tests would have been needed to account for specificity 

related issues of the IFAT. 

Another limitation of the analysis - now concerning the time accuracy - was the 

aggregation of samples, which are recorded by day to samples by month. By doing so, 

significance levels might alter which could lead to changes in cluster detection. 

However, the exact date of testing was considered to be imprecise due to a lot of 

potential biases. First, veterinarians might submit samples at given intervals, which 

would lead to biases if analysed on a daily level. Second, lag times might also occur 

at the laboratories and due to remaining imprecisions in the interpretation of IgM 

levels. Therefore, the monthly aggregation was regarded as the most sensible option. 
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5.4  Outstanding issues and opportunities for further research 

The occurrence of toxoplasmosis in small animals has not been previously studied in 

depth and although this thesis attempts to extend the knowledge on the parasite in GB, 

there are still some outstanding issues, which constitute opportunities for further 

research. 

Overall, most infections - irrespectively of looking at proportions or absolute numbers 

- in cats as well as in dogs occurred between 2014 and 2015, which are not only 

represented in the bar charts of Chapter III but also in the findings of Chapter IV. These 

results lead to the question of why both species have higher numbers of cases during 

that period, which cannot be answered through the laboratory record alone. Further 

analysis of potential risk factors which could influence, amongst others, the survival 

of oocysts in the environment, need to be assessed. For example, a French study found 

in their analysis of seropositive wild and domestic cats that most cases had occurred 

in areas with a high farm density and during years with cool and wet winters [86]. 

Further on, a study  from Germany that examined the shedding pattern of oocysts in 

cats showed that the pattern of infections was better fitted to months with a high bird 

density in an area (summer and early autumn) than a high density of rodents (autumn 

and winter) [54]. They also highlight that the seasonality of cats shedding oocysts can 

correlate with climatic factors such as temperature and North Atlantic Oscillation. 

When looking at potential risk factors on the seropositivity of hunting dogs, the locality 

of living (urban vs rural) was found to be insignificant in an Italian study [73]. Only 

outdoor access per se, not related to the rurality of the area, was found to be a risk 

factor in dogs in Spain as well as Portugal [26, 91]. Future studies with SAVSNET 

data could make use of the findings from other countries and retrieve additional 

information on bird and/or rodent density on a small area level and climate changes as 

well as farm density over space and time in GB to test whether these correlations hold 

true in the British environment. 

Unlike human cases, T. gondii infections of animals are not reported on a mandatory 

basis and are based solely on reports of governmental veterinary laboratories. Thus, 

seroprevalence estimates for both, livestock and small animals in GB is limited and 

the true prevalence unknown (see Chapter I). Nevertheless, toxoplasmosis was found 

to be one of the most common causes of abortion in British sheep [9]. Research from 

other countries further indicate that the prevalence of toxoplasmosis is also high in 
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goats and pigs [9, 92]. Specifically, animals from organic farms, due to their access to 

outdoors and due to their exposure to wildlife, were found to have a higher level of 

infections than those of conventionally reared farms [92, 93]. Epidemiological studies 

(systematic testing) of farms in GB, especially of organic farms, should be done to 

measure the extent of the contamination with T. gondii in the environment as well as 

the infection-rate of farm animals and thus, to test whether existing control measures, 

such as vaccination of sheep and rodent/bird control measures [9, 93], are effective or 

if additional preventive measures should be implemented. This information would also 

be valuable for assessing further, if farm density should be applied as a risk factor for 

prevalence studies of toxoplasmosis or if the positive correlation of toxoplasmosis 

cases and farm density is due to the increased presence of cats in the area. Another 

opportunity for further research would be comparing the toxoplasmosis cases found in 

companion animals with human T. gondii cases or cases recorded in farm animals to 

see if there are similarities in time and/or location. Coinciding clusters of infection 

might point to high contamination levels of T. gondii in the environment. The fact, 

however, that humans are usually not being tested for toxoplasmosis unless they are 

pregnant might constitute a limiting factor for the analysis. 

Some scan statistics to estimate the distribution of the parasite in a population over 

space and time allow for covariate adjustments (e.g. Poisson and space-time 

permutation model). Therefore, future analysis could include explanatory variables 

like the Index of Multiple Deprivation, which might pose potential risk factors in order 

to control for their confounding effects. However, it remains uncertain from current 

literature on T. gondii how indices of deprivation affect the number of diagnostic tests 

and the number of infections with toxoplasmosis. The deprivation index of an area 

could be hypothesised to serves as a proxy for an owner’s ability to pay for veterinary 

visit. Thus, less cases might be detected through the analysis of laboratory data for 

more deprived areas because the owners of the pets cannot afford a visit to the 

veterinarian and/or the diagnostic test, potentially lowering the number of recorded 

tests. Veterinary fees, however, are not standardised in GB, may vary between species 

and often adapt to the surrounding area [94]. Hence, the ability to pay for the diagnostic 

test and the prior veterinarian visit may not largely be affected by the deprivation of 

an area. Therefore, the influence of the deprivation of an area on diagnostic testing of 
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pets in general needs to be established and supported by literature or empirical studies 

first, before being able to apply it as a covariate e.g. for cluster detection. 

Another yet scarcely explored topic is the long-term health effect of the trend towards 

raw meat-based diets (RMBD). The interest in RMBD of cat and dog owners is 

significantly growing worldwide [95]. Specifically, well-educated and middle-class 

pet owners seem to be more likely to feed their pets on RMBD [16, 96]. A study by 

van Bree et al. (2018) found, however, that products for RMBD may contain zoonotic 

bacteria and parasites, including T. gondii [16]. Also, earlier studies have already 

pointed to raw meat as potential source of infection [91, 97]. Since dogs are more 

frequently fed on RMBD, rising numbers of T. gondii cases (through contaminated 

meat) should be particularly distinct/visible. The findings of chapter III support the 

hypothesis that dogs show a greater trend component of toxoplasmosis infections than 

cats. However, the monthly trend decreased in 2016, which does not match the still 

growing popularity of RMBD. The reasons for this are not clear, but it may be that 

RMBD does not constitute a major source of infection for dogs and / or was not popular 

enough in 2016 as to have a substantial impact on the trend. Alternatively, the 

explanation of our findings could be data related. SAVSNET-Lab records were 

retrieved on November 16th, 2016. Thus, the data of 2016 (Jan-Oct) might be biased, 

if lag times in the laboratories occurred, meaning that not all data might already have 

been stored in the database. Further studies with updated records could be used to 

check whether the trend of infections of dogs really is decreasing making RMBD 

potentially less important for T. gondii infections or if the results were biased by a lag 

time of laboratory records. A final prospect for future research, which can be done, 

e.g. using the SAVSNET laboratory data, would be to run a network analysis of 

animals that are tested for T. gondii to see if, and what kind of diseases occur 

simultaneously to toxoplasmosis or to assess which diseases mimic testing-indications 

for T. gondii infections. This would be particularly of interest if the data of both 

SAVSNET projects could be linked. Thus, vital information on the clinical 

presentation of the infected animal and other variables recorded by veterinarians could 

be added in the analyses.  
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5.5  Relevance of research and concluding remarks 

The first gain of knowledge from this thesis was provided in Chapter II, which 

commences a first attempt to validate veterinary laboratory data recorded by 

SAVSNET through the application of five proxy indicators. The findings show that 

the data can be considered as representative in terms of geographical coverage and 

resemblance of underlying veterinary-visiting population. As the network of 

SAVSNET-Lab is expected to grow over time, this analysis can be repeated easily or 

validated further if additional data on small animals in GB or on methods to validate 

laboratory convenience samples more accurately, appear. Also, other veterinary 

surveillance systems might use this approach to validate their own data. 

Chapter III then provides new insights into the occurrence of the parasite T. gondii in 

companion animals, where knowledge up until now is considered scarce. Within GB, 

a positive temporal trend in infections with toxoplasmosis was discovered in dogs, 

peaking at the end of 2014, which might point to a higher overall risk of getting 

infected around that time. Moreover, no strong seasonality of infections in cats was 

found in the dataset, which might point to less importance of small rodents as primary 

source of infection in GB. In addition, relative risk of being infected with T. gondii 

between cats and dogs was shown to be insignificant.  

The thesis also contributes a first spatial and space-time analysis of infections with T. 

gondii in cats and dogs, which was performed over a period of five years across GB. 

The results of the scan statistics can, for example, now be used to further investigate 

potential risk factors in the highlighted areas. High-rate clusters may also point to 

public health threats especially in regions where both, cats and dogs are infected 

because their sources of infection might also pose a risk to humans. Concerning the 

occurrence of the parasite in general, previous research on T. gondii suggested higher 

levels of infections in the western parts of the country [29], however, the findings of 

Chapter IV point to high-rate clusters in areas that are spread across the country, but 

which are occurring in the south-eastern regions more frequently. 

Moreover, three scan statistics were applied and the differences in their interpretation 

and application were highlighted in the case of T. gondii infections, also pointing to 

important aspects in the methodology that need to be considered.  
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The research presented can be regarded as an initial step towards a better knowledge 

on T. gondii occurrence in GB. Further research e.g. using potential risk factors in the 

analysis as pointed out in section 5.4, is vital to complete the findings of this thesis and 

ultimately, to raise awareness of potential high-risk areas and their causation in order 

to prevent the disease from spreading. 
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